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Abstract

Variable individual response against the antigens of Mycobacterium tuberculosis necessi-
tates detection of multiple antibodies for enhancing reliability of serodiagnosis of tuberculo-
sis. Fusion molecules consisting of two or more antigens showing high sensitivity would be
helpful in achieving this objective. Antigens of M. tuberculosis HSPX and PE35 were
expressed in a soluble form whereas tnPstS1 and FbpC1 were expressed as inclusion bod-
ies at 37°C. Heat shock protein HSPX when attached to the N-termini of the antigens PE35,
tnPstS1 and FbpC1, all the fusion molecules were expressed at high levels in E. coliin a
soluble form. ELISA analysis of the plasma samples of TB patients against HSPX-tnPstS1
showed 57.7% sensitivity which is nearly the same as the expected combined value
obtained after deducting the number of plasma samples (32) containing the antibodies
against both the individual antigens. Likewise, the 54.4% sensitivity of HSPX-PE35 was
nearly the same as that expected from the combined values of the contributing antigens.
Structural analysis of all the fusion molecules by CD spectroscopy showed that a-helical
and B-sheet contents were found close to those obtained through molecular modeling.
Molecular modeling studies of HSPX-tnPstS1 and HSPX-PE35 support the analytical
results as most of the epitopes of the contributing antigens were found to be available for
binding to the corresponding antibodies. Using these fusion molecules in combination with
other antigenic molecules should reduce the number of antigenic proteins required for a
more reliable and economical serodiagnosis of tuberculosis. Also, HSPX seems to have
potential application in soluble expression of heterologous proteins in E. coli.
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Introduction

Tuberculosis (TB) represents an ongoing threat to global health, with the current epidemic
fuelled by HIV-coinfection and an increasing incidence of drug-resistant strains of M. tubercu-
losis. In 2014, World Health Organization (WHO) reported 9.0 million cases of TB and 1.5 mil-
lion deaths all over the world [1]. The standard of care for TB diagnosis recommended by
WHO is (i) sputum smear microscopy for all cases, and (ii) expansion of the use of culture to
diagnose all bacteriologically positive cases [2]. Microscopy has high specificity in TB-endemic
countries, but modest sensitivity, which is quite variable among different laboratories. Also, the
sensitivity is much lower among HIV-positive patients than among HIV-negative patients [3].
Culture is the most sensitive of currently available tests, but require long growth time and in
10-20% of cases the bacillus is not successfully cultured [4].

Serodiagnosis could offer solutions to some of these problems. Screening tests to overcome
diagnostic delay, specific tests for diagnosis of extrapulmonary TB and other bacteriologically
negative cases, and tests for vaccine-induced immunity need critical consideration [5]. Anti-
body detection based tests are potential diagnostic tools for tuberculosis but they lack sensitiv-
ity and specificity because of changes in antibody response to the same antigen in different
individuals and at different stages of the disease [5, 6]. With the complete genome sequencing
of the M. tuberculosis H37Rv strain, considerable progress has been made in the identification
and evaluation of serological antigens. It is repeatedly observed that more than one antigen
should be included in the ELISA-based serodiagnosis of tuberculosis. Therefore, the fusion pro-
tein molecule comprising of regions from two or more antigens may be helpful in increasing
the sensitivity of diagnostic assays [7, 8]. Due to the inconsistent and variable results of ELISA
kits, WHO recommended that these tests should not be used for diagnosis of TB. However,
they stated clearly in their 2011 policy that further research to identify new/alternative point-
of-care tests for TB diagnosis and/or serological tests with improved accuracy is strongly
encouraged [2].

Several recombinant antigens have been identified that have diagnostic and prophylactic
utility. Due to pathogenic nature of M. tuberculosis, recombinant production of serodiagnostic
antigens in E. coli is a safe method; however, there are limitations due to low expression levels
and expression of some of these as insoluble aggregates. Many important membrane associated
serodiagnostic antigens of M. tuberculosis, having large hydrophobic areas, are expressed in the
insoluble form in E. coli [9, 10]. To obtain good sensitivity of the assays, it is necessary that the
antigens must be pure and in correctly folded form. Utilization of highly soluble protein as a
fusion partner with insoluble protein had been explored for improving solubility, easy purifica-
tion and enhancing immunogenicity. Many proteins like GST, E. coli trigger factor (TF), heat
shock proteins or molecular chaperones have been fused to the protein of interest to get soluble
and high level expression in E. coli [11-13]. Additionally, it is essential that the protein being
fused to the antigens should not add any undesired immunodominance leading to false positive
results.

Heat shock protein X (HSPX) belongs to the HSP20 family, also referred to as alpha crystal-
lin protein family, and is the first member of this family to be identified in M tuberculosis,
therefore, it is often referred to as alpha-crystallin 1 (acrl). Inmunodominant HSPX antigen is
a cytosolic protein and has chaperone-like activity [14, 15]. Serodiagnostic potential of HSPX
has been widely studied [14, 16]. The sensitivity of HSPX for detection of IgG antibodies in pul-
monary TB patients has also been reported to be variable, ranging from 34% [17] to 62% [18].
Together with other antigens, HSPX has been used to develop commercial serodiagnostic tests
e.g., Pathozyme TB complex. B-cell epitopes from HSPX have been identified through peptide
microarray technique [19, 20]. PE35 is present in the RD1 region of M. tuberculosis genome
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and has shown good sensitivity in detecting antibodies in plasma samples of TB patients as
compared to BCG- vaccinated healthy controls [21]. FbpC1 can detect antibodies in plasma
samples of advanced TB stages including HIV co-infection [22]. PstS1 is one of the earliest
known immunodominant antigens [23, 24]. It is a lipoprotein antigen [25], specific only to the
cavitary TB patients [26, 27]. We had shown previously that truncated or tnPstS1 had higher
sensitivity in detecting antibodies in plasma samples of TB patients [28].

In this study, we expressed the individual HSPX, PE35, tnPstS1 and FbpC1 antigens as well
as three novel fusion molecules i.e. HSPX-PE35, HSPX-tnPstS1 and HSPX-FpbCl1 and evalu-
ated these for their potential in detecting antibodies in plasma samples from TB patients.

Materials and Methods

Ethical approval for this work was obtained from Ethical Review Committee, School of Biologi-
cal Sciences, University of the Punjab Lahore, Pakistan, approval letter number SBS/987/11.
Written informed consent was taken from all the study participants.

Design and cloning of individual and fusion antigenic proteins

Full-length HSPX (435bp), PE35 (300bp) and FbpCl (818bp) were PCR amplified using their
respective primers as described in Table 1.

Purified DNA fragments corresponding to HSPX, PE35 and FpbCI were first cloned into
pTZ57R/T cloning vector and then sub-cloned into pET28a(+) expression vector. Cloning of
792bp fragment of PstS1 (composed of truncated sequence of PstS1 containing its major epi-
topes) into pET28a(+) was done as described previously [28].

For the construction of fusion molecules, the gene encoding HSPX was amplified using F1
and R2 primers. The reverse primer lacked stop codon. PE35 was amplified using F3 and R4
primers. tnPstS1 was PCR amplified using F5 and R5 primers and FbpCI was amplified using
F7 and R7 primers (Table 1). The Purified DNA fragment encoding HSPX was restricted with
Ndel and BamHI and ligated with linearized pET28a(+) resulting in the pHSPX vector. PE35,

Table 1. Primers used in PCR with the restriction sites shown as underlined.

Primers Sequence Restriction sites Annealing temperature
HSPX F1 GAGGCATCATATGGCCACCAC Ndel 58
R1 ACGGACCCAGTGGTCAGTTGG None 62
R2 GTAGGATCCGTTGGTGGACCGGAT BamHI 57
PE35 F2 CATATGGAAAAAATGTCACATGATCCG Ndel 64
F3 GGTGGATCCATGGAAAAAATGTCACA BamHI 64
R3 GTGATCACTCCCTCCGATGTGTTGG None 69
R4 AACAAGCTTGATCACTCCCTCCGATGT Hindlll 68
tnPstS1? F4 CATATGAAAATTCGTTTGCATACGCTGTTGG Ndel 68
F5 GTAGGATCCGCCGGGACGGTCAACATTG BamHI 61
R5 TATAAGCTTCTACGCGGGCGGCAGCGGCTG Hindlll 68
FbpC1° F6 TAACATATGGCCCCATACGAGAACCTG Ndel 68
F7 TAAGGATCCGCCCCATACGAGAACCTG BamHI 71
R6 GCTCGCATCGGCACCTGGCTTAG None 65
R7 CACCAAGCTTAGCGGATCGCACCGACG Hindlll 74

As reported previously
28],
°[29]

doi:10.1371/journal.pone.0163349.t001
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tnPstS1and FbpClwere restricted with BamHI and HindIII and ligated into linearized pHSPX
resulting in pHSPX-PE35, pHSPX-tnPstS1 and pHSPX-FbpCl, respectively (Fig 1). The
sequence and correct orientation of insert DNA were confirmed through sequencing using
Beckman Coulter CEQ8000™ Genetic analyzer [30].

Expression and purification of recombinant antigenic proteins

E. coli BL21 codonplus (RIPL) cells were transformed with the recombinant plasmids and
grown in LB broth supplemented with kanamycin (50 pg/ul). The cells in the shake flask cul-
ture were induced with 0.5 mM IPTG, when ODgq reached ~0.6, and grown further at 37°C
for 4-6 hours. Expression was also studied by growing the culture at low temperatures of 20°C
and 25°C for 18 hours.

The harvested cells were washed with wash buffer containing 20 mM Tris-Cl, 0.5 M NaCl
(pH 8.0) and then lysed ultrasonically in the same buffer containing 5 mM imidazole [31].
After cell lysis, the supernatant was collected for soluble HSPX, PE35, FbpC1, HSPX-PE35,
HSPX-tnPstS1 and HSPX-FbpCl1 antigens and purified through nickel chelating chromatogra-
phy followed by anion exchange FPLC. Insoluble tnPstS1 was purified after solubilization and
refolding, as described previously [28]. Total cell protein, soluble and insoluble protein frac-
tions and purified protein samples were analyzed on SDS-PAGE. The protein concentration
was estimated by Bradford assay using bovine serum albumin as standard [32]. The percentage
of the expressed protein was determined by scanning the total cell proteins on SDS-PAGE
using Syngene gel documentation system (United Kingdom).

Reactivity with anti-HSPX, anti-PstS1 and anti-FbpC1 polyclonal
antisera

Antibodies against the native antigens HSPX, PE35, PstS1 and FbpCl antigens were raised in
rabbits, as described previously [28]. Reactivity of the individual and the fusion antigenic

PstS1 FbpC1
R?j_lu F4/F5 R5 , 6/F RG/EZ

HSPX-tnPstS1
L i

N Y TR W N KNN]

Epitopes of HSPX Epitopes of tnPstS1 Epitopes of FbpC1

Fig 1. Scheme for the construction of the fusion molecules HSPX-PE35, HSPX-tnPstS1 and HSPX-FbpC1.
doi:10.1371/journal.pone.0163349.g001
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proteins with rabbit anti-HSPX, anti-PstS1 and anti-FbpC1 polyclonal antisera was checked
through ELISA and western blotting [28].

CD spectroscopy

The CD spectra of the individual and the fusion proteins were taken using the ChiraScan Plus
CD Spectrophotometer (Applied Biophysics, UK). The final concentrations of protein samples
of HSPX, tnPstS1, FbpCl, HSPX-PE35 and HSPX-FbpCl were 0.4 mg/ml. For PE35 and HSPX-
tnPstS1, the final concentrations were 0.2 mg/ml in 10 mM Tris-Cl (pH 8.0). A full scan was
taken over the wavelength range 190-280 nm at 20°C, using the quartz cell of 1 mm path length.
Each wavelength spectrum was the result of averaging two consecutive scans with a bandwidth
of 1 nm. The wavelength spectra were refined by subtracting the blank spectra obtained with the
buffer only. The secondary structure was then calculated using CDNN [33] which calculates sec-
ondary structures by comparing with the CD database of the known protein structures.

Detection of antibodies in human plasma

The plasma samples of 180 patients diagnosed with pulmonary TB based on the signs and symp-
toms and confirmed through culturing of M. tuberculosis on L] medium were collected from
Gulab Devi Hospital, Lahore, Pakistan. All the samples were collected at the start of treatment
for tuberculosis. 100 BCG-vaccinated healthy individuals, who had no prior history of close con-
tact with TB patients and had no clinical history, were included in the control group. Informed
consent was taken from all the study participants. ELISA was performed with plasma samples of
TB patients, as described previously [28] except that dilution of HRP conjugated anti-human
IgG secondaryantibody was 1:5000 and the reaction with TMB was stopped after 7 minutes.

Data analysis

For calculating the cutoff values, optical density (ODys0/630) values from healthy controls were
analyzed to calculate mean and standard deviation. The cutoff value for positive samples was
the mean plus 2.576 multiples of the standard deviation. All the values were normalized by
dividing each with that of the cut off. A sample showing value greater than one was considered
positive. Specificity was calculated by dividing the number of controls found negative by the
total number of healthy controls [14, 29, 34]. The results were also analyzed by plotting the
Receiver Operating Characteristic (ROC) curve using GraphPad Prism 6 for windows (Graph-
Pad software Inc., San Diego, CA). Comparison between the antibody titer of both groups was
measured by non-parametric Mann-Whitney test (SPSS version 17).

In silico structural analysis

For the homology modeling of the fusion proteins HSPX-PE35, HSPX-tnPstS1 and
HSPX-FbpCl, crystal structures of the proteins homologous to the constituent proteins were
searched from the protein data bank by using Protein Specific Iteration Blast (PSI-BLAST).
Crystal structure of heat shock proteins from Schizosaccharomyces pombe (PDB ID: 3W1Z)
[35] and another protein of eukaryotic origin (PDB ID: 1IGME) [36] found homologous to the
HSPX region which were used in its modeling. As homologous crystal structure of PE35 pro-
tein could not be found, the model for this protein was build using the Robetta server (http://
robetta.bakerlab.org/) [37]. ABC phosphate transport receptor (PDB ID: 1PC3) [38] of M.
tuberculosis whose crystal structure is known and also has 100% identity with tnpstS1 was used
in the modeling of HSPX-tnPstS1 fusion protein. Crystal structure of FbpC1 (PDB ID: IR88)
was used in the modeling of HSPX-FbpCl fusion protein [39].
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To evaluate the possible domain-domain interactions of fusion proteins, we employed the
same strategy as used previously [40]. Firstly, the protein binding sites were determined using
CPORT [41]. HADDOCK [42] web server was used to perform protein-protein interactions,
which produced complexes. Based on the scores of HADDOCK, best complexes were selected
and used in the modeling of full-length fusion proteins by MODELLER [43]. Overall, 25 mod-
els were generated and clustered using NMRCLUST [44]. Final selection of the models for each
fusion protein was based on the scores provided by MODELLER, RAMACHANDRAN PLOT,
ERRAT [45] and QMEAN [46]. CPORT (http://haddock.science.uu.nl/services/ CPORT) [41]
and ASAView (http://www.abren.net/asaview/) [47] were used to evaluate solvent accessible
surfaces of fusion proteins.

Results
Expression and purification

SDS-PAGE analysis of the total proteins of E. coli cells after transformation showed expression
levels for His-HSPX, His-PE35, His-tnPstS1 and His-FbpCl1 at 44%, 23%, 25% and 39%,
respectively (Table 2). His-HSPX and His-PE35 were expressed in soluble form whereas His-
tnPstS1 was expressed in insoluble form at 37°C as well as at 18°C as reported previously [28].
His-FbpC1 was expressed in insoluble format 37°C, but at 25°C it was expressed in a soluble
form [29]. His-HSPX-PE35, His-HSPX-tnPstS1 and His-HSPX-FbpClwere expressed at the
levels of 34%, 38% and 36% of the total cell proteins, respectively. All the fusion molecules
were produced in a soluble form (Fig 2).

After purification through nickel chelating chromatography followed by anion exchange
FPLC, all the proteins were >90% purified except PE35 and HSPX-PE35 which were >80%
purified as shown in Table 2.

Amounts of the expressed HSPX, PE35, tnPstS1, FbpC1, HSPX-PE35, HSPX-tnPstS1 and
HSPX-FbpClin E. coli were 79.2, 41.4, 45, 70.2, 61.2, 68.4 and 64.8 mg/L/ODsg, respectively.
However, the net recoveries after purification were 31.2,9.84, 17.28, 17.5, 22.5, 18.83 and 22.68
mg/L/ODgq for HSPX, PE35, tnPstS1, FbpCl, HSPX-PE35, HSPX-tnPstS1 and HSPX-FbpCl,
respectively (Table 2).

Reactivity with rabbit polyclonal antisera

HSPX-PE35 fusion protein reacted equally well with both anti-HSPX and anti-PE35 polyclonal
antibodies raised in rabbits as determined by western blotting and ELISA (Fig 3). Likewise,

Table 2. Expression and purification of native antigens of W. tuberculosis and their fusion proteins.

Purification steps His-HSPX | His-PE35 | His-tnPstS1? | His-FbpC1® | His-HSPX-PE35 | His-HSPX- His-HSPX-FbpC1
tnPstS1

Expression level (%) 44 23 25 39 34 38 36

Yield (mg/L/ODgq0) 79.2 41.4 45 70.2 61.2 68.4 64.8

Purity (%) >90 >80 >90 >90 >80 >90 >90

Recovery (%) 39.5 24 38.4 25 37 30 35

Amount of purified protein (mg/L/ 31.20 9.84 17.28 17.5 22.5 20.52 22.68

ODSOO)

As reported previously

(28],

°[29]

doi:10.1371/journal.pone.0163349.t002
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l

Fig 2. SDS PAGE analysis. Total, soluble and insoluble proteins of E. coli cells expressing His-HSPX-tnPstS1 (A), His-
HSPX-PES35 (B) and His-HSPX-fbpC1 (C). 1- Protein size markers; 2- Uninduced cells; 3, 6, 9, 11- total cell proteins; 4, 7-
insoluble fraction after cell lysis; 5, 8, 10, 12- soluble fraction of the cell lysate.

doi:10.1371/journal.pone.0163349.9002

HSPX-tnPstS1 fusion protein reacted with both anti-HSPX and anti-PstS1 polyclonal antibod-
ies (Fig 3). Similarly, HSPX-FbpCl fusion protein reacted with both anti-HSPX and anti-
FbpCl1 polyclonal antibodies (Fig 3).

CD spectrum of antigen variants

The CD spectra of all the individual proteins and their fusion molecules are given in Fig 4.
Table 3 shows the percentages of o- helices and B- sheets of all the protein variants predicted
through CDNN software and their molecular models or known structures.

Analysis of plasma samples of TB patients

The antibody response to all the individual and fusion antigens was significantly high

(P < 0.0001) for plasma samples of TB patients as compared to those of healthy controls. Out
of 180 plasma samples of TB patients 56, 82, 76 and 108 were positive for HSPX, PE35, tnPstS1,
and FbpCl, respectively. Thus, 31.1, 45.5, 42.2 and 60% sensitivities were found for HSPX,
PE35, tnPstS1 and FbpCl, respectively. In the case of fusion proteinsHSPX-PE35, HSPX-
tnPstS1 and HSPX-FbpCl, 98, 103 and 100 were found positive with corresponding sensitivi-
ties of 54.4%, 57.2% and 55.5%, respectively (Fig 5A and Table 4).

ROC curve for individual proteins showed the values of 0.7892, 0.8010, 0.8594 and 0.9694
for HSPX, PE35, tnPstS1 and FbpCl, while the ROC value for fusion proteins HSPX-PE35,
HSPX-tnPstS1 and HSPX-FbpC1 were 0.8919, 0.9246 and 0.9049, respectively (Fig 4B).The
values of healthy controls obtained higher than the cutoff were 2 for HSPX but none in the case
of PE35, tnPstS1 and FbpCl. In the cases of HSPX-PE35, HSPX-tnPstSland HSPX-FbpCl,
only 2, 1and none of the healthy controls, respectively, showed values higher than the cutoft.
Specificities, therefore, ranged between 98-100% in all the cases (Fig 5A and Table 4).

Molecular models of fusion proteins

Based on the scores provided by MODELLER, RAMACHANDRAN PLOT, ERRAT, 25 out of
100 models were selected for further refinement in terms of energy minimization and proton-
ation of structures. Further structural refinement resulted in the models of fusion molecules

PLOS ONE | DOI:10.1371/journal.pone.0163349 September 21, 2016 7/16
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HSPX-PE35 HSPX-tnPstS1 HSPX-FbpC1
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Fig 3. Antibody response of individual and fusion proteins with polyclonal antisera. (A) Western blot analyses of HSPX-PE35, HSPX-tnPstS1
and HSPX-FbpC1 with anti-HSPX (lanes 2, 4 & 6); anti-PE35 (lane 3); anti-tnPstS1 (lane 5) and anti-FbpC1 (lane 7). (B) Bar graph of OD4s¢/630 Obtained
from ELISA of individual and fusion antigens against anti-HSPX, anti-PE35, anti-PstS1 and anti-FbpC1.

doi:10.1371/journal.pone.0163349.g003

which are shown in Fig 6A-6C. The Solvent accessibility of the fusion proteins as observed
through CPORT is given in Fig 6D-6F. Red colored residues are actively involved in any type
of interaction; green colored residues support the interaction while blue colored residues are
non-supporting. It was found that the epitopes of contributing proteins in HSPX-tnPstS1 and
HSPX-PE35 are accessible (as most of the epitope region in red or green color) and thus indi-
cating their active involvement in antigen-antibody interactions. In the case of HSPX-FbpCl,
the epitopes of FbpClseem to be relatively less accessible, as most of the epitope region was
shown as blue.

PLOS ONE | DOI:10.1371/journal.pone.0163349 September 21, 2016 8/16
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Fig 4. Circular dichroism spectra of individual and fusion proteins. CD spectrum of HSPX, PE35 and HSPX-PE35 (A); HSPX, tnPstS1 and HSPX-
tnPstS1 (B) and HSPX, FbpC1 and HSPX-FbpC1 (C) over the range of 190nm to 280nm.

doi:10.1371/journal.pone.0163349.9004

Discussion

For achieving the high level of reliability for serodiagnosis of tuberculosis multiple antigens of
M. tuberculosis must be used. This is due to the variable immune response among different
individuals. Therefore, fusion molecules constructed from two or more antigens of M. tubercu-
losis, with the epitopes of all the contributed antigens fully accessible to the corresponding anti-
bodies, should make serodiagnosis more reliable. We expressed three M. tuberculosis antigens
PE35, tnPstS1 and FbpCl in fusion with heat shock protein, HSPX. Expression of the fusion
molecules, HSPX-PE35 and HSPX-tnPstS1, was increased by about 50% as compared to those
of the individual molecules PE35 and tnPstS1 (Table 2). This would be a significant contribu-
tion toward the cheaper production of the fusion antigens. Like PE35, His-HSPX-PE35 was
expressed soluble at 37°C. His-HSPX-FbpC1 was also expressed soluble at 37°C, although the
native FbpC1 was expressed soluble at 25°C requiring a longer fermentation period [29]. Strik-
ingly, tnPstS1 in fusion with HSPX was expressed partially soluble form at 37°C, while it was
expressed almost totally soluble form by lowering the growth temperature to 20°C. PstS1 was
previously reported to be expressed in the soluble form using E. coli TF as fusion partner [12].
However, use of TE, not being an M. tuberculosis antigen, could lead to undesired immunodo-
minance and false positive results. Fusion proteins involving HSPX, being an M. tuberculosis
antigen, would be a more favorable choice. Soluble expression of fusion proteins is likely to be
due to chaperone activity of the heat shock protein assisting in the conformational processing
of newly synthesized protein by preventing non-productive hydrophobic interactions and help
to gain its correct tertiary conformation [48].The fusion of PE35 and tnPstS1 with HSPX
resulted in higher expression and recoveries of the fusion proteins as shown in Table 2. Use of
the fusion molecules should, therefore, make the serodiagnostic procedure more reliable and
economical.

Table 3. Percentages of secondary structures analyzed through CD spectrum and from predicted
molecular models.

Fusion antigens CD spectrum Molecular modeling
HSPX-PE35 30.3% a- helices 36.9% a- helices

HSPX-tnPstS1

HSPX-FbpC1

doi:10.1371/journal.pone.0163349.t003

23.5% B- sheets

23.5% a- helices
21.6% B- sheets

23.7% a- helices
20.1% B- sheets

16.6% B- sheets
25.1% a- helices
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Fig 5. Analysis of antibody response of individual and fusion proteins in human plasma. Analysis of antibody response of the
individual HSPX, PE35, tnPstS1 and FbpC1; and their fusion molecules HSPX-PE35, HSPX-tnPstS1 and HSPX-FbpC1 in human
plasma. (A) Scatter dot plot of values of normalized ODs5¢/630 Of healthy controls (HC) and TB patients with individual and fusion

proteins. (B) ROC curve of individual and fusion proteins.

doi:10.1371/journal.pone.0163349.9005

The reactivity of fusion antigens with their respective antisera suggests that the epitopes of
the contributing antigens appear to be functional in all the fusion molecules. Analysis of all the
180 plasma samples of TB patients showed that 56 samples (31.1%) were positive for HSPX
and 76 (42%) for tnPstS1. Out of these 132 positive samples, 32 contained the antibodies for
both the antigens. Therefore, the combined sensitivity for the two antigens shall be 55.5% cal-
culated on the basis of 100 positive samples out of 180. The sensitivity value for HSPX-tnPstS1
determined experimentally was 57.7%, which is close to expected combined sensitivity of the
two individual antigens (55.5%) as shown in Table 4. Similarly, the combined number of posi-
tive plasma samples containing antibodies for HSPX or PE35 after deducting the number of
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Table 4. Sensitivity and specificity of the individual and the fusion antigens in detecting tuberculosis.

Antigen variants Sensitivity % Specificity %
Total TB samples n = 180 Smear positive n =94 Smear negative n = 86
HSPX 56 (31.1%) 33 (35.1%) 23 (26.7%) 98
PE35 82 (45.5%) 48 (51.0%) 34 (39.5%) 100
tnPstS1? 76 (42.2%) 45 (47.8%) 31 (36.0%) 100
FbpC1° 108 (60%) 67 (71.2%) 41 (47.6%) 100
HSPX-tnPstS1 104 (57.7%) 61 (64.8%) 43 (50.0%) 99
HSPX-PE35 98 (54.4%) 56 (59.5%) 44 (51.1%) 98
HSPX-FbpC1 100 (55.5%) 52 (55.3%) 48 (55.8%) 100
HSPX+tnPstS1* 100 (55.5%) 58 (61.7%) 41 (47.6%) 99
HSPX+PE35* 94 (52.2%) 55 (58.5%) 41 (47.6%) 98
HSPX+FbpC1* 130 (72.22%) 79 (84.04%) 51 (59.30%) 98

*Combined sensitivities were corrected by reducing the number of the samples which showed presence of both antibodies. As reported previously
?28],
b129].

doi:10.1371/journal.pone.0163349.t004

samples positive for both of the antigens was quite similar to the total number of samples
detected with fusion protein HSPX-PE35 (~54%) as shown in Table 4. This data suggests that
most of the epitopes of the two contributing proteins in both the fusion molecules, HSPX-
tnPstS1 and HSPX-PE35, are available for binding to the corresponding antibodies.

However, in the case of HSPX-FbpCl, out of 180 samples, 56 were positive for HSPX and
108 were positive for FbpC1. Out of these positive samples, 34 were found positive for both
antigens. Therefore, expected combined sensitivity for these two antigens is 72.2% which is
higher than that of the fusion molecule HSPX-FbpCl (55.5%). A lower sensitivity of this fusion
protein as compared to that of FbpCl indicates masking of the epitopes resulting from the spe-
cific arrangement of the two proteins against each other. Orientation of the fusion molecule on
binding to the ELISA plate as well as the antigen aggregation may affect the presentation of epi-
topes to the antibody molecules and contribute to a lower sensitivity of fusion molecule as
compared to those of its native counterparts [49].

AUC value obtained from ROC curve illustrates the efficiency of the diagnostic test which
should make a clear distinction between the samples with or without disease. The AUC value
of 1 represents a perfect test and of 0.5 represents a useless test. ROC curve of fusion protein
HSPX-tnPstS1 and HSPX-PE35 showed higher AUC value of 0.9246 and 0.8919 as compared
to those of their contributing individual proteins as shown in Fig 5B. The higher AUC value of
fusion proteins implies that these can detect TB patients more accurately as compared to those
of individual proteins.

Further conformational analyses of the three fusion proteins, HSPX-PE35, HSPX-tnPstS1
and HSPX-FbpCl, through molecular modeling showed that both the contributing proteins in
each of these three fusion proteins are folded similarly to their known or predicted structures
of the individual proteins (Fig 6). For all the fusion proteins, the percentages of secondary
structures predicted through molecular modeling and those obtained from CD spectra are in
close agreement supporting the correctness of structures obtained through molecular
modeling.

In antigen-antibody interactions, direct contact between the epitope and paratope of the
antibody depends upon the hydophilicity and surface exposure of antigenic determinants. In
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(E)

(C) (F)

Fig 6. Molecular model of fusion proteins and their CPORT analyses. (A-C) Molecular models of HSPx-tnPstS1 (A), HSPX-PE35 (B)
and HSPX-FbpC1 (C). HSPX in each of the three fusion protein is shown as pink, whereas tnPstS1, PE35 and FbpC1 are shown in cyan,
green and yellow color respectively. CPORT analyses of these fusion molecules (D-F) show the region marked as red, green and blue that
are active, supporting and non-supporting, respectively in antibody binding. The epitope region in HSPX-tnPstS1 (D) and HSPX-PE35 (F)
are shown mostly in red or green. However, the epitope regions of HSPX-FbpC1 Shown in black (C) appear blue in F.

doi:10.1371/journal.pone.0163349.9006

addition to these, shape complemantarity, involvement of water molecules or other co-factors
at the antigen-antibody interface may influence antigen-antibody interactions [50].

In all the fusion molecules, HSPX is the common component that contains one epitope
which forms the beta sheet and coil as predicted through molecular modeling. In the case of
HSPX-tnPstS1 and HSPX-PE35 fusion molecules, the epitope of HSPX protein retains their
original conformation while in case of HSPX-fbpC1, whole of the epitopic region loses the
native conformation and forms random coil (Fig 6A-6C). The data along with the altered con-
figuration of HSPX may explain the decrease in the sensitivity of HSPX-FbpCl1 (Fig 6F). Thus,
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Structure prediction of fusion molecules would be helpful for designing more efficient fusion
antigens.

These antigen-antibody based assays could replace microscopy and culturing to diagnose
TB in high burden TB endemic countries because of their speed and simplicity. Moreover, for
extra-pulmonary cases, invasive procedures are used to get a sample for analysis. A serodiag-
nostic test based upon antibodies detection can replace such invasive procedures for getting
samples from disease site. [3, 51-53]. WHO conducted the meta-analysis and systematic
review of the accuracy of in-house ELISA kits for diagnosis of TB and developed the policy
regarding the use of ELISA in 2011. Due to the inconsistent and variable ELISA results, WHO
recommended that these tests should not be used for diagnosis of TB. However, they stated
clearly in their 2011 policy that further research to identify new/alternative point-of-care tests
for TB diagnosis and/or serological tests with improved accuracy is strongly encouraged.
Appropriate study design including study population, eventual follow-up is important factors
while performing such research [2]. Xpert® MTB/RIF (Cepheid Inc.) I, a PCR-based assay,
was recommended by WHO to diagnose MDR-TB and HIV-associated TB [2] but the high
cost is a major barrier for wide scale application of this test in high TB burden countries
afflicted with poverty. Therefore, efforts to enhance sensitivity of a relatively cheaper immune
based assay need to be continued. Reliability and sensitivity of the serodiagnostic assay can be
improved using and evaluating other antigens in this protocol.

Conclusions

The fusion molecules HSPX-tnPstS1 and HSPX-PE35, reported for the first time, on account
of their sensitivity and soluble expression seems to have high potential in developing a more
reliable and cheaper serodiagnostic procedures for tuberculosis. Use of these fusion molecules
in combination with other more efficient fusion molecules would be helpful in increasing the
accuracy of the serodiagnostic assay and making the test more economical. Furthermore, the
heat shock protein HSPX in fusion with other proteins seems to have a role in soluble expres-
sion of proteins in E. coli. As HSPX also contains T-cell epitopes, its fusion molecules seem to
have the additional advantage as vaccine candidates.

Acknowledgments

We are grateful to Miss Aasia Khaliq for providing plasma samples of TB patients and healthy
controls. We are also thankful to Dr. Ali for his help in raising antisera in the rabbits.

Author Contributions
Conceptualization: RK MA SK MWA THK.
Formal analysis: RK.

Funding acquisition: RK MA MWA THK.
Investigation: RK MA.

Methodology:RK MA.

Resources: MWA THK.

Software: RK RZP.

Supervision: MWA.

Visualization: RK MWA.

PLOS ONE | DOI:10.1371/journal.pone.0163349 September 21, 2016 13/16



@° PLOS | ONE

Fusion Antigens of M. tuberculosis Improve Serodiagnostic Sensitivity

Writing - original draft: RK.

Writing - review & editing: RK MWA.

References

10.

11.

12

13.

14.

15.

16.

17.

18.

WHO. Global tuberculosis report 2014. France: 2014.

WHO. Commercial Serodiagnostic Tests for Diagnosis of Tuberculosis: Policy statement. Switzerland
2011.

Perkins MD, Conde MB, Martins M, Kritski AL. Serologic diagnosis of tuberculosis using a simple com-
mercial multiantigen assay. Chest. 2003; 123(1):107—-12. Epub 2003/01/16. PMID: 12527610.

Andersen P, Munk ME, Pollock JM, Doherty TM. Specific immune-based diagnosis of tuberculosis.
Lancet. 2000; 356(9235):1099—104. Epub 2000/09/29. PMID: 11009160.

Abebe F, Holm-Hansen C, Wiker HG, Bjune G. Progress in serodiagnosis of Mycobacterium tuberculo-
sis infection. Scandinavian journal of immunology. 2007; 66(2—3):176—91. Epub 2007/07/20. doi: 10.
1111/j.1365-3083.2007.01978.x PMID: 17635795.

Chiang IH, Suo J, Bai KJ, Lin TP, Luh KT, Yu CJ, et al. Serodiagnosis of tuberculosis. A study compar-
ing three specific mycobacterial antigens. American journal of respiratory and critical care medicine.
1997; 156(3 Pt 1):906—11. Epub 1997/10/06. doi: 10.1164/ajrccm.156.3.9607122 PMID: 9310012.

Cheng Z, Zhao JW, Sun ZQ, Song YZ, Sun QW, Zhang XY, et al. Evaluation of a novel fusion protein
antigen for rapid serodiagnosis of tuberculosis. Journal of clinical laboratory analysis. 2011; 25
(5):344-9. Epub 2011/09/16. doi: 10.1002/jcla.20483 PMID: 21919069.

Zhang SL, Zhao JW, Sun ZQ, Yang EZ, Yan JH, Zhao Q, et al. Development and evaluation of a novel
multiple-antigen ELISA for serodiagnosis of tuberculosis. Tuberculosis (Edinb). 2009; 89(4):278-84.
Epub 2009/06/30. doi: 10.1016/j.tube.2009.05.005 PMID: 19559650.

Ahmad S, Ali MM, Mustafa AS. Construction of a modified vector for efficient purification of recombi-
nant Mycobacterium tuberculosis proteins expressed in Escherichia coli. Protein expression and purifi-
cation. 2003; 29(2):167-75. Epub 2003/05/28. PMID: 12767806.

Smith I. Mycobacterium tuberculosis pathogenesis and molecular determinants of virulence. Clinical
microbiology reviews. 2003; 16(3):463-96. Epub 2003/07/15. PMID: 12857778; PubMed Central
PMCID: PMC164219.

Costa S, Aimeida A, Castro A, Domingues L. Fusion tags for protein solubility, purification and immu-
nogenicity in: the novel Fh8 system. Frontiers in microbiology. 2014; 5:63. Epub 2014/03/07. doi: 10.
3389/fmicb.2014.00063 PMID: 24600443; PubMed Central PMCID: PMC3928792.

Hwang WH, Lee WK, Ryoo SW, Yoo KY, Tae GS. Expression, purification and improved antigenicity
of the Mycobacterium tuberculosis PstS1 antigen for serodiagnosis. Protein expression and purifica-
tion. 2014; 95:77-83. Epub 2013/12/12. doi: 10.1016/j.pep.2013.11.011 PMID: 24326191.

Kyratsous CA, Silverstein SJ, DeLong CR, Panagiotidis CA. Chaperone-fusion expression plasmid
vectors for improved solubility of recombinant proteins in Escherichia coli. Gene. 2009; 440(1-2):9-15.
Epub 2009/03/31. doi: 10.1016/j.gene.2009.03.011 PMID: 19328840; PubMed Central PMCID:
PMC2683908.

Zhang G, Zhang L, Zhang M, Pan L, Wang F, Huang J, et al. Screening and assessing 11 Mycobacte-
rium tuberculosis proteins as potential serodiagnostical markers for discriminating TB patients from
BCG vaccinees. Genomics, proteomics & bioinformatics. 2009; 7(3):107—15. Epub 2009/12/01. doi:
10.1016/S1672-0229(08)60039-X PMID: 19944383.

Kennaway CK, Benesch JL, Gohlke U, Wang L, Robinson CV, Orlova EV, et al. Dodecameric structure
of the small heat shock protein Acr1 from Mycobacterium tuberculosis. The Journal of biological chem-
istry. 2005; 280(39):33419-25. Epub 2005/07/28. doi: 10.1074/jbc.M504263200 PMID: 16046399.

Kaushik A, Singh UB, Porwal C, Venugopal SJ, Mohan A, Krishnan A, et al. Diagnostic potential of 16
kDa (HspX, alpha-crystalline) antigen for serodiagnosis of tuberculosis. The Indian journal of medical
research. 2012; 135(5):771-7. Epub 2012/07/10. PMID: 22771611; PubMed Central PMCID:
PMC3401712.

Imaz MS, Comini MA, Zerbini E, Sequeira MD, Spoletti MJ, Etchart AA, et al. Evaluation of the diag-
nostic value of measuring IgG, IgM and IgA antibodies to the recombinant 16-kilodalton antigen of
mycobacterium tuberculosis in childhood tuberculosis. The international journal of tuberculosis and
lung disease: the official journal of the International Union against Tuberculosis and Lung Disease.
2001; 5(11):1036—43. Epub 2001/11/22. PMID: 11716340.

Raja A, Uma Devi KR, Ramalingam B, Brennan PJ. Immunoglobulin G, A, and M responses in serum
and circulating immune complexes elicited by the 16-kilodalton antigen of Mycobacterium tuberculosis.

PLOS ONE | DOI:10.1371/journal.pone.0163349 September 21, 2016 14/16


http://www.ncbi.nlm.nih.gov/pubmed/12527610
http://www.ncbi.nlm.nih.gov/pubmed/11009160
http://dx.doi.org/10.1111/j.1365-3083.2007.01978.x
http://dx.doi.org/10.1111/j.1365-3083.2007.01978.x
http://www.ncbi.nlm.nih.gov/pubmed/17635795
http://dx.doi.org/10.1164/ajrccm.156.3.9607122
http://www.ncbi.nlm.nih.gov/pubmed/9310012
http://dx.doi.org/10.1002/jcla.20483
http://www.ncbi.nlm.nih.gov/pubmed/21919069
http://dx.doi.org/10.1016/j.tube.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19559650
http://www.ncbi.nlm.nih.gov/pubmed/12767806
http://www.ncbi.nlm.nih.gov/pubmed/12857778
http://dx.doi.org/10.3389/fmicb.2014.00063
http://dx.doi.org/10.3389/fmicb.2014.00063
http://www.ncbi.nlm.nih.gov/pubmed/24600443
http://dx.doi.org/10.1016/j.pep.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24326191
http://dx.doi.org/10.1016/j.gene.2009.03.011
http://www.ncbi.nlm.nih.gov/pubmed/19328840
http://dx.doi.org/10.1016/S1672-0229(08)60039-X
http://www.ncbi.nlm.nih.gov/pubmed/19944383
http://dx.doi.org/10.1074/jbc.M504263200
http://www.ncbi.nlm.nih.gov/pubmed/16046399
http://www.ncbi.nlm.nih.gov/pubmed/22771611
http://www.ncbi.nlm.nih.gov/pubmed/11716340

@° PLOS | ONE

Fusion Antigens of M. tuberculosis Improve Serodiagnostic Sensitivity

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Clinical and diagnostic laboratory immunology. 2002; 9(2):308—12. Epub 2002/03/05. PMID:
11874868; PubMed Central PMCID: PMC119919.

Gaseitsiwe S, Valentini D, Mahdavifar S, Magalhaes |, Hoft DF, Zerweck J, et al. Pattern recognition in
pulmonary tuberculosis defined by high content peptide microarray chip analysis representing 61 pro-
teins from M. tuberculosis. PloS one. 2008; 3(12):€3840. Epub 2008/12/10. doi: 10.1371/journal.pone.
0003840 PMID: 19065269; PubMed Central PMCID: PMC2588537.

Verbon A, Hartskeerl RA, Moreno C, Kolk AH. Characterization of B cell epitopes on the 16K antigen of
Mycobacterium tuberculosis. Clinical and experimental immunology. 1992; 89(3):395-401. Epub
1992/09/01. PMID: 1381300; PubMed Central PMCID: PMC1554459.

Mukherjee P, Dutta M, Datta P, Dasgupta A, Pradhan R, Pradhan M, et al. The RD1-encoded antigen
Rv3872 of Mycobacterium tuberculosis as a potential candidate for serodiagnosis of tuberculosis. Clin-
ical microbiology and infection: the official publication of the European Society of Clinical Microbiology
and Infectious Diseases. 2007; 13(2):146—-52. Epub 2007/03/03. doi: 10.1111/j.1469-0691.2006.
01660.x PMID: 17328726.

Bethunaickan R, Baulard AR, Locht C, Raja A. Antibody response in pulmonary tuberculosis against
recombinant 27kDa (MPT51, Rv3803c) protein of Mycobacterium tuberculosis. Scand J Infect Dis.
2007; 39(10):867—74. Epub 2007/09/14. doi: 10.1080/00365540701402954 PMID: 17852894.

Davidow A, Kanaujia GV, Shi L, Kaviar J, Guo X, Sung N, et al. Antibody profiles characteristic of
Mycobacterium tuberculosis infection state. Infection and immunity. 2005; 73(10):6846—-51. Epub
2005/09/24. doi: 10.1128/1A1.73.10.6846-6851.2005 PMID: 16177363; PubMed Central PMCID:

PMC1230945.

Espitia C, Cervera |, Gonzalez R, Mancilla R. A 38-kD Mycobacterium tuberculosis antigen associated
with infection. Its isolation and serologic evaluation. Clinical and experimental immunology. 1989; 77
(3):373-7. Epub 1989/09/01. PMID: 2478322; PubMed Central PMCID: PMC1542060.

Harboe M, Wiker HG. The 38-kDa protein of Mycobacterium tuberculosis: a review. The Journal of
infectious diseases. 1992; 166(4):874—84. Epub 1992/10/01. PMID: 1527425.

Sartain MJ, Slayden RA, Singh KK, Laal S, Belisle JT. Disease state differentiation and identification of
tuberculosis biomarkers via native antigen array profiling. Molecular & cellular proteomics: MCP. 2006;
5(11):2102—13. Epub 2006/08/11. doi: 10.1074/mcp.M600089-MCP200 PMID: 16899542.

Samanich K, Belisle JT, Laal S. Homogeneity of antibody responses in tuberculosis patients. Infection
and immunity. 2001; 69(7):4600-9. Epub 2001/06/13. doi: 10.1128/IA1.69.7.4600-4609.2001 PMID:
11402004; PubMed Central PMCID: PMC98537.

Khurshid S, Khalid R, Afzal M, Waheed Akhtar M. Truncation of PstS1 antigen of Mycobacterium
tuberculosis improves diagnostic efficiency. Tuberculosis (Edinb). 2013; 93(6):654—9. Epub 2013/08/
28. doi: 10.1016/j.tube.2013.07.005 PMID: 23978525.

Afzal M, Khurshid S, Khalid R, Paracha RZ, Khan IH, Akhtar MW. Fusion of selected regions of myco-
bacterial antigens for enhancing sensitivity in serodiagnosis of tuberculosis. Journal of microbiological
methods. 2015; 115:104—11. Epub 2015/06/13. doi: 10.1016/j.mimet.2015.06.003 PMID: 26068786.

Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-terminating inhibitors. Proceedings of
the National Academy of Sciences of the United States of America. 1977; 74(12):5463-7. Epub 1977/
12/01. PMID: 271968; PubMed Central PMCID: PMC431765.

Sadaf S, Khan MA, Akhtar MW. Production of bubaline somatotropin by auto-induction in Escherichia
coli. Biotechnology and applied biochemistry. 2007; 47(Pt 1):21-6. Epub 2006/11/08. doi: 10.1042/
BA20060154 PMID: 17087660.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Analytical biochemistry. 1976; 72:248-54. Epub 1976/05/07.
PMID: 942051.

Bohm G, Muhr R, Jaenicke R. Quantitative analysis of protein far UV circular dichroism spectra by neu-
ral networks. Protein engineering. 1992; 5(3):191-5. Epub 1992/04/01. PMID: 1409538.

Khurshid S, Afzal M, Khalid R, Khan IH, Akhtar MW. Improving sensitivity for serodiagnosis of tubercu-
losis using TB16.3-echA1 fusion protein. Tuberculosis (Edinb). 2014; 94(5):519-24. Epub 2014/08/19.
doi: 10.1016/j.tube.2014.06.006 PMID: 25131688.

Hanazono Y, Takeda K, Oka T, Abe T, Tomonari T, Akiyama N, et al. Nonequivalence observed for
the 16-meric structure of a small heat shock protein, SpHsp16.0, from Schizosaccharomyces pombe.
Structure. 2013; 21(2):220-8. Epub 2013/01/01. doi: 10.1016/j.str.2012.11.015 PMID: 23273429.

van Montfort RL, Basha E, Friedrich KL, Slingsby C, Vierling E. Crystal structure and assembly of a
eukaryotic small heat shock protein. Nat Struct Biol. 2001; 8(12):1025-30. Epub 2001/11/10. doi: 10.
1038/nsh722 PMID: 11702068.

PLOS ONE | DOI:10.1371/journal.pone.0163349 September 21, 2016 15/16


http://www.ncbi.nlm.nih.gov/pubmed/11874868
http://dx.doi.org/10.1371/journal.pone.0003840
http://dx.doi.org/10.1371/journal.pone.0003840
http://www.ncbi.nlm.nih.gov/pubmed/19065269
http://www.ncbi.nlm.nih.gov/pubmed/1381300
http://dx.doi.org/10.1111/j.1469-0691.2006.01660.x
http://dx.doi.org/10.1111/j.1469-0691.2006.01660.x
http://www.ncbi.nlm.nih.gov/pubmed/17328726
http://dx.doi.org/10.1080/00365540701402954
http://www.ncbi.nlm.nih.gov/pubmed/17852894
http://dx.doi.org/10.1128/IAI.73.10.6846-6851.2005
http://www.ncbi.nlm.nih.gov/pubmed/16177363
http://www.ncbi.nlm.nih.gov/pubmed/2478322
http://www.ncbi.nlm.nih.gov/pubmed/1527425
http://dx.doi.org/10.1074/mcp.M600089-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/16899542
http://dx.doi.org/10.1128/IAI.69.7.4600-4609.2001
http://www.ncbi.nlm.nih.gov/pubmed/11402004
http://dx.doi.org/10.1016/j.tube.2013.07.005
http://www.ncbi.nlm.nih.gov/pubmed/23978525
http://dx.doi.org/10.1016/j.mimet.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26068786
http://www.ncbi.nlm.nih.gov/pubmed/271968
http://dx.doi.org/10.1042/BA20060154
http://dx.doi.org/10.1042/BA20060154
http://www.ncbi.nlm.nih.gov/pubmed/17087660
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/1409538
http://dx.doi.org/10.1016/j.tube.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/25131688
http://dx.doi.org/10.1016/j.str.2012.11.015
http://www.ncbi.nlm.nih.gov/pubmed/23273429
http://dx.doi.org/10.1038/nsb722
http://dx.doi.org/10.1038/nsb722
http://www.ncbi.nlm.nih.gov/pubmed/11702068

@° PLOS | ONE

Fusion Antigens of M. tuberculosis Improve Serodiagnostic Sensitivity

37.

38.

39.

40.

a1,

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

von Grotthuss M, Wyrwicz LS, Pas J, Rychlewski L. Predicting protein structures accurately. Science.
2004; 304(5677):1597-9; author reply -9. Epub 2004/06/12. doi: 10.1126/science.304.5677.1597b
PMID: 15192202.

Vyas NK, Vyas MN, Quiocho FA. Crystal structure of M tuberculosis ABC phosphate transport recep-
tor: specificity and charge compensation dominated by ion-dipole interactions. Structure. 2003; 11
(7):765—74. Epub 2003/07/05. PMID: 12842040.

Wilson RA, Maughan WN, Kremer L, Besra GS, Futterer K. The structure of Mycobacterium tuberculo-
sisMPT51 (FbpC1) defines a new family of non-catalytic alpha/beta hydrolases. Journal of molecular
biology. 2004; 335(2):519-30. Epub 2003/12/16. PMID: 14672660.

Sajjad M, Khan MI, Zafar R, Ahmad S, Niazi UH, Akhtar MW. Influence of positioning of carbohydrate
binding module on the activity of endoglucanase CelA of Clostridium thermocellum. J Biotechnol.
2012; 161(3):206—12. Epub 2012/07/17. doi: 10.1016/j.jbiotec.2012.05.023 PMID: 22796095.

de Vries SJ, Bonvin AM. CPORT: a consensus interface predictor and its performance in prediction-
driven docking with HADDOCK. PloS one. 2011; 6(3):e17695. Epub 2011/04/06. doi: 10.1371/journal.
pone.0017695 PMID: 21464987; PubMed Central PMCID: PMC3064578.

de Vries SJ, van Dijk M, Bonvin AM. The HADDOCK web server for data-driven biomolecular docking.
Nat Protoc. 2010; 5(5):883-97. Epub 2010/05/01. doi: 10.1038/nprot.2010.32 PMID: 20431534.

Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian D, Shen MY, et al. Comparative pro-
tein structure modeling using Modeller. 2006 Oct. In: Current protocols in bioinformatics / editoral
board, Andreas D Baxevanis [et al] [Internet]. [Unit 5.6]. Available: http://www.ncbi.nlm.nih.gov/
pubmed/18428767.

Kelley LA, Gardner SP, Sutcliffe MJ. An automated approach for clustering an ensemble of NMR-
derived protein structures into conformationally related subfamilies. Protein engineering. 1996; 9
(11):1063-5. Epub 1996/11/01. PMID: 8961360.

Colovos C, Yeates TO. Verification of protein structures: patterns of nonbonded atomic interactions.
Protein science: a publication of the Protein Society. 1993; 2(9):1511-9. Epub 1993/09/01. doi: 10.
1002/pro.5560020916 PMID: 8401235; PubMed Central PMCID: PMC2142462.

Benkert P, Tosatto SC, Schomburg D. QMIEAN: A comprehensive scoring function for model quality
assessment. Proteins. 2008; 71(1):261-77. Epub 2007/10/13. doi: 10.1002/prot.21715 PMID:
17932912.

Ahmad Shandar, Michael Gromiha M., Fawareh Hamed, Sarai A. ASAView: Solvent Accessibility
Graphics for proteins. BMC Bioinformatics. 2004; 5:51. PMID: 15119964

Hartl FU. Molecular chaperones in cellular protein folding. Nature. 1996; 381(6583):571-9. Epub
1996/06/13. doi: 10.1038/381571a0 PMID: 8637592.

Crowther JR. Methods in Molecular Biology. Totowa, New Jersey: Humana Press Inc.; 2001.

Fieser TM, Tainer JA, Geysen HM, Houghten RA, Lerner RA. Influence of protein flexibility and peptide
conformation on reactivity of monoclonal anti-peptide antibodies with a protein alpha-helix. Proceed-
ings of the National Academy of Sciences of the United States of America. 1987; 84(23):8568-72.
Epub 1987/12/01. PMID: 2446325; PubMed Central PMCID: PMC299586.

Pottumarthy S, Wells VC, Morris AJ. A comparison of seven tests for serological diagnosis of tubercu-
losis. Journal of clinical microbiology. 2000; 38(6):2227—-31. Epub 2000/06/02. PMID: 10834981;
PubMed Central PMCID: PMC86769.

Steingart KR, Henry M, Laal S, Hopewell PC, Ramsay A, Menzies D, et al. Commercial serological
antibody detection tests for the diagnosis of pulmonary tuberculosis: a systematic review. PLoS medi-
cine. 2007; 4(6):€202. Epub 2007/06/15. doi: 10.1371/journal.pmed.0040202 PMID: 17564490;
PubMed Central PMCID: PMC1891320.

Mitchison DA, Aber VR, Ahmad FJ, Allen BW, Devi S. Evaluation of a serological test for tuberculosis.
BrMed J. 1977; 1(6073):1383—4. Epub 1977/05/28. PMID: 405075; PubMed Central PMCID:
PMC1606890.

PLOS ONE | DOI:10.1371/journal.pone.0163349 September 21, 2016 16/16


http://dx.doi.org/10.1126/science.304.5677.1597b
http://www.ncbi.nlm.nih.gov/pubmed/15192202
http://www.ncbi.nlm.nih.gov/pubmed/12842040
http://www.ncbi.nlm.nih.gov/pubmed/14672660
http://dx.doi.org/10.1016/j.jbiotec.2012.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22796095
http://dx.doi.org/10.1371/journal.pone.0017695
http://dx.doi.org/10.1371/journal.pone.0017695
http://www.ncbi.nlm.nih.gov/pubmed/21464987
http://dx.doi.org/10.1038/nprot.2010.32
http://www.ncbi.nlm.nih.gov/pubmed/20431534
http://www.ncbi.nlm.nih.gov/pubmed/18428767
http://www.ncbi.nlm.nih.gov/pubmed/18428767
http://www.ncbi.nlm.nih.gov/pubmed/8961360
http://dx.doi.org/10.1002/pro.5560020916
http://dx.doi.org/10.1002/pro.5560020916
http://www.ncbi.nlm.nih.gov/pubmed/8401235
http://dx.doi.org/10.1002/prot.21715
http://www.ncbi.nlm.nih.gov/pubmed/17932912
http://www.ncbi.nlm.nih.gov/pubmed/15119964
http://dx.doi.org/10.1038/381571a0
http://www.ncbi.nlm.nih.gov/pubmed/8637592
http://www.ncbi.nlm.nih.gov/pubmed/2446325
http://www.ncbi.nlm.nih.gov/pubmed/10834981
http://dx.doi.org/10.1371/journal.pmed.0040202
http://www.ncbi.nlm.nih.gov/pubmed/17564490
http://www.ncbi.nlm.nih.gov/pubmed/405075



