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Abstract
Peptidyl-prolyl cis-trans isomerases (Ppiases), also known as cyclophilins, are ubiquitously

expressed enzymes that assist in protein folding by isomerization of peptide bonds preced-

ing prolyl residues.Mycobacterium tuberculosis (M.tb) is known to possess two Ppiases,

PpiA and PpiB. However, our understanding about the biological significance of mycobacte-

rial Ppiases with respect to their pleiotropic roles in responding to stress conditions inside

the macrophages is restricted. This study describes chaperone-like activity of mycobacterial

Ppiases. We show that recombinant rPpiA and rPpiB can bind to non-native proteins in vitro
and can prevent their aggregation. Purified rPpiA and rPpiB exist in oligomeric form as evi-

dent from gel filtration chromatography.E. coli cells overexpressing PpiA and PpiB ofM.tb
could survive thermal stress as compared to plasmid vector control. HEK293T cells tran-

siently expressingM.tb PpiA and PpiB proteins show increased survival as compared to

control cells in response to oxidative stress and hypoxic conditions generated after treat-

ment with H2O2 and CoCl2 thereby pointing to their likely role in adaption under host gener-

ated oxidative stress and conditions of hypoxia. The chaperone-like function of theseM.

tuberculosis cyclophilins may possibly function as a stress responder and consequently

contribute to virulence.

Introduction
The disease tuberculosis (TB) caused byMycobacterium tuberculosis (M.tb), is the second larg-
est killer after HIV-AIDS [1]. For successful colonization of human host,M.tb forms a niche by
establishing molecular interaction networks within the host system.M.tb has evolved mecha-
nisms to survive in macrophages that represent one of the most stressful environments for bac-
teria. Successful colonization of the intraphagosomal niche by the pathogen depends on

PLOSONE | DOI:10.1371/journal.pone.0150288 March 16, 2016 1 / 14

OPEN ACCESS

Citation: Pandey S, Sharma A, Tripathi D, Kumar A,
Khubaib M, Bhuwan M, et al. (2016) Mycobacterium
tuberculosis Peptidyl-Prolyl Isomerases Also Exhibit
Chaperone like Activity In-Vitro and In-Vivo. PLoS
ONE 11(3): e0150288. doi:10.1371/journal.
pone.0150288

Editor: Joyoti Basu, Bose Institute, INDIA

Received: December 11, 2015

Accepted: February 11, 2016

Published: March 16, 2016

Copyright: © 2016 Pandey et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: SP, MK, AS and MB thank the UGC/CSIR/
ICMR, Government of India (GoI) for the award of
Research Fellowship. DT is a recipient of Research
Associateship from Department of Biotechnology,
GoI, India. This research was supported by Centre of
Excellence Grant to SEH and NZE from the
Department of Biotechnology, Ministry of Science and
Technology, GoI. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0150288&domain=pdf
http://creativecommons.org/licenses/by/4.0/


molecular interaction network within the host [2,3]. The effector molecules which play crucial
role in host pathogen interaction at the molecular level are mostly stress responders, HSPs,
chaperones and other protein modifying enzymes [4]. The pathogen subverts host defenses by
quenching ROS and RNS [5–7] disrupting the membrane repair [8], phagolysosomal fusion
[9], suppression of autophagy [10] and by escaping immune challenges [11,12] and immune
quorum sensing [13]. Bacterial chaperones play a vital role in protein folding and secretion,
thereby indirectly contributing to the virulence and survival of the pathogen inside the host
[14].

Prolyl isomerases, also known as cyclophilin, are expressed ubiquitously from bacteria to
human and as of now 17 cyclophilin proteins in humans, 29 in Arabidopsis and 8 in Saccharo-
myces have been reported so far [15,16]. Isoform diversity, various subcellular localization and
differences during evolution are indicative of their functional importance and acquisition of
new roles. Prolyl isomerases lie in three structurally and sequentially unrelated classes; cyclo-
philins, FKBPs and Parvullins [17]. Moonlighting functions of prolyl isomerases include viru-
lence character [18], stress response [19,20], cell cycle regulation [21,22], chromatin
remodeling [23], transcription factor regulation [24], RNA-mediated gene expression [25,26]
etc. Infection biology is not only influenced by pathogen encoded Ppiases, but host Ppiases also
play a crucial role in development of the disease. For example, human CypA and Cyp B bind to
the capsid protein of HIV and facilitate internalization of the virion particles in CD4 cells.
Additionally, human cyclophilin A (PpiA) is recruited with nascent HIV-1 virions as well as
incoming HIV-1 capsids where it is involved in isomerization of an exposed proline [27].

M.tb has two cyclophilins, PpiA and PpiB coded by ppiA (Rv0009) and ppiB (Rv2582)
respectively, which are located apart in the genome.M.tb PpiA is known to be structurally and
phylogenetically related to eukaryotic cyclophilins. It has been previously reported that it is a
secretory protein and interacts with several host proteins such as those involved in iron regula-
tion, immune defense mechanism and signal transduction [28,29]. Presence of PpiB has been
reported in proteomes of membrane fraction [30] and mannosylation enriched culture filtrate
[31], which are indicative of its surface expression. PpiB is reported to be essential for the sur-
vival of the pathogen [32]. Functional characterization of the enzymes reflecting their possible
role as a stress responder in the pathogen, and thus contributing to its virulence, has not been
investigated so far. We describe the functional characterization ofM.tb Ppiases (PpiA and
PpiB) and demonstrate that they display chaperone-like activity. We show that recombinant
M.tb Ppiases (PpiA and PpiB) expressed in E.coli could bind to heat labile MalZ protein in-
vitro and can prevent its aggregation. E.coli transformants expressingM.tb Ppiases exhibited
increased survival under heat shock, as compared to vector control. That these cyclophilins
enabled the survival of HEK293T cells under conditions of hypoxic and oxidative stress
pointed to the potential role ofM.tb Ppiases in vivo to absorb cellular stress.

Materials and Methods

Materials
IPTG, imidazole, N-succinyl- Ala-Ala-Pro-Phe-p-nitroanilide, trifluoroethanol, LiCl, α-che-
motrypsin, 8-anilino-1-naphthalene-sulfonic acid (ANS), reduced Glutathione, DTT and MTT
were obtained from Sigma. All cell culture reagents were obtained from GIBCO. All enzymes
were purchased from NEB (USA); ELISA kit from Peprotech and toxicity removal kit from
Norgen. All reagents used were analytical grade. The plasmids and strains used in this study
are listed (S1 Supporting Information).
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Enzyme assay of purified recombinant Ppiases
The ORF encodingM.tb ppiA (Rv0009) andM.tb ppiB (Rv2582) were PCR amplified fromM.tb
H37Rv genomic DNA by using forward and reverse primers. ppiA was cloned in pET28a vector
using BamHI andHindIII restriction sites and ppiB in pGEX6p1 vector using BamH1 and Xho1
restriction sites. Recombinant proteins were purified using Ni-NTA column for PpiA and gluta-
thione sepharose affinity column for PpiB as described earlier [33].Endotoxin removal was
achieved by passing the recombinant protein through polymyxin B resins as described [34].
PPIase activity of both, rPpiA and rPpiB was evaluated using a spectrophotometric assay [35].
8mM oligo peptide N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide substrate solution was prepared
in trifluoroethanol containing 0.45 M LiCl in cold. Coupled enzyme α-Chymotrypsin was pre-
pared at a concentration of 60mg/ml in cold solubilizing buffer (33 μl of 1 mMHCl and 2mM
CaCl2 solution). Reaction mixture included 910μl 0.1 M TrisCl, pH 8.0, 50μl 600μM α-Chymo-
trypsin and 30μl rPpiA which were incubated for 2 minutes at 15°C. Subsequent addition of 10μl
of peptide solution resulting in a final concentration of 80μM initiated the reaction. The enzyme
catalyzed cis–trans isomerization of Ala-Pro bond, coupled with cleavage of the trans peptide by
α-chymotrypsin was observed as increase in absorbance at 390nm at 15°C. Measurements were
recorded every 0.5 sec till 3 minutes and the final absorbance was measured from each curve.
The absorbance at each time point was subtracted from that value.

ANS Fluorescence of rPpiases
Fluorescence of ANS in the presence of rPpiA and rPpiB was measured by exciting at 390 nm
and following the emission between 450 and 550 nm [36]. 0.5mg/ml of the recombinant pro-
teins, rPpiA and rPpiB, respectively was incubated with 50 μMANS for 30 min at room tem-
perature, and fluorescence of protein-bound dye was recorded. Fluorescence emission
spectrum of ANS alone was used as control. The spectra were corrected with appropriate buffer
and protein blanks. The emission and excitation slit widths were set at 10 and 10nm,
respectively.

Aggregation Assay
Gel filtration chromatography was carried out to know the oligomeric states of rPpiA and
rPpiB in solution and the protein profile was compared with protein molecular size standards.
Further to know the presence of hydrophobic surfaces which are associated with chaperon
activity, 3D model of PpiB was constructed by submitting amino acid sequence to SWISS-MO-
DEL[37]. Crystal structure of PpiA was downloaded from protein data bank (PDB ID:1W74).
PyMOL program was used to carry out Molecular visualization and general analysis [38].Chap-
erone activity of rPpiases was investigated in terms of its ability to prevent aggregation of
MalZ. MalZ loses its native conformation and undergoes aggregation during incubation at
47°C. MalZ and GroEL were purified for the assay as reported earlier [39]. Assay for MalZ
aggregation was performed in presence and absence of rPpiA or rPpiB at 47°C. Light scattering
was measured by recording the absorbance as described earlier [40]. The samples used for the
assay involved (0.4uM) MalZ alone, rPpiA alone, rPpiA with lysozyme (negative control) and
purified GroEL (positive control) and with increasing molar ratios of rPpiA (10, 20, 40) and
rPpiB (5, 10, 20).

Residual activity of denatured Nde1
Nde1 (10 U) was incubated at 60°C for 20 min in the absence or presence of rPpiases (rPpiA
and rPpiB). BSA (20 μg) was used as a control [36] Assessment of the residual enzyme activity
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was assayed by digesting 150ng of circular pUC18 at 37°C for 1 h. The digestion mixture was
electrophoresed on 1% agarose gel, stained with ethidium bromide and visualized under UV
light in a Gel doc system (Bio-Rad).

Growth rescue of E. coli from thermal shock
Rescue of E. coli cells from thermal shock was performed using the method reported previously
[36]. Fold survival with and without heat shock was calculated and the value was normalized
taking the vector control (pET28A and pGEX6p1) as one fold.

Cloning of ppiA and ppiB for expression in HEK 293T cells
Standard procedures were followed for cloning. The genes coding for ppiA and ppiB were
amplified usingM. tuberculosisH37Rv genomic DNA as template. For PCR amplificationppiA
forward primer with XhoI site (GCCCTCTAGACTCGAGATGGCAGACTGTGATTCC) and
reverse primer withHindIII site (GTTTAAACTTAAGCTTGGAGATGGTGATCGACTCGA)
and similarly for ppiB forward primer with XhoI site (CCCTCTAGACTCGAGATGGGCCA
CTTGACACCG) and reverse primer with HindIII site (GTTTAAACTTAAGCTTATCCA
GCAGCACCGACGTGA) were used. The PCR was carried out as described [41] and PCR
products and pcDNA3.1mychis (-) vector were digested and ligation reactions were set up.
Recombinant plasmid constructs were transfected into the HEK293T cells (obtained from
NCCS, Pune, India) by lipofection.

Survival assays under various stresses by MTT assay
It has been reported that H2O2 and CoCl2 induce oxidative stress and hypoxia, respectively in
mammalian cells [42–45].Assessment of the hypoxia stress and oxidative stress on the prolifer-
ation of HEK293T cells was carried out by MTT assay as described [46]. Cells were transfected
with pcDNA_ppiA, pcDNA_ppiB and vector alone. 3 million cells were taken in 35 mm dish
in each category. For hypoxia, 5000 cells/well from each category were seeded in a 96-well plate
cultured for 12 hours at 37°C in 5% CO2 in 150ul complete RPMI1640. Dose dependent treat-
ment with CoCl2 (50, 100, 150, 200 μM) was performed for 24 hours [47]. Untransfected cells,
only media control and empty wells were used as controls. At the end of the treatment, MTT
25μl (from 5mg/ml in PBS), was added and then incubated for 4 hours. Acidic isopropanol
(4%HCl and 0.1% NonidetP-40) was added in each well after removal of the supernatant. After
shaking the plate for 10 min, cell viability was assessed by measuring the absorbance at 590 nm
with 620 reference filter. Similarly, resistance to oxidative stress was determined by treating the
cells expressing PpiA and PpiB, respectively with 10–40μMH2O2 in increasing concentrations.
All assays were carried out in triplicate.

Results

Recombinant Ppiases are enzymatically active
His taggedM.tb rPpiA and GST tagged rPpiB was purified using Ni-NTA column and glutathi-
one sepharose affinity column, respectively. PpiB was less stable in the absence of GST due to
its structural complexity. We tried to remove GST, but in the absence of GST tag PpiB got pre-
cipitated. rPpiA displayed the expected 25kDa molecular size while rPpiB protein band was
observed at 69kDA molecular size after SDS gel. Enzymatic activity of the purified proteins was
measured in a spectrophotometric-coupled assay using the chromogenic peptide N-succinyl-
Ala-Ala-Pro-Phe-p-nitro-anilide and α chymotrypsin at 15°C (Fig 1). Increase in the rate of
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isomerization activity as compared to the control show that the recombinant Ppiases are enzy-
matically active [28].

M.tb Ppiases display chaperone like activity as evident by surface
hydrophobicity
ANS has been commonly used as a fluorescent probe to establish surface hydrophobicity in
proteins. A blue shift of fluorescence emission maxima and increase of fluorescence intensity is
generally attributed to the hydrophobicity of a binding site [48].The relative fluorescence inten-
sity and maximum emission wavelength of ANS alone and ANS bound to rPpiA and rPpiB
was measured by exciting at 390nm. The maximum emission wavelength of ANS alone was
found to be 540nm and a clear blue shift in the emission wavelength was observed in case of
ANS bound to rPpiA and rPpiB (Fig 2). A significant increase in the fluorescent intensity could
be noticed when rPpiA and rPpiB was bound to ANS. These results confirmed surface hydro-
phobicity in PpiA and PpiB ofM.tb. which is known to be associated with chaperone like func-
tion [36]. We constructed 3D model of PpiB and compared it with PpiA that confirms the
presence of hydrophobic patches on the surface of these proteins (Fig 3A). The ANS fluores-
cence spectra and presence of hydrophobic patches on the surface of PpiA and PpiB clearly
point to the likely function ofM.tb Ppiases as a chaperone.

rPpiases protect MalZ from thermal aggregation
The elution profile of the recombinant proteins confirmed the presence of oligomeric states of
rPpiA and rPpiB in solution, as oligomeric rearrangement in solution is one of the characteristic
of chaperon like proteins Fig 3B).To experimentally demonstrate chaperone like activity ofM.tb
rPpiases, their ability to prevent thermal aggregation of a heterologous protein MalZ was assessed.
MalZ is known to aggregate under elevated temperature[39]. Light scattering assay to monitor

Fig 1. Purified rPpiases ofM.tb are enzymatically active. A. Isomerization activity of rPpiA and rPpiB at a
concentration of 50nM was measured in a coupled assay using the chromogenic peptide N-succinyl-Ala-Ala-
Pro-Phe-p-nitroanilide and α chymotrypsin compared with the spontaneous background rate of cis-trans
isomerization in the absence of the recombinant enzymes.B.Molecular weight of purified histidine-tagged
rPpiA and GST tagged rPpiB as checked on 10% SDS polyacrylamide gel was around 25kDa and 69kDa,
respectively.

doi:10.1371/journal.pone.0150288.g001
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aggregation was carried out by assessing absorbance (500nm) of thermally denatured MalZ in
presence and absence of rPpiA and rPpiB. The thermal stability of rPpiases was also monitored
and as expected for chaperones, both the rPpiases were highly stable at 47°C, exhibiting negligible
aggregation. When rPpiA was co-incubated with MalZ in increasing molar ratio (10, 20, 40), it
was able to increasingly prevent aggregation at 47°C (Fig 4A). In comparison to rPpiA, rPpiB
could inhibit aggregation of MalZ at almost half the concentration (Fig 4B). The use of appropri-
ate positive (GroEL) and negative control (lysozyme) confirmed the specificity of the aggregation
inhibition activity by the rPpiases. Molecular chaperones are known to exhibit thermal stability
and can protect proteins from thermal denaturation and aggregation [36] and these result there-
fore, clearly demonstrate thatM.tb peptidyl prolyl isomerases can protect proteins from thermal
aggregation directly pointing to their chaperone like activity.

Fig 2. ANS Florescence spectra reveal surface hydrophobicity inM.tb rPpiases.Concentration of ANS,
rPpiA and rPpiB used were 20μM, 0.1 mg/ml and 0.1mg/ml, respectively. Blue shift in the position of peak and
increase in the intensity of peak was observed upon addition of rPpiA and rPpiB. The ANS emission was
scanned in the range of 400 to 600 nm.

doi:10.1371/journal.pone.0150288.g002

Fig 3. PpiA and PpiB have hydrophobic patches on the surface and are present in oligomeric form in solution. A.Green color shows the hydrophobic
patches on the surface of protein structures of PpiA and PpiB, blue, red and limon yellow colors show negative, positive and polar residues, respectively. B.
Elution profile of Gel Filtration Chromatography: Green color indicates elution profile of rPpiA and blue indicates elution profile of rPpiB.

doi:10.1371/journal.pone.0150288.g003
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M.tb rPpiases protect Nde1 from thermal denaturation and consequent
loss of restriction enzyme activity
Having shown that rPpiases could protect MalZ from thermal aggregation, we further investi-
gated the ability of rPpiases to protect the enzymatic activity of Nde1 restriction enzyme from
thermal denaturation. Plasmid pET22b has a single restriction enzyme site for the enzyme Nde1.
Upon heat denaturation Nde1 loses its ability to linearize pET22b plasmid (Fig 5, lane 3), but
when heat denatured in the presence of rPpiA (lane 4) or rPpiB (lane 5) it retained the ability to
digest and could linearize the pET22B plasmid DNA. BSA when used as a control could not

Fig 4. M.tb rPpiases suppress aggregation of MalZ. The aggregation pattern was monitored by light scattering at O.D. 500 nm with excitation and
emission slit width 5 and 2.5 nm, respectively. GroEL was used as a positive control. Lysozyme was used as a negative control.A. Increasing molar ratio of
rPpiA (10, 20, 40) was used.B. Increasing molar ratio of rPpiB (5,10, 20) was used.

doi:10.1371/journal.pone.0150288.g004

Fig 5. rPpiases can rescue E.coli from thermal shock: E.coli expression strain was transformed with
Ec_VCy, pGEX6p-1 only, Ec_ppiA and Ec_ppiB. After heat treatment at 50°C different dilutions of 100ul
culture was plated at one hour interval. The quantification of bacterial growth was carried out by counting the
bacterial colony forming unit (cfu).E. coli transformed with ppiA and ppiB exhibited approximately 10 fold
more survival compared with vector control.

doi:10.1371/journal.pone.0150288.g005
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protectNde1 and as a consequence the enzyme activity was lost after heat denaturation (lane 6).
These results further demonstrate thatM.tb rPpiases cannot only protect proteins from thermal
aggregation but can also preserve the functional activity of proteins under in vitro conditions.

rPpiases can rescue E. coli from thermal shock
In order to assay for chaperone like function of rPpiases under physiological conditions, by
checking if E.coli expressingM.tb PpiA and PpiB is resistant to thermal shock as compared to
vector control. E.coli transformants were assessed for their ability to grow after thermal shock
(50°C) as described earlier [36]. Results indicate that E. coli cells transformed withM.tb ppiA
and ppiB showed more than ten folds survival after one hour and about 80 fold survival after 2
hours as compared to the E.coli transformed with vector alone (Fig 6). These results provide
conclusive evidence that rPpiases show chaperone like function both under in in-vitro condi-
tions and also under physiological conditions.

M.tb Ppiases confer protection to HEK293T cells against oxidative
stress and hypoxia
Results presented so far demonstrated the ability ofM.tb Ppiases not only to act as a chaperone,
under in-vitro conditions and but also under physiological conditions. Given the fact that
chaperones help in maintaining cellular homeostasis under various stress conditions [49] and
their presence increases tolerance to heat, toxins, hypoxic shock and increase cell longevity by
maintaining proteostasis, we designed experiments to investigate whether expression of Ppiases
in HEK cells cultured in-vitro impart resistance against hypoxia and oxidative stress. For this
MTT assay was performed to determine viability of HEK cells expressing PpiA and PpiB pro-
teins after oxidative stress and hypoxia. HEK cells transfected with vector alone was used as a
control. For oxidative stress cells were treated with different concentration of H2O2 (0, 10, 20,
30, 40 μM) whereas for hypoxic stress the cells were treated with varying concentrations of

Fig 6. rPpiases protectedNde1 is refractile to thermal denaturation. Enzymatic activity of thermal
denatured Nde1 was assayed in presence and absence of rPpiA, rPpiB and control protein BSA. Lane M,
1-kb molecular size marker; lane 1, uncut pET22b; lane 2, pET22b digested with nativeNde1; lane 3, with
heat denatured Nde1; lane4, with rPpiA treated heat denatured Nde1; lane 5, with rPpiB treated heat
denatured Nde1; lane 6, with BSA treated heat denatured Nde1.

doi:10.1371/journal.pone.0150288.g006
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CoCl2 (0, 50, 100, 150, 200 μM). A significant increase in viability of cells expressing PpiA and
PpiB (Fig 7), as compared to vector control, could be seen. These observations clearly implicate
M.tb Ppiases, in aiding the intracellular survival of the pathogen amid the hostile environment
of infected cells pointing to its likely role in-vivo.

Discussion
Amultifaceted interplay between the host immune response and pathogen virulence factors
govern the outcome of the infection caused byMycobacterium tuberculosis. Peptidyl-prolyl
isomerase A ofM.tb, also known as cyclophilin A is secreted in intraphagosomal niche and is
known to be upregulated during infection [50]. Other than ubiquitous expression, prolyl isom-
erases have large number of isoforms and are localized in different subcellular locations in
higher organisms, e.g., in Saccharomyces, 8 different prolyl isomerases are targeted to endoplas-
mic reticulum, mitochondria and nucleus from cytosol [51]. Isoform diversity and various sub-
cellular localization are indicative of their functional importance. Recently, Ppiases have been
studied in different contexts such as cell regulatory processes [52], role in different cancer sta-
tus [53,54] and inflammation [55] and other abnormalities [56, 57]. In addition to their vitality
in protein folding, peptidyl prolyl isomerases have also been implicated in many pathological
conditions like diabetes, asthma, cancer and microbial infections. surA gene coding for Ppiase
is associated with virulence of pathogenic strains of Salmonella, E. coli and Helicobacter pylori.
Mutation in surA gene significantly affects virulence potential of these pathogens [58,59].

In the present study, we observed thatM.tb Ppiases exhibit chaperone-like activity. Surface
hydrophobicity is considered important during the interaction of molecular chaperones with
misfolded proteins [60,61]. ANS binding analysis of rPpiases showed increase in absorbance
and blue shift in the emission maxima, a reflection of its chaperone-like activity. Unlike Mal Z,
M.tb rPpiases were refractile to thermal aggregation however; when MalZ was incubated along
with rPpiA and rPpiB at 45°C aggregation was inhibited. About 90% of the enzymatic activity
of thermally denatured Nde1was restored when incubated with rPpiA and rPpiB. Molecular

Fig 7. M.tb Ppiases impart resistance to HEK293T cells against hypoxic and oxidative stress.MTT assay was performed to score the percent cell
viability of HEK293t cells transiently expressing PpiA and PpiB under oxidative stress (panelA) or hypoxia (panelB) induced by treatment of cells with
varying concentrations of H2O2 (0, 10, 20, 30 and 40μM) or CoCl2 (0, 50, 100, 150 and 200μM), respectively. The data are representative of three
independent experiments. Error bar represents mean ± S.D.

doi:10.1371/journal.pone.0150288.g007
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chaperones can transiently bind and stabilize an unstable conformation of a protein by pre-
venting its misfolding and aggregation.With in-vitro evidence of rPpiases as a probable chaper-
one, we further investigated its chaperone like function in-vivo. It was clearly evident that
survival of E.coli transformed with ppiA and ppiB ofM.tb was quantitatively higher compared
to the vector control. Similar examples of proteins that showed chaperone-like activity have
been reported earlier [36, 62–64].

The ability ofM.tb to grow under reduced oxygen conditions and resist oxidative stress is
directly correlated to its ability to cause disease. Although O2is essentially needed for survival of
M.tb, it can easily adapt itself to the hypoxic microenvironment of tissue lesions, sites of active
TB and inside microphages [65]. In theWayne model [66], under gradual hypoxic growth envi-
ronment, bacteria move away from proliferative cycle and tend towards the latent form that is
adapted to hypoxia and remain viable for extended period. Turning to hypoxia tolerant status
appears to be the key response mechanism for coping stress, and other survival challenges [12].
In the present study, we sought to investigate the role ofM.tb Ppiases in conferring protection to
HEK293T cells under hypoxia and oxidative stress. A significantdifference in the survival of HEK
cells transiently expressing PpiA and PpiB proteins as compared to the untransformed cells was
evident. There are several other mycobacterial HSPs which could impart survival amid hostile
host effector functions such as hypoxia and oxidative stress [67]. The induction of proinflamma-
tory response by the human macrophages upon infection withM.tb is a natural defense strategy
mounted by the host. Infection itself induces cellular stress resulting in an unfolded protein
response (UPR). Human resistin—a pro-inflammatory cytokine [68], along with other chaper-
ones, is over expressed in response to UPR and aids in protein folding [36].M.tb once lodged
within the macrophages may induce similar stress resulting in misfolding of mycobacterial pro-
teins, conditions that may lead to molecular crowding detrimental for the bacteria. To combat
such strategies mounted by the host,M.tb deploys its Ppiases to assist in folding of the misfolded
proteins. Therefore, it is very likely that these Ppiases act as a connecting link between infection,
inflammation, stress response and protein misfolding, thereby assisting in the survival of theM.
tbwithin the hostile environment of the macrophages. In conclusion, our data demonstrating
chaperone-like function ofMycobacterium tuberculosis Ppiases have implications in virulence
and pathogenicity terms of possible role inenhancing the stress tolerance of the pathogen.
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