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Abstract

PE/PPE proteins of Mycobacterium tuberculosis (Mtb) target the host organelles to dictate the outcome of infection. This
study investigated the significance of PE6/Rv0335¢ protein's unique C-terminal in causing host mitochondrial perturba-
tions and apoptosis. In-silico analysis revealed that similar to eukaryotic apoptotic Bcl2 proteins, Rv0335c¢ had disordered,
hydrophobic C-terminal and two BH3-like motifs in which one was located at C-terminal. Also, Rv0335¢’s N terminal had
mitochondrial targeting sequence. Since, C-terminal of Bcl2 proteins are crucial for mitochondria targeting and apoptosis; it
became relevant to evaluate the role of Rv0335¢’s C-terminal domain in modulating host mitochondrial functions and apop-
tosis. To confirm this, in-vitro experiments were conducted with Rv0335¢ whole protein and Rv0335cACterm (C-terminal
domain deleted Rv0335¢) protein. Rv0335¢ACterm caused significant reduction in mitochondrial perturbations and Caspase-
mediated apoptosis of THP1 macrophages in comparison to Rv0335c. However, the deletion of C-terminal domain didn’t
affect Rv0335c¢’s ability to localize to mitochondria. Nine Ca** binding residues were predicted within Rv0335c and four
of them were at the C-terminal. /n-vitro studies confirmed that Rv0335c caused significant increase in intracellular calcium
influx whereas Rv0335cACterm had insignificant effect on Ca®* influx. Rv0335¢ has been reported to be a TLR4 agonist
and, we observed a significant reduction in the expression of TLR4-HLA-DR-TNF-« in response to Rv0335¢ACterm protein
also suggesting the role of Rv0335¢’s C-terminal domain in host—pathogen interaction. These findings indicate the possibil-
ity of Rv0335c as a molecular mimic of eukaryotic Bcl2 proteins which equips it to cause host mitochondrial perturbations
and apoptosis that may facilitate pathogen persistence.
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Mtb has adopted diverse strategies and evasion tech-
niques for long-term survival within host’s hostile intracel-
lular niche. Co-evolving with the host, the pathogen possess
effector proteins which are expressed at different stages of
TB infection and are employed for dynamically modulating
the host—pathogen interactions [4]. Several mycobacterial
proteins are investigated for their role in disrupting host cell
homeostasis via organelle targeting and for the presence of
eukaryote-like domains to direct host pathways for patho-
gen survival. Mitochondria are crucial organelles involved
in intrinsic programmed cell death pathways, therefore Mtb
proteins targeting the mitochondria may have role in modu-
lating apoptotic pathway and determining the outcome of
infection [5].

About 7% of Mtb genome includes the recently evolved
107 PE (Pro-Glu) and 69 PPE (Pro-Pro-Glu) proteins which
are preferentially present in pathogenic Mtb [6]. PE fam-
ily proteins such as PE9-PE10 complex, PE_PGRSS5, PE_
PGRS11 and PE_PGRS26 proteins are reported to cause
host cell apoptosis via targeting critical organelles like mito-
chondria and endoplasmic reticulum [7-10]. Autophagy,
necrosis and apoptosis are the major cell death modalities
studied so far with respect to PE family proteins; however,
the induction of enhanced apoptosis by the PE family pro-
teins have been implicated in spread of infection at the site
of granuloma during late stages of infection [11]. Further-
more, a recent finding on PE_PGRS29 protein of Mtb has
elucidated the presence of eukaryote-like ubiquitin-associ-
ated (UBA) domain within it which triggers xenophagy and
controls bacterial load. These findings suggest that Mtb has
evolved tactics where it takes control of intracellular bacte-
rial load to limit host inflammatory responses for long-term
intracellular survival [12].

PE family proteins have also been studied for establish-
ment of the host—pathogen interaction due to their cell
surface localization. These proteins are reported to bind to
various Toll-Like-Receptors (TLRs) and aid in mounting a
balanced immune response through activated macrophages
which signals the migration of naive immune cells at the site
of granuloma and facilitate spread of infection [10]. Apart
from their prominent role in maintenance of granuloma, the
modulation of TLR-mediated immune response by these
PE proteins have role in various cell processes such as cell
death, antigen presentation and generation of oxidative stress
[13-15].

Recently, PE6 (Rv0335c) protein has been reported
to enhance TLR4 expression, evoke pro-inflammatory
response, getting targeted to mitochondria and inducing cas-
pase mediated intrinsic apoptosis in macrophages to facili-
tate pathogen survival [16]. Based on these recent findings
on Rv0335c, we further investigated the role of Rv0335c
in inducing mitochondrial perturbations and apoptosis by
taking cues from the information encoded within protein’s
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amino acid sequence. Through in-silico studies, we pre-
dicted that Rv0335c to have unique disordered C-terminal
domain composed of hydrophobic amino acids similar to the
C-terminal domain of mitochondrial targeted pro-apoptotic
Bcl2 proteins in eukaryotes. The hydrophobic and disor-
dered C-terminal domain in mitochondria targeting apop-
totic Bcl2 proteins have been found to be responsible for
their function [17, 18]. Additionally, the sequence scan of
Rv0335c also showed the presence of two BH3-like motifs
similar to those present in the eukaryotic Bcl2 proteins.
One of these BH3-like motifs was found to be located at the
C-terminal of protein. The Bcl2 proteins are master regula-
tors of mitochondria-mediated intrinsic apoptosis and are
characterized to possess conserved Bcl2 homology (BH)-
domains. During apoptosis, pro-apoptotic multi-domain
proteins such as Bax, Bak and BH3 only proteins such as
Bid, Hrk and Bnip3 interact and activate each other via their
BH3:BH3 groove [19, 20]. Since, the C-terminal domain of
Rv0335c shared significant similarities with the apoptotic
mitochondria-targeting Bcl2 proteins; we were prompted to
investigate the role of C-terminal domain of Rv0335c in host
cell death. Cloning, expression and purification of recombi-
nant proteins (Rv0335c whole protein and Rv0335cACterm
protein with deleted C-terminal domain) were performed
followed by stimulation of THP1 macrophages for different
time points. In-silico studies predicted Rv0335c¢ to contain
mitochondrial localization signal at its N-terminal. Confocal
microscopy was performed which revealed that deletion of
C-terminal domain from Rv0335c protein didn’t affect its
mitochondrial localization potential and both recombinant
proteins (Rv0335c and Rv0335cACterm) were localized
within mitochondria of THP1 macrophages. The impact
of C-terminal domain of Rv0335c on mitochondria and
its bioenergetics was assessed which showed that dele-
tion of C-terminal from Rv0335c had insignificant effect
on mitochondrial depolarization, levels of mitochondrial
superoxides, cytosolic release of Cytochrome C (Cyt C)
and intracellular ADP/ATP ratio in comparison to whole
protein. Further, in-silico analysis predicted 9 calcium
(Ca™) binding residues in Rv0335c¢ and 4 of these residues
were within the C-terminal domain which were deleted in
Rv0335cACterm protein. THP1 macrophages stimulated
with Rv0335cACterm protein showed insignificant intracel-
lular Ca**influxes as compared to Rv0335c-stimulated cells.
Additionally in comparison to Rv0335c, stimulation with
Rv0335cACterm protein led to significant reduction in per-
centage of apoptotic cells as well as reduction in expression
of Caspase 3, 7 and 9. Preliminary docking studies revealed
that Rv0335c¢ bound to immune receptor TLR4 with high
affinity than Rv0335cACterm. We observed that the cell sur-
face expression of TLR4 and HLA-DR along with soluble
TNF-a were insignificant in response to Rv0335cACterm
protein as compared to Rv0335c. All these findings unravel



Apoptosis

the highly evolved strategy of molecular mimicry employed
by Rv0335c¢ protein of Mtb in causing host mitochondrial
perturbations and apoptosis which may have implications
on pathogen survival.

Materials and methods
In-silico evaluation of Rv0335c protein
Host cellular localization of Rv0335c protein

Rv0335c¢ has recently been reported to get localized within
host cell nucleus and mitochondria in a time dependent
manner [16]. We also conducted in-silico analysis for prob-
able cellular localization of Rv0335c¢ protein within host
cell using MemLoci server (Membrane Protein Subcellular
Localization Predictor) (https://mu2py.biocomp.unibo.it/
memloci/default/index) [21]. The server can predict whether
the protein can be localized to plasma membrane, internal
membrane (endoplasmic reticulum, nucleus, golgi apparatus,
vesicles, vacuoles, lysosomes, peroxisome, microsomes, and
endosome membranes) or organelle membrane (mitochon-
dria). Mitofates server (http://mitf.cbrc.jp/MitoFates/cgi-bin/
top.cgi) [22] was employed for identifying the presence of
any putative mitochondrial pre-sequences and cleavage sites
within Rv0335c.

Sequence scan and structure based comparative analysis
of Rv0335c

Rv0335¢c was reported to target host mitochondria and
induce apoptosis [16]. With this background information, a
thorough sequence scan of Rv0335c protein was conducted.
Prediction of disordered region within the protein was done
using in PONDR server [23, 24].VL-XT algorithm was
chosen in PONDR which trains the neural network based
on non-redundant sets of ordered and disordered sequences
incorporating attributes like hydropathy, composition and
complexity of amino acids. For evaluating the hydropathy
of protein, MINNOU server was used [25].

Defining the C-terminal domain in Rv0335c followed
by homology modeling and structural superimposition

The C-terminal stretch from amino acid position 120 to 166
which was disordered, hydrophobic and posses one BH3-like
motif was defined as C-terminal domain of Rv0335c¢ protein.
Based on similarities of C-terminal domain and BH3-like
motif in Rv0335¢ with mitochondria-targeted pro-apoptotic
Bcl2 proteins; multiple sequence alignment of C-terminal
domain of mitochondria-targeted pro-apoptotic Bcl2 pro-
teins and Rv0335c was done in ClustalW.

For homology modeling of Rv0335c protein as well as
Rv0335cACterm protein, the sequences were submitted to
I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-
TASSER/) [26, 27]. Energy minimization of the generated
models was done in Chiron (https://dokhlab.med.psu.edu/
chiron/login.php) [28]. Structural validation of models
was done based on scores of ERRAT, VERIFY3D and
Ramachandran plot generated in PROCHECK [29-31].

Since, Rv0335¢ was found to contain a conserved BH3
motif similar to pro-apoptotic Bid and Hrk proteins; 3D
structures of BH3 motif containing stretch from Bid and
Hrk were superimposed with BH3-like motif containing
C-terminal domain of Rv0335c using Pymol software.

Production of recombinant Rv0335c¢/
Rv0335cACterm proteins and cell viability assays

Cloning, expression and purification of recombinant
proteins

Rv0335c protein was PCR amplified from Mtb H37Rv
genomic DNA using.

Forward Primer: Having BamHI site 5" CTAGGATCC
ATGTCGTTTGTCAACGTGG 3'.

Reverse Primer: Having HindIII site 5' CTAAAG CTT
GCCGTCGGCTCCGTTG 3.

The Rv0355ACterm gene cloned in pMSQSCHS vector
was a kind gift from Professor Vikas Jain [Department of
Biological Sciences, Indian Institute of Science Education
and Research (IISER) Bhopal]. Briefly, RvO355ACterm
gene was amplified with desired truncation from Mtb
genomic DNA using the oligonucleotides:

(Forward Primer: 5" ATGCGGTCCATGGGGTTCTTG
CAC and.

Reverse Primer: 5" ATGGTTCAGGTTCTGTGCAAA
CTGGCCATGGAACG 3').

PCR reaction was carried out and two sequential PCR
reactions, one with Mtb genomic DNA and another with
first PCR product were carried out in order to get desired
Rv0335c¢ genomic region. His-tag was added at the C-ter-
minus of gene by cloning it with Smal digested pMSQSCHS
vector.

Rv0335c gene was cloned in pGEM T Easy vector (Pro-
mega) followed by its expression in pET-28a(+)vector
(Novagen) with 6 X His tag at N terminal. Both the genes
(Rv0335c cloned in pET-28a(+)vector and Rv0355ACterm
cloned in pMSQSCHS vector) were transformed in E.coli
BL21 DE3. Recombinant proteins were purified from soni-
cated culture pellet after induction with 0.5 mM Isopropyl
B-D-1-thiogalactopyranoside using Ni-NTA affinity chro-
matography (Qiagen, USA) and elution was done with urea
and different concentrations of immidazole. Eluted protein
was dialyzed against IXPBS and decreasing concentration
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of urea to remove immidazole and urea. The purity was
checked using SDS-PAGE and western blotting. Purified
protein was further mixed and kept for binding with poly-
myxin agarose beads for endotoxin removal. Following
incubation and centrifugation, the supernatant was collected
and endotoxin contamination was checked using Limulus
amoebocyte lysate kit (Thermo Fisher Scientific, USA) as
per manufacturer’s protocol. Protein concentration was esti-
mated using BCA assay.

Culture of THP1 cell lines

Human monocytic cell line THP1 (NCCS, Pune) were
plated in tissue culture plates in RPMI 1640 (Sigma) supple-
mented with 10% Fetal bovine serum (HiMedia), 1% HEPES
(Sigma) and 50 pg/ml of Antibiotic (Life Technologies).
The monocytic cells were treated with 40 ng/ml Phorbol-
Myristate Acetate (PMA; Sigma) and incubated for 24 h to
allow differentiation of macrophage.

(a) Cell Viability using CellTiter blue assays

For evaluating the dose dependent viability, THP1 mac-
rophages were stimulated with different concentration
(5 pug, 10 pg, 15 pg) of purified Rv0335c¢ protein and incu-
bated for 24 h. Cell viability was checked for 16 h, 24 h
and 48 h following stimulation with 10 pug/ml of Rv0335c/
Rv0335cACterm along with unstimulated cells and positive
controls: LPS (40 ng/ml) and Staurosporine (2 pM). Follow-
ing incubations, cells were subjected to either 20uL/well
CellTiter Blue Reagent (Promega Corporation) and incu-
bated for 4 h at 37 °C with 5% CO2 supply. Viable cells
reduce CellTiter Blue reagent which is resazurin (dark blue)
into resorufin (dark pink). The absorbance was measured
spectrophotometrically at (570-600) nm. Percent of viability
was calculated using absorbance values where unstimulated
cells in media alone were considered to be 100% viable.

Localization studies of Rv0335¢/Rv0335cACterm
proteins within THP1 macrophages

THP1 macrophages (2 x 10°) were grown on coverslips in
a 24-well culture plate for microscopic studies. Following
macrophage differentiation, cells were washed in 1xPBS and
stimulated with Alexa Fluor™ 488-FITC (ThermoFisher
Scientific) -labeled proteins. Unstimulated cells stained only
with Alexa Fluor™ 488-FITC dye were included as nega-
tive control in the study. Briefly, approximately 500 pl of
dialyzed proteins (2 mg/mL in 1xPBS) were incubated with
50uL of 1 M bicarbonate and reactive dye. After allowing
the reaction to stir for 1 h at room temperature, dye bound
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proteins were purified through spin column centrifugation.
After 6, 16 and 24 h post-stimulation with 10 pg/ml labeled
proteins, cells were stained with MitoSpy Red CMXRos
(BioLegend) and DAPI (BioLegend) as per manufacturer’s
protocol. Cells were washed in 1 X PBS, followed by fixa-
tion using 4% formaldehyde. Coverslip was washed again in
1 X PBS, mounted on glass slide and confocal microscopy
was performed using Leica TCS SP8 microscope (Central
Instrumentation Facility, South Campus, Delhi University).
Cross-sectional images at step size of 0.5 micron of fluo-
rescence signal was captured at 63X magnification for each
sample. ImageJ was employed for analysis and quantifica-
tion of confocal images. RGB plots, interactive surface plots
and calculation of Pearson’s coefficient through JACoP (Just
Another Colocalization Plugin) plugin were done to ana-
lyse the mitochondrial localization of recombinant proteins.
Statistical analysis was also performed between Pearson’s
coefficient values of Rv0335¢ and Rv0335cACterm proteins.

Mitochondrial perturbations in response to Rv0335c¢
and Rv0335cACterm proteins

Changes in mitochondrial membrane potential
(MMP) using JC-1 (5, 5, 6, 6'-tetrachloro1, 1, 3,
3’tetra-methyl-benzimidazolyl-carbocyanine iodide) dye

THP1 macrophages were left unstimulated/ stimulated
with control/Rv0335¢c/Rv0335¢ACterm and incubated for
6 h, 16 h and 24 h. Following incubation, cells were re-
suspended in 1xPBS, stained with 2.5 pg of JC1 dye/ml
and incubated at 37 °C for 30 min. Depending upon the
membrane potential, JC1 dye accumulates in mitochondria.
Monomeric form indicated by green fluorescence emission
represents depolarized MMP and forms J-aggregates emit-
ting red fluorescence MMP is hyperpolarized. Therefore,
mitochondrial depolarization was indicated by decrease in
red/green fluorescence intensity ratio of THP1 macrophages
using BD Accuri C6 flow cytometer by collecting 10,000
events for each sample.

Estimation of mitochondrial superoxide generation using
MitoSox Red dye

THP1 macrophages were left unstimulated/ stimulated
with control/Rv0335¢/Rv0335cACterm and incubated
for 6 h, 16 h and 24 h. Following incubation, cells were
re-suspended in 1xPBS, stained with 3.5uM of MitoSOX
red dye and incubated at 37 °C for 30 min. MitoSOX™
Red (ThermoFisher Scientific) is a live cell permeable dye
which selectively targets mitochondria where it gets oxi-
dized by mitochondrial superoxide and emits fluorescence.
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Mitochondrial superoxide production was estimated in terms
of percentages of cells positively stained for MitoSOX dye
using BD accuri C6 flow cytometer by collecting 10,000
events for each sample.

Estimation of cytosolic release of Cyt C

In healthy cells, Cyt C resides within the mitochondrial
membrane. Mitochondrial stress and apoptotic stimuli
induce the cytosolic release of Cyt C from mitochondrial
membrane. Unstimulated/control/protein stimulated THP1
macrophages were incubated for 16 h, 24 h and 48 h. Har-
vested cells were washed and fixed in 4% para-formal-
dehyde for 15 min at room temperature following which
cells were permeabilized in perm buffer for 15 min at room
temperature. FITC labeled Anti-Cytochrome C antibody
(Clone-6H2, Thermo Fisher Scientific) was used to stain
the cells in residual buffer volume and incubated at 4 °C
for 1 h and acquired in BD accuri C6 flow cytometer.

Changes in intracellular ratio of ADP/ATP

Mitochondrial stress also affects the bioenergetics of mito-
chondria and alters ADP/ATP ratio. Changes in ADP/ATP
ratio is also used for detecting the modality of cell death
and viability. Apoptotic cells are screened by elevated lev-
els of ADP and depleted levels of ATP. Detection of ADP/
ATP ratio in unstimulated/control/protein stimulated THP1
macrophages was performed at 24 h and 48 h according
to manufacturer’s protocol (Sigma-Aldrich). Briefly, the
cells were lysed to release ATP and ADP. ATP directly
reacts with the substrate D-luciferin and produces light
in presence of luciferase which is an indicator of intracel-
lular ATP levels. In the next step, the ADP is converted to
ATP which then undergoes the same reaction and produces
second light intensity that represents the total ADP and
ATP concentration in the sample. Ratio of luminescence
light intensity of unstimulated/stimulated was taken as
a measure of intracellular ADP/ATP measurement with
unstimulated ADP/ATP ratio taken as 1.

Ca?* binding affinity and impact of intracellular
calcium homeostasis in response to protein
stimulation

Ca’*is a crucial signaling molecule that maintains the
intracellular homeostasis by regulating Ca**release and
uptake by organelles like endoplasmic reticulum and
mitochondria.

Prediction of calcium binding affinity of Rv0335c protein

Rv0335c protein’s sequence was evaluated for its affinity to
bind calcium ligand in MIB server (http://bioinfo.cmu.edu.
tw/MIB/) [32].

Intracellular Ca?* influx in response to Rv0335c/
Rv0335cACterm proteins

Unstimulated/control/Rv0335¢/Rv0335cACterm protein
stimulated THP1 macrophages were cultured and incubated
for 16 h and 24 h. Cells were harvested and Indo-1, AM
(ThermoFisher Scientific) dye (2 uM)was added to cell
suspension and incubated at 37 “C for 15-60 min.Indo-1,
AM is a cell permeable sensitive indicator dye of intracel-
lular Ca**levels, which allows the cleaving of AM esters
by cellular esterases after crossing the plasma membrane.
This makes the dye cell impermeant and thus stuck inside
the cells. The Ca®" influx was measured by estimating the
ratio of fluorescence intensity using a 494-nm excitation
(bound Ca*"). As a positive control, Ionomycin (10 ug/ml)
was added prior to acquisition in one of the cultured THP1
cell suspension.

Apoptotic cell death induction by Rv0335c¢
and Rv0335cACterm proteins

Evaluation of phosphatidyl-serine exposure using annexin
V-FITC staining and TUNEL Assay for DNA fragmentation
in THP1 macrophages

Early apoptosis is marked by the flipping of Phosphatidyl-
serine on the outer cell membrane. Following stimulation
(16 h, 24 h and 48 h), unstimulated/stimulated THP1 mac-
rophages were stained with Annexin V-FITC/Propidium
iodide (PI) using Annexin V-FITC apoptosis detection
kit (Thermo Scientific) following manufacturer’s protocol
analyzed using flow cytometer (BD AccuriC6). For each
sample, total 10,000 events were collected and appropriate
gating was used to measure the fluorescence of FITC and
PI. Cells with three phenotypes, i.e., normal viable (Annex-
inV-/Pl-cells), early apoptotic (AnnexinV +/PI-cells), and
late apoptotic (AnnexinV +/PI + cells) within a mixed cell
population were observed.

Unstimulated/stimulated THP1 macrophages were incu-
bated for 24 h. For detecting DNA breaks in apoptotic cells;
APO-Direct kit (BD Pharmingen) was used according to the
manufacturer’s protocol. Briefly, cells were fixed using 1%
para-formaldehyde and incubated for 60 min on ice. After
washing with ice cold 1xPBS, fixed cells were re-suspended
in 70% ethanol and incubated for 30 min on ice and stored
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at —20 °C for 18-24 h. Cells were then washed and labeled
with 50 pl DNA labeling solution containing Terminal
deoxynucleotidyl transferase (TdT) enzyme and FITC-dUTP
in reaction buffer. TdT is a polymerase that catalyses the
addition of FITC-dUTP at the 3'-OH end of the fragmented
DNA. Cells were rinsed and dissolved in PI/RNase Staining
Buffer following incubation for 30 min at room temperature
in dark. Percentage of cells with fragmented DNA or per-
centage of TUNEL positive cells were recorded from total
10,000 events collected for each sample.

Detection of activated initiator caspase 9 and executioner
caspase 3 and caspase 7

Following 24 h of protein stimulation, total protein was
extracted by lysing of THP1 macrophages using RIPA
lysis buffer mixed with protease inhibitor cocktail (Santa
Cruz Biotechnology Ltd.). Total protein concentration of
whole cell lysate was determined and equal concentra-
tion of samples were loaded and subjected to SDS-PAGE
followed by transferring onto nitrocellulose membrane.
Membranes were blocked for 1 h in 5% skimmed milk
dissolved in Tris-buffered saline with Tween 20 (TBST)
buffer followed by overnight incubation in primary poly-
clonal antibody to Caspase 9 (PAA627Hu03, Cloud-Clone
Corp.), and GAPDH (Thermo Scientific) as an internal
control, dilution 1:1000. Membranes were washed in
TBST buffer prior to incubation with HRP conjugated
secondary antibody for 1 h. The blot was developed using
a super-sensitive ECL Chemiluminescence Kit (Thermo
Scientific). Western Blotting images were also quantified
using ImageJ software. The developed band area for each
sample was analyzed and graphs were plotted in terms of
ratio with respect to unstimulated sample.

Unstimulated and protein stimulated THP1-mac-
rophages were incubated for different time points (16,
24 and 48 h). CellEvent Caspase-3/7 Green Flow Cytom-
etry Assay kit (Invitrogen) was used to detect activation
of executioner caspase 3 and caspase 7 according to
manufacturer’s protocol. Cell event caspase 3/7 reagent
(500 nM) was added to 1 ml cell suspension in 1xPBS
and incubated for 30 min at 37 "C. SYTOX dead cell stain
(1 uM) was added 5 min before acquisition of samples in
BD accuri C6 flow cytometer.

For inhibition studies, cells were pre-incubated with
20 pM total caspase inhibitor (Z-VAD-fmk; Promega) for
1 h followed by stimulation with proteins/controls and
incubated for 24 h. Percentage of caspase 3 and 7 acti-
vation was recorded from total 10,000 events acquired
for each sample. To ascertain that the observed apoptosis
is caspase-mediated, we also studied the percentage of
apoptosis in caspase inhibitor treated THP1 macrophages.
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Immune response generated in response
to recombinant Rv0335c/Rv0335cACterm proteins

TLR identification in Rv0335c interaction predicted
from molecular docking

Rv0335¢/Rv0335cACterm docking studies with human
TLR4 (PDB ID 3FXI) protein structures were performed in
Haddock server. Best structures were visualized in Discov-
ery Studio Visualizer 4.1.

TLR4 and HLA-DR expression profiles in response
to Rv0335¢/Rv0335cACterm proteins

THP1 macrophages were left unstimulated or stimulated
with control/Rv0335¢/Rv0335cACterm proteins for evalu-
ating the surface expression of TLR4 following 24 h of
incubation. LPS-a TLR4 agonist (40 ng/ml) was included
as positive control and Mtb Cell Wall fraction (CWF) was
included as negative control. For staining the antibod-
ies used were-APC labelled anti-human TLR2 (CD282)
antibody (Thermo Scientific) or APC labeled anti-human
TLR4 (CD284) antibody (Thermo Scientific) and PE
labeled anti-human HLA-DR antibody (eBiosciences,
Germany). Acquisition of cells was done in BD accuri
C6 flow Cytometer (BD, USA) and percentage positive
stained cells were analyzed.

For inhibition studies, cells were pre-treated with Anti-
TLR4 monoclonal antibody (Thermo Scientific) 1 h prior
to stimulation with proteins and expression of TLR4 and
HLA-DR were estimated after 24 h using flow cytometry.

Evaluation of pro-inflammatory cytokines TNF-a and IL-1

ELISA was performed according to manufacturer’s proto-
col with cell culture supernatants of THP1 macrophages
which were left unstimulated or stimulated with control
or Rv0335¢/Rv0335cACterm proteins for 16 h, 24 h and
48 h for secretion of TNF-a (Thermo Scientific) and IL-1p
(BioLegend).

Statistical analysis

Results are presented as Mean + SEM of three independent
experiments. Student’s t-test was employed for compari-
sons using Graph Pad Prism software version 5.02 (San
Diego, CA, USA). The differences in mean were ana-
lyzed where* represents comparison with unstimulated
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while # represents comparison between Rv0335c and
Rv0335cACterm. [(#,*) P<0.05, (##,**) P<0.01,
(###,%%%) P <0.001, (#H##H,**%%) P <0.0001].

Results

In-silico studies predicted presence of mitochondrial
localization sequence at N terminal of Rv0335c¢;

and presence of hydrophobic, disordered C-terminal
domain with BH3-like motif similar to mitochondrial
targeted pro-apoptotic Bcl2 proteins

Rv0335c protein targets host mitochondria

As reported by Sharma et al., our in-silico analysis also con-
firmed the mitochondrial targeting potential of Rv0335c pro-
tein. MemLoci server predicted the localization of Rv0335c¢
protein in the organelle’s membrane i.e., mitochondrial
membrane. Predictions of MitoFates server revealed that
Rv0335c¢ protein has mitochondrial targeting pre-sequence
and cleavage site for mitochondrial processing peptidases
which is predicted to cleave the pre-sequence at Proline
residue (33 amino acid position) of Rv0335c protein. Mito-
chondrial processing peptidases is an enzyme complex of
mitochondria that cleaves signal sequences in mitochondria
targeting proteins. Rv0335c protein is also predicted to have
TOM?20 recognition motif (LHRAC sequence positioned
from 7 to 11 amino acid residues) (Fig. 1). TOM20 is recep-
tor for mitochondrial targeted protein which recognizes and
cleaves the targeting protein pre-sequence.

Presequence
Possessing mitochondrial presequence
(Precision:0.83, Recall:0.73)
Possessing mitochondrial presequence
(Precision:0.79, Recall:0.80)
No mitochondrial presequence
Cleavage site
MPP cleavage site
Octl cleavage site
Icp55 cleavage site

Motif

Rv0335c¢ protein has C-terminal domain and BH3-like
motif similar to mitochondria-targeted pro-apoptotic Bcl2
proteins of eukaryotes

Sequence scan of Rv0335c predicted that the protein was
mostly unstructured/disordered and hydrophobic. Rv0335c
also was predicted to have two BH3-like motifs which were
characterized by presence of typical L-X-X-X-X-D amino
acid sequence (from amino acid sequence 73 to 78 and from
134 to 139)[17, 20, 33]. One of these BH3-like motifs is
present at the C-terminal of Rv0335c¢ protein (Fig. 2a). Lit-
erature analysis pointed out that almost all the mitochondrial
targeted pro-apoptotic Bcl2 proteins (Bak, Bax, Bad, Bim,
Bid, Hrk (Dp5), PUMA, NOXA, Beclinl, Bnip3) are intrin-
sically unstructured/disordered which helps in protein—pro-
tein interaction and are characterized by the presence of
hydrophobic C-terminal domain which plays significant
role in mitochondrial targeting and apoptosis [25]. Based on
these observations and significant similarities between the
C-terminal domain of Rv0335c and mitochondrial targeted
pro-apoptotic Bcl2 family proteins, it was hypothesized that
the hydrophobic, disordered C-terminal domain containing
single BH3-like motif in Rv0335¢ may be involved in mito-
chondria-mediated intrinsic apoptosis inducing function of
this protein (Fig. 2b).

Defining the C-terminal domain in Rv0335c along-with
homology modeling and structural similarities

The C-terminal of Rv0335c protein was mostly disordered,
hydrophobic and contains a terminally located BH3-like
motif and therefore, a stretch of amino acid position 120 to
166 was defined as the C-terminal domain of R0335c protein
(Fig. 3a). Multiple sequence alignment showed sequence

TOM20 recognition motif (dxpPD)
Max positively charged amphiphilicity (PA) score region (high)
Max positively charged amphiphilicity (PA) score region (low)

E @ Reduced letters composing statistically significant 6mer in presequence
d(hydrophobic), B(basic), o(polar), y(secondary structure breaker)

Cleavage
Sequence , | Probability of , | site | Net ~
D s $

presequence (processing | charge ¥

Rv0335c|PE6

Sequence {100 amino acids from N terminal}

Fig. 1 Mitochondrial localization of Rv0335c protein predicted by
MitoFates server. Rv0335c¢ protein is predicted to contain mitochon-
drial targeting pre-sequence with cleavage site for mitochondrial

processing peptidases and recognition site for TOM20 in MitoFates
server (Color figure online)
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b
( ) Mitochondria targeted
pro-apoptotic Bcl2
proteins [Bak, Bax, Bad,
Bim, Bid, Hrk (Dp5),
PUMA, NOXA, Beclinl,

Bhip3]

Mitochondria
targeted apoptotic
PE6 (Rv0335c)

Fig.2 Rv0335c protein is mostly disordered, hydrophobic, contains
BH3-like motif and has similarities with mitochondria targeting pro-
apoptotic eukaryotic Bcl2 proteins. a Rv0335c¢ protein was predicted
to be mostly disordered and composed of hydrophobic amino acid
residues. Additionally, the protein was found to contain two typical

similarities between the C-terminal domain of Rv0335c¢ and
C-terminal domain of different mitochondria targeting Bcl2
family proteins involved in apoptosis (Fig. 3b).

Secondary structure prediction and homology modelling
for Rv0335¢ and Rv0335cACterm proteins were done using
I-TASSER server which generated 5 models. All these mod-
els were subjected to Chiron server for energy minimization.
Model with a good C score in I-TASSER, >95% residues
in favored region as predicted in Ramachandran plot, good
Errat and Verify3D scores was selected for both proteins.

Multiple sequence alignment revealed that the BH3-like
motif at C-terminal domain of Rv0335c was completely
aligned and conserved with the BH3 motif of pro-apoptotic
mitochondria targeted Bid and Hrk proteins. Structural
superimposition showed that the BH3-like motif containing
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% & LocSigDB predicted region for
mitochondriatargeting sequences
(DODDDOD0DD ] Disordered region

:BHB motif (L-X-X-X-X-D)
Physical-chemical properties
mm  H - hydrophobic: A,C,F,G,I,L,M,P,V
HAPNC A - amphipathic: HW,Y
P - polar: N,Q,S,T
N/C - charged: D,E - neg; R,K - pos

-are intrinsically
unstructured which favours
protein-protein interaction

-hydrophobic C-terminal

region which is crucial for
mitochondrial localization
and inducing apoptosis

-presence of BH3 motif

BH3-like motifs. BH3 motifs are exclusive in eukaryotic Bcl2 pro-
teins. b Rv0335c protein of Mtb shares similarities with mitochondria
targeted pro-apoptotic Bcl2 proteins in terms of being intrinsically
unstructured, hydrophobic C-terminal domain and presence of BH3
motifs (Color figure online)

C-terminal domain of Rv0335c¢ was structurally aligned with
the BH3-motif containing stretch of Bid and Hrk proteins
(Fig. 3¢).

Cloning, expression and purification of recombinant
proteins

Cloning of His-tagged recombinant Rv0335c¢ in pET28a(+)
expression vector and Rv0335cACterm in pMSQSCHS
expression vector transformed in BL21 DE3 was successful
and validated by sequencing. By affinity chromatography,
both recombinant proteins were purified from the insolu-
ble fraction of BL21 DE3 culture. Rv0335c¢ had a molecu-
lar weight of 18.3 kDa and Rv0335cACterm protein had a
molecular weight of approximately 12.8 kDa as determined
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by SDS-PAGE and western blotting using anti-His antibody
(Fig. S1). One liter of culture yielded approximately 1.5 mg/
mL of protein. Removal of bacterial endotoxin from puri-
fied protein was performed by passing the protein fractions
through polymyxin B-agarose beads. Limulus Amoebocyte
Lysate assay (Pierce, USA) was performed for the collected
fractions, which revealed almost negligible endotoxin con-
tamination (0.20 EU/ml for Rv0335c¢ protein and 0.16 EU/
ml for Rv0335cACterm protein).

C-terminal domain in Rv0335c protein has role in inducing
cell death of THP1 macrophages

Cell viability was estimated with CellTiter Blue assay to
check the viability of THPIcells in response to our pro-
tein stimulations. Initially, three different concentrations of
Rv0335c protein (5 pg/ml, 10 pg/ml and 15 pg/ml) were
used in stimulation for dose dependent viability estimation.
Rv0335c was found to significantly affect the viability of
THP1 macrophages in a dose dependent manner [Figure S2
(a)]. We selected 10 pg/ml of protein stimulation for our
further experiments. Two controls namely Lipo Poly-Sac-
charide (LPS) and Staurosporine were included as positive
controls in all our experiments unless mentioned otherwise.
In case of time dependent viability, both Rv0335¢c and
Rv0335cACterm-stimulated cells showed significant loss
of cell viability in comparison to unstimulated cells but the
loss of viability in Rv0335cACterm-stimulated cells was
less as compared to Rv0335c¢ protein. At 24 h and 48 h, we
observed a significant~ 14 to 20% decrease in cell viability
in response to Rv0335c¢ as compared to Rv0335cACterm
protein [Fig. S2 (b)]. Our observations suggest a possi-
ble role of C-terminal domain of Rv0335c protein which
majorly affects cell viability and cause cell death of THP1
macrophages.

C-terminal domain in Rv0335c partially contributes
to protein’s localization to mitochondria

For localization studies, we used Alexa-fluor 488 labeled
recombinant proteins to stimulate THP1 macrophages up
to 24 h and performed confocal microscopy. Unstimulated
cells with only Alexa-fluor 488 stain were used as controls
in the microscopic study. We observed that both Rv0335¢
and Rv0335cACterm proteins were localized within the
mitochondria starting 6 h of protein stimulation in a time
dependent manner. Pearson’s coefficient values suggest a
linear relationship in the intensity of Mitospy CMXRos and
Alexafluor488 labelled protein indicating the colocalization
of Rv0335c with mitochondria of THP1 macrophages. Pear-
son’s coefficient values for Rv0335cACterm protein also
suggest its localization to mitochondria though the Pearson’s
coefficient values were not as high as observed for Rv0335¢

protein (Fig. 4a—c). The difference in Pearson’s coefficient
values of Rv0335¢ and Rv0335cACterm protein were sig-
nificantly different. These findings suggest that the deletion
of C-terminal domain in Rv0335c protein accounts for to
its localization to host mitochondria but partially because
of intact N terminal mitochondrial targeting sequence in
Rv0335cACterm protein.

C-terminal domain in Rv0335c induced high levels
of depolarization of MMP

Alterations in mitochondrial membrane integrity can be
studied by estimation of MMP and is indicative of mito-
chondrial related perturbations. Rv0335c¢ protein led to sig-
nificant depolarization of MMP starting at 6 h till 24 h of
study. In case of Rv0335cACterm protein, we found that
this depolarization of MMP was not very pronounced as
compared to Rv0335c whole protein. MMP was studied in
terms of red/green fluorescence ratio, and we observed a
significant decrease (~ 1.5-to-twofold) in levels of MMP
depolarization in response to Rv0335cACterm protein than
Rv0335¢ whole protein till 24 h of study (Fig. 5a and 5b).

C-terminal domain in Rv0335c caused increased levels
of mitochondrial superoxides

Mitochondrial stress leads to the leakage of electrons from
electron transport chain within the mitochondrial membrane.
These leaked electrons combine with oxygen to generate
mitochondrial superoxides. Depolarization of MMP, fol-
lowed by superoxide are some of the early and transient
steps that ensure that cells will irrevocably undergo intrin-
sic apoptosis. There was a significant increase in the level
of superoxides in Rv0335c stimulated THP1 macrophages
as compared to unstimulated cells at all the time points.
We observed a comparable level of superoxide production
in response to Rv0335cACterm protein when compared
to unstimulated cells at 6 h. At 16 h and 24 h, the super-
oxide production in response to Rv0335cACterm protein
increased slightly in comparison to unstimulated cells. How-
ever, in comparison to Rv0335c¢ protein, superoxide levels
in response to Rv0335cACterm protein were significantly
lower (~ 1.5-fold) till 24 h of study (Fig. 5c, d).

C-terminal domain in Rv0335c caused increased
intracellular ratio of ADP/ATP in THP1 macrophages

Mitochondrial ATP generation is reduced in apoptotic cells
with inhibited mitochondrial activities, resulting in height-
ened cytosolic ADP/ATP ratios. Using a plate-based biolu-
minescence assay, changes in the ADP/ATP ratio in THP1
cells stimulated by Rv0335cACterm/Rv0335c¢ proteins
were calculated. We observed increased ADP/ATP ratio in
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«Fig. 3 Defining the C-terminal domain in Rv0335c followed by its
multiple sequence alignment and structural superimposition with
eukaryotic pro-apoptotic Bcl2 proteins. a The C-terminal domain in
Rv0335c protein was defined from amino acid position 120 to 166 in
brackets ({}). This stretch was disordered, hydrophobic and contains
a terminally located BH3-like motif in Rv0335c protein. b Multiple
sequence alignment of C-terminal domain of Rv0335¢ and C-termi-
nal domain of mitochondria targeted eukaryotic pro-apoptotic Bcl2
proteins. ¢ Multiple sequence alignment and structural superimpo-
sition of BH3-like motif containing C-terminal domain of Rv0335c
with BH3 motif containing stretch of mitochondria targeted eukary-
otic pro-apoptotic Bid and Hrk proteins (Color figure online)

response to Rv0335c as compared to unstimulated cells and
this increase was significant at 24 h and 48 h. In response
to Rv0335cACterm protein, the ADP/ATP ratio was com-
parable to the unstimulated cells till 48 h of study. It was
observed that Rv0335cACterm led to significant decrease
(~ 1.6 to twofold) in ADP/ATP ratio when compared to
Rv0335c¢ protein at all the time points (Fig. 6a).

C-terminal domain in Rv0335c caused increased levels
of cytoplasmic Cyt C

Mitochondrial perturbations have been shown to result in the
release of Cyt C from the mitochondrial membrane into the
cytoplasm, indicating that mitochondrial membrane integ-
rity has been compromised. We observed a time dependent
increased levels of cytoplasmic Cyt C in Rv0335c stimulated
THP1 macrophages at all the time points in comparison to
unstimulated cells. The cytosolic Cyt C levels in response to
Rv0335cACterm were comparable to the unstimulated cells
at all the time points. We observed a significant decrease
in cytosolic release of Cyt C (~15 to 25%) till 48 h of
Rv0335cACterm stimulation in comparison to Rv0335¢
protein stimulation (Fig. 5 e, f).

MitoSpy CMXRos dye is used for mitochondrial localiza-
tion studies and its function is based on mitochondrial mem-
brane potential. When we observed the RGB plots of our
confocal microscopy images, we found a gradual decrease in
the intensity of MitoSpy CMXRos staining in a time depend-
ent manner which was very prominent in case of Rv0335c
stimulation. At 6 h the intensity of MitoSpy CMXRos
observed in Rv0035c stimulated cells was 140 which signifi-
cantly reduced to ~ 70 after 24 h of Rv0335c stimulation. In
case of Rv0335cACterm protein stimulation, this decrease
in intensity of MitoSpy CMXRos was less prominent (~ 120
at 6 h, 140 at 16 h and 100 at 24 h) (Fig. 4b). Therefore,
our confocal microscopy analysis results corroborated with
our finding of loss of mitochondrial membrane integrity
(depolarized MMP, generation of mitochondrial superoxides
and cytoplasmic Cyt C release) which indicate significant
mitochondrial perturbations and declining macrophage cell
health in response to Rv0335c protein of Mtb.

C-terminal domain in Rv0335c¢ was predicted

to have Ca?* binding residues and played role

in modulating the intracellular Ca%* influx in THP1
macrophages

C-terminal domain in Rv0335c was predicted to have 4 Ca?*
binding residues

Rv0335c was analyzed for its calcium binding affinity
using MIB server. We observed 9 residues with high cal-
cium binding affinity within whole Rv0335c protein. Four
residues- 125 Thr, 128 Asp, 140 Arg, 141 Gln, which were
within the C-terminal domain of protein were deleted in
Rv0335cACterm protein (Fig. 6b).

C-terminal domain in Rv0335c increased the intracellular
Ca*influx in THP1 macrophages

Studies have reported the presence of Ca®* binding motifs
within PE_PGRS subfamily of PE/PPE proteins [34, 35].
Ca* binding in Mtb proteins disrupt Ca>* homeostasis
modulating ER-mitochondrial Ca** fluxes leading to apop-
totic cell death. Since, Rv0335cprotein was predicted to con-
tain 9 Ca** binding motifs, we evaluated the intracellular
Ca**levels in response to Rv0335¢/Rv0335cACtermproteins
using flow cytometry-based staining with Indo-1AM dye.
We observed a significant increase in intracellular Ca>*
levels in Rv0335c stimulated THP1 macrophages in com-
parison to unstimulated cells at all the time points of study.
However, in case of Rv0335cACterm protein with only 5
Ca”" binding residues, this increase in Ca®* levels were not
significant as compared to unstimulated cells. Intracellular
Ca”" levels were significantly decreased (~ 1.48-fold) at 16 h
and (~ 1.25-fold) at 24 h in response to Rv0335cACterm
protein as compared to Rv0335c protein (Fig. 6¢, d).

C-terminal domain in Rv0335cled to enhanced
caspase-mediated apoptotic cell death

C-terminal domain in Rv0335c induced increased apoptosis
of THP1 macrophages

The flipping of phosphatidylserine (PS) from the inner
to the outer leaflet of the plasma membrane is one of the
biochemical alterations associated with the triggering of
apoptosis. Rv0335cprotein resulted in a gradual time-
dependent increase in cells undergoing early apoptosis
(annexinV positive cells in Fig. 7b, bottom right quad-
rant) and late apoptosis (annexinV/PI dual-positive cell
population in Fig. 7b, top right quadrant) in comparison
to the unstimulated cells. In response to Rv0335cACterm
protein the percentage of annexinV positive cells were
comparable to the unstimulated cells at 16 and 24 h. We
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(a) DIC
Panel 1

6h
Rv0335c¢ stimulation

6h
Rv0335c/\ Cterm
stimulation

16h
Rv0335¢ stimulation

16h
Rv0335¢/\ Cterm
stimulation

24h ;
Rv0335¢ stimulation |

24h
Rv0335¢/\ Cterm
stimulation

Unstimulated

Fig.4 Confocal microscopy analysis showing the mitochondrial
localization of recombinant proteins. THP1 macrophages were left
unstimulated stained with Alexa-fluor488 dye/Alexa-fluor488-labeled
Rv0335¢ protein/Alexa-fluor488-labeled Rv0335cACterm protein
and incubated till 24 h. Following stimulation, cells were stained
with MitoSpy Red CMXRos followed by DAPI as per manufacturer’s
protocol and fixed in 4% formaldehyde. Confocal microscopy con-
firmed the localization of both Rv0335c and Rv0335cACterm pro-
teins within mitochondria of THP1 macrophages. a Confocal micros-
copy (cross-sectional images of fluorescence signal at step size of 0.5
micron and 63X magnification) confirmed the localization of recom-
binant proteins within mitochondria of THP1 macrophages [Panel 1:
Differential interface contrast image, Panel 2: Alexafluor488 labeled
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Alexa-fluor488 Mitospy CMXRos  DAPI
Panel 2

Panel 3

Merge 1
Panel(2+3+4)

Merge 2

Panel 4 Panel(2+3)

protein stimulation/ only Alexafluor488 dye in unstimulated, Panel 3:
Mitospy CMXRos mitochondrial dye, Panel 4: DAPI nuclear stain,
Merge 1: Panel (243 +4), Merge 2: Panel (2+3)]. b Cross-sectional
confocal images were analyzed in Imagel] software and RGB plots
and 3D surface plot depicting the fluorescence intensity showed
higher mitochondrial localization of recombinant proteins in a time
dependent manner (c) JACoP (Just Another Colocalization Plugin)
plugin in Image] was used to calculate the Pearson’s Coefficient (r) of
mitochondrial localization of recombinant proteins. RGB Plot depicts
a time dependent decrease in MitoSpy CMXRos dye intensity indi-
cating a time dependent decrease in mitochondrial membrane poten-
tial (Color figure online)
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Fig.4 (continued)

observed significant decrease in the percentage of apop-
tosis (~ 15 to 20%) in response to C-terminal domain
deleted Rv0335cACterm protein than Rv0335c at 24 h
and 48 h (Fig. 7a). We observed a slight increase in

| f;j ! ’

u[a

10
Distance {in n)

percentage of cells undergoing apoptosis in response to
Rv0335cACterm when compared to unstimulated cells at
48 h. However, the percentage of cells undergoing apop-
tosis in Rv0335cACterm stimulated THP1 macrophages
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(c)

Time point Pearson’s Coefficient value (r) P value Statistically
RV0335¢ Rv0335cACterm significant
6H 0.724 0.469 0.0039 Yes
16H 0.786 0.542 0.0033 Yes
24H 0.957 0.599 0.0009 Yes

Fig.4 (continued)

were significantly low at all the time points in comparison
to Rv0335c¢ protein.

DNA fragmentation is a distinct marker of cells under-
going apoptotic cell death and was also studied by TUNEL
assay after 24 h of stimulation. We observed a significant
percentage of TUNEL positive cells in Rv0335c¢ protein
in comparison to unstimulated cells. Rv03355ACterm
protein stimulation showed comparable levels of TUNEL
positive cells as unstimulated cells. There was significant
decrease (~ 1.3-fold) in TUNEL positive cells in response
to Rv03355ACterm protein than Rv0335c. These results
depicted that the C-terminal domain in Rv0335c protein
facilitated exaggerated apoptotic cell death in THP1 mac-
rophages (Fig. 7c, d).

Role of C-terminal domain of Rv0335c in triggering
the activation of Caspases in THP1 macrophages

The activation of initiator Caspase 9 is a pre-requisite for
the formation of apoptosome complex and downstream acti-
vation of executioner Caspases 3 and 7 which ultimately
results in apoptotic cell death. To check the engagement of
initiator Caspase 9 with respect to apoptosis induction by
our recombinant proteins, western blot analysis of whole
cell lysate of 24 h protein-stimulated THP1 macrophages
was performed. It was observed that there was prominent
activation of Caspase 9 in response to Rv0335c¢ but not in
Rv0335cACterm protein. The western blot depicted faint
band of activated Caspase 9 in Rv0335cACterm protein
stimulated sample which signifies the role of this C-terminal
domain which might facilitate Rv0335c in inducing high
levels of Caspase 9 activation (Fig. 8a). Quantification using
ImagelJ showed that the Rv0335c¢ led to significant levels of
activated Caspase9 when compared to unstimulated cells.
Rv0335c protein and LPS led to a robust activation of Cas-
pase9 in comparison to Rv0335¢ACterm protein (Fig. 8b).

Following Caspase9 mediated apoptosome formation,
Caspase 3 and Caspase 7 are activated as the final execu-
tioner Caspases in classical intrinsic apoptosis. As a result,
we investigated the role of C-terminal domain of Rv0335c¢ in
Caspase 3 and 7 mediated cell death. At all the time points,
Rv0335c protein caused significant activation of Caspase
3 and 7 activations in comparison to unstimulated cells. In
response to Rv0335cACterm protein, we found levels of

@ Springer

Caspase 3 and 7 were comparable to unstimulated cells at 16
and 48 h. There was a significant decrease (~ 15%) in levels
of activated Caspase 3 and 7 in Rv0335cACterm-stimulation
as compared to Rv0335c-stimulation which was observed at
all the time points of study (Fig. 8c and 8d).

To ensure that the apoptosis induction by our recom-
binant proteins is Caspase-mediated, inhibitor studies
were performed using pan caspase inhibitor Z-VAD-fmk.
The percentage of Caspase 3 and 7 positive cells was
decreased (~ 1.5-fold) when pre-treated with pan caspase
inhibitor Z-VAD-fmk in cells stimulated with Rv0335c/
Rv0335cACtermproteins and controls at 24 h (Fig. 8e).
There was also decrease in percentage of AnnexinV/Annex-
inV-PI dual positive cells in Rv0335¢/Rv0335cACterm-
stimulated samples when pre-treated with pan Caspase
inhibitor Z-VAD-fmk at 24 h (Fig. 8f). These findings
depicts that the putative recombinant proteins cause Cas-
pase-mediated apoptotic cell death in THP1 macrophages.

C-terminal domain in Rv0335c protein modulated
the host immune response via increased activation
of TLR4-HLA-DR-TNF-a signaling cascade

C-terminal domain of Rv0335c facilitated binding
of Rv0335c¢ protein with TLR4

Innate immune receptors, particularly TLRs, are crucial
determinants in recognition of virulent Mtb proteins. Sev-
eral PE/PPE proteins have been reported to interact with
TLRs. As reported by Sharma et al., we also performed
initial molecular docking studies and found affinity of
Rv0335¢ to bind TLR4 (data not shown). This is in accord-
ance with reported study on Rv0335¢ where Rv0335c has
been regarded as TLR4 agonist [16]. Docking studies of
I-TASSER homology modelled proteins with TLR4 revealed
reduced affinity of Rv0335cACtermprotein to bind TLR4
than Rv0335c protein (Fig. 9). HADDOCK predicted a
score of —120.3 +— 1.5 for Rv0335¢c-TLR4 docked complex
while-92.1 + —2.8 for Rv0335cACterm-TLR4 docked com-
plex. A total of 123 structures clustered into 11 clusters for
the TLR4-Rv0335c complex while 79 structures into 8 clus-
ters for the TLR4-Rv0335cACterm complex were predicted.
The best Z score of — 1.9 was predicted for TLR4-Rv0335c
complex and — 1.1 for TLR4-Rv0335cACterm complex.
These in silico predictive studies suggested a better interac-
tion of C-terminal domain of Rv0335¢ with TLR4.

C-terminal domain of Rv0335c protein had role in inducing
increased surface expression of TLR4 and antigen
presenting HLA-DR molecules

Ca”* binding has also role in stabilizing the TLR-mediated
interaction of Mtb proteins [10]. Since, we found an overlap
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Fig.5 C-terminal domain in Rv0335c had role in inducing host mito-
chondrial perturbations. THP1 macrophages were left unstimulated or
stimulated with controls or recombinant proteins (10 pg/ml) and incu-
bated for varied time points. a Mitochondrial Membrane Potential
(MMP) was estimated using JC1 dye post 6 h, 16 h and 24 h of stimu-
lation. b Gating strategy has been depicted using dot plot where JC1
monomers are represented in green fluorescence and JC1 aggregates
are in red. ¢ Mitochondrial superoxide levels were estimated follow-
ing 6 h, 16 h and 24 h of stimulation using MitoSox dye. d Histogram
depicts the gating strategy where orange fluorescence represents the
percentage of Mitochondrial superoxide levels in cells. e Release of

of Ca”* binding residues and C-terminal domain in Rv0335c¢
protein; we were prompted to study the effect of C-terminal
domain deletion on expression profile of TLR-HLA-DR and
pro-inflammatory cytokines. Surface expression of TLR4
and HLA-DR was estimated by flow cytometry in response

Cyt C in cell cytosol was assessed with FITC labeled anti-Cyt C anti-
body. f Dot plot represents the gating strategy where percentage of
cytoplasmic Cyt C is indicated in red. Graphs were plotted with ratio
of ratio of red aggregates/green monomer median fluorescence inten-
sity, % of mitochondrial superoxides or cytoplasmic Cyt C on y axis
and control/test protein on x axis. Data was inferred using Student’s t
test and depicted results are Mean +SEM of three independent exper-
iments where * represents comparison between control/proteins and
unstimulated while # represents comparison between Rv0335c¢ and
Rv0335cACterm. (#,*) P<0.05, (##,**)P <0.01, (###,***)P <0.001
(Color figure online)

to both Rv0335¢c and Rv0335cACterm protein stimulation
in THP1 macrophages after 24 h. Rv0335c led to significant
increase in surface expression of TLR4 and HLA-DR mol-
ecules while Rv0335cACterm showed a comparable level
of TLR4 and HLA-DR as compared to unstimulated cells.
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Fig.5 (continued)

We also observed significant decrease (~ 1.45-fold) in TLR4
and HLA-DR expression in response to Rv0335cACterm
protein than Rv0335¢ protein. LPS-a TLR4 agonist resulted
in significant increase (~1.27-fold) in TLR4 expression
while there was no increase of TLR4 expression observed in
response to CWF when compared to unstimulated cells. LPS
and CWF also showed a significant increased percent posi-
tive expression of HLA-DR (~ 1.5-fold) than un-stimulated
cells (Fig. 10a—d).

The percentage of TLR4 positive cells reduced considera-
bly when THP1 cells were blocked with Anti-TLR4 antibody
prior to stimulation with Rv0335c or controls, implying
that Rv0335c¢ function was TLR4 mediated. We examined
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HLA-DR levels in cells inhibited with Anti-TLR4 antibody
prior to stimulation to determine the role of TLR4-mediated
upregulation of Rv0335c-induced HLA-DR expression. In
Rv0335c stimulated THP1 macrophages and control cells
(LPS and CWF), HLA-DR expression was significantly
lower than in unstimulated cells (Fig. 10e, f).

C-terminal domain of Rv0335c led to upregulated levels
of pro-inflammatory cytokine TNF-a

Activation of immune response is associated with release
of diverse pro-inflammatory cytokines such as TNF-a.
Additionally, the various cell death modalities occurring at



Apoptosis

(e)
h h
%) 80 [3) 0 Cytochrome C release after 24h o 80 Cytochroms C**re!*ease afler 48
°» 704 Cytochrome C release after 16h @ @ 70 —— —
E E £ *kkk pmem L
2 e [
3 3 3
: : :
K] . [
5 % :
S
&

5,000,000 8,500,02:
FSC-A

P2 gated on positive
cell population

§§ "
3 R? 3
9 ; o
9
B -4
. } i
d“'gg d"‘gg : '_"n---u---ig
4 d 4
= ] T T T b ] T T T
o 5,000,000 10,000,000 16,777.21 o 6,000,000 10,000,000 16,777.2
FSC-H .
Stained LPS Stained
stimulated Staurosporine
stimulated

Fig.5 (continued)

the host—pathogen interface also involves the expression of
TNF-aas pro-inflammatory immune response activation. We
found significantly ~ 2.2-fold decreased levels of TNF-a in
Rv0335cACterm protein in comparison to Rv0335¢ whole
protein at 24 h and 48 h. At 16 h, the levels of TNF-a in
Rv0335cACterm stimulated cells were comparable to that
observed in unstimulated cells. In response to Rv0335c
whole protein, we observed significantly increased levels of
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TNF-a than unstimulated cells till 48 h of study (Fig. 10g).
TLR4 activation has also been linked with activation of
another pro-inflammatory cytokine -IL-1f which also addi-
tionally activates Caspase 1 mediated inflammasomes acti-
vation and Caspase 8 mediated extrinsic apoptosis activa-
tion. Interestingly, levels of IL-1f were either comparable
to or down-regulated than un-stimulated cells in Rv0335c¢
and Rv0335cACterm stimulated macrophages at all the
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«Fig. 6 C-terminal domain in Rv0335c depleted the intracellular ATP
levels and increased the intracellular Ca>* influx. THP1 macrophages
were left unstimulated or stimulated with controls or recombinant
proteins (10 pg/ml) and incubated for varied time points. a ADP/
ATP ratio was estimated using plate-based bioluminescence assay. b
Ca’*binding affinity was predicted for Rv0335c using MIB server.
Nine Ca®* binding residues were predicted with four residues in
the C-terminal domain of Rv0335c. ¢ Ca* influx was measured by
ratio of Mean Fluorescence Intensity (MFI) of 494-nm excitation
(bound Ca®*) using flow cytometer. Graphs were plotted with ADP/
ATP ratio or MFI of Indo-1AM depicting Ca* influx on y axis and
control/test protein on x axis. Data was inferred using Student’s t test
and depicted results are Mean+SEM of three independent experi-
ments where * represents comparison between control/proteins and
unstimulated while # represents comparison between Rv0335c¢ and
Rv0335cACterm. (#,*) P<0.05, (##,**)P <0.01, (##Ht,***)P <0.001.
d Overlay plot for analysis of Ca?* influx using flow cytometry
(Color figure online)

time points (Fig. 10h). IL-1f expression in response to LPS
stimulation was found to be significantly 2 to threefold up-
regulated than un-stimulated cells till 24 h.

Discussion

Research focused on delineating the molecular function of
the PE/PPE proteins has gained a lot of momentum because
of their structural uniqueness and co-evolution with viru-
lence-associated ESX system [36, 37]. These proteins have
been found to be differentially expressed throughout the
varied stages of infection and therefore are speculated to
determine the fate of Mtb infection [38, 39].

Rv0335c (PE6) protein of Mtb has recently been impli-
cated to play role in varied host cellular processes such as
in upregulation of TLR4-NF-kB-pro-inflammatory canoni-
cal cascade, localization within nucleus and mitochondria,
potent inducer of caspase-mediated intrinsic apoptosis,
suppressor of autophagy, DNA binding and iron acquisi-
tion properties. All these findings pointed towards Rv0335c
being a significant virulent factor and facilitator of Mtb
intracellular survival [16]. Our study further investigated
the molecular mechanism behind the apoptosis and mito-
chondrial stress inducing potential of Rv0335¢ protein.

We found mitochondrial localization signal sequence in
Rv0335c and through a more detailed in-silico analysis this
protein was also observed to have N terminus TOM20 rec-
ognition motif and MPP cleavage site. A thorough sequence
scan revealed that the protein was mostly disordered and
hydrophobic. Rv0335c was also observed to have two typi-
cal BH3-like (L-X-X-X-X-D) motif in which one of these
motifs was at the C-terminal of protein. The C-terminal
domain in Rv0335c was defined from amino acid position
120 to 166 which was disordered, hydrophobic and contains
one BH3-like motif. Multiple sequence alignment pointed
out similarities among the C-terminal domain of Rv0335c¢

and eukaryotic mitochondria-associated pro-apoptotic Bcl2
proteins. The BH3-like motif at the C-terminal domain in
Rv0335c¢ was conserved and aligned with the BH3-like motif
in pro-apoptotic Bcl2 proteins- Bid and Hrk. Bcl-2 family
proteins are the master regulators of apoptosis having at least
18 members, which are divided into three groups based on
their role in apoptosis and the number of Bcl-2 homology
(BH) domains they have. The Bcl-2 proteins interact with
one another through these BH domains forming a complex
interaction network to control apoptosis. As a result of
their interaction, the fate of cell is determined [17, 40—42].
In addition to the BH-domains, mitochondria-associated
Bcl2 proteins also possess a well-characterized C-terminal
domain which regulates the apoptogenic function played by
these proteins. The C-terminal of these proteins are either
hydrophobic or amphipathic, unstructured with abundance
of non-polar residues [18]. Therefore, the presence of hydro-
phobic, disordered C-terminal domain along with BH3-like
motif in Rv0335c¢ similar to mitochondria-associated pro-
apoptotic Bcl2 proteins suggest the possibility that Rv0335¢
protein could act as molecular mimic of eukaryotic proteins.
Also, Rv0335c¢ may interact via its BH3-like motif to acti-
vate the dormant apoptotic Bcl2 proteins to trigger apopto-
sis. Few studies have shown the molecular mimicry adopted
by pathogens including Mtb. The FI1L protein of Vaccinia
virus possess a BH3-domain which establishes interactions
with BH3 peptides of pro-apoptotic proteins such as Bim,
Bax and Bak and is a novel example of pathogen adopt-
ing molecular mimicry [43]. Two Mtb proteins have also
been studied to contain eukaryote-like domains and facili-
tate infection persistence such as Protein kinase G (PknG)
which is a eukaryote-type serine-threonine protein kinase
and PE_PGRS29 protein with eukaryote-like ubiquitin-asso-
ciated (UBA) domain that triggers host xenophagy [12, 44].

To further validate our in-silico observations, we per-
formed cloning, expression and purification of Rv0335c
protein and Rv0335cACterm protein (Rv0335c with deleted
C-terminal domain) for experiments with THP1 mac-
rophages as human macrophage model system. Cell viabil-
ity assay demonstrated significant cell death in response to
Rv0335c protein than Rv0335cACterm protein suggesting
a possible role of C-terminal of Rv0335c in inducing host
cell death.

Host mitochondria is a hub of interactions between mul-
tiple Bcl-2 proteins. Changes in mitochondrial membrane
integrity trigger the activation of pro-apoptotic Bcl2 proteins
like Bak and Bax, the release of Cyt C, and the disruption
of mitochondrial oxidative phosphorylation, resulting in
cellular ATP depletion and the generation of mitochondrial
superoxides.[45]. Indeed, the downstream apoptotic path-
way involving the activation of the initiator caspase-9 by the
apoptotic protease-activating factor-1 requires the release of
cytochrome c from the mitochondrial intermembrane space
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Fig.7 AnnexinV/PI assay and TUNEL assay to estimate apoptosis
in recombinant protein stimulated THP1 macrophages using Flow
cytometry. Unstimulated/control/recombinant proteins stimulated
THP1 macrophages were incubated for 16 h, 24 h and 48 h. Annexin
V-FITC and PI staining of cells was performed followed by acquisi-
tion in Flow Cytometer. (a) Time dependent graphs showing percent-
age of AnnexinV positive cells plotted on y axis and samples on x
axis. (b) Gating strategy for analyzing the AnnexinV positive cells
where cells in lower right quadrant (green) represents early apoptotic
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TUNEL assay after 24h

cells, cells in upper right quadrant (pink) represents late apoptotic
cells and cells in upper left quadrant represents necrotic cells. ¢) DNA
breaks in response to protein stimulation was estimated with TUNEL
assay. d) Gating strategy adopted for TUNEL assay. Data was inferred
using Student’s t test and depicted results are Mean+ SEM of three
independent experiments where * represents comparison between
control/proteins and unstimulated while # represents compari-
son between Rv0335c¢ and Rv0335cACterm. (#,*)P<0.05, (##,*%)
P <0.01, (##t,***)P <0.001 (Color figure online)
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Fig.7 (continued)

[33, 46]. The observations of presence of unique C-terminal
domain and BH3-like motif in Rv0335c¢ similar to mitochon-
dria-targeted Bcl2 proteins prompted us to investigate the
role of C-terminal domain of Rv0335c¢ protein in causing
mitochondrial perturbations. Our results with Rv0335c¢/
Rv0335cACterm showed that unlike the whole protein,
Rv0335cACterm stimulation led to significant reduction
in high levels of mitochondrial membrane depolarization,
reduction in mitochondrial superoxides levels, reduction in

cytoplasmic release of Cyt C and intracellular ATP. Similar
observations were reported with other Mtb proteins such as
HBHA, Rv1654, Rv0674 and Rv3261c which targeted and
disrupted host mitochondrial integrity [47-51]; though the
role of C-terminal domain in causing mitochondrial stress
have not been investigated. Interestingly, mitochondrial
localization studies via confocal microscopy revealed that
both Rv0335c and Rv0335cACterm proteins were localized
to mitochondria of THP1 macrophages. However, difference
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Fig.8 Estimation of Caspase 9, Caspase 3 and 7 activations in
recombinant proteins stimulated THP1 macrophages. a Western blot
image showing the activation of Caspase9 in THP-1 macrophages
left unstimulated or stimulated LPS/Rv2615c protein. Post 24 of
stimulation, cell lysate was prepared and fractionated on SDS-PAGE,
and proteins were transferred onto the PVDF membrane. Activated
Caspase9 levels were estimated using the polyclonal antibody to
Caspase9 and an internal loading control GAPDH used at dilution
1:1000. b The area of each western blot band was quantified using
Image] software. Results were analyzed by plotting ratio of each
band area with respect to unstimulated cells and are depicted as
Mean+SEM values of three independent experiments. Student’s t
test was performed where * depicts the comparison with unstimulated
cells for each protein separately. ¢ Unstimulated/control/recombinant
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proteins stimulated THP1 macrophages were incubated for different
time points (16 h, 24 h and 48 h) and activation of Caspase 3 and 7
was estimated which is a characteristic of intrinsic apoptosis. d Gat-
ing strategy for Caspase 3 and 7 assay using flow cytometry. THP1
cells were also blocked with z-VAD-fmk Caspase inhibitor prior to
stimulation and evaluated for c) levels of Caspases 3 and 7 and d)
expression of AnnexinV cell population at 24 h. Data was inferred
using Student’s t test and depicted results are Mean+ SEM of three
independent experiments where * represents comparison between
control/proteins and unstimulated while # represents compari-
son between Rv0335¢ and Rv0335cACterm. (#,*)P<0.05, (##,*%*)
P<0.01, (##,**%)P<0.001. (###H#,**+*)P<0.0001 (Color figure
online)
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Fig. 8 (continued)

Fig. 9 Molecular docking of
Rv0335¢/Rv0335cACterm
proteins with TLR4. HAD-
DOCK server predicted docked
complex of Rv0335c¢ (yellow)
and Rv0335cACterm (orange)
bound to TLR4 (blue). The
details of each docked complex
are enlisted in the figure. The
C-terminal domain of Rv0335c¢
protein enhances its binding
affinity with TLR4 receptor
(Color figure online)

Rv0335c docked with TLR4

123 structures clustered in 11 clusters
61.5% refined models generated
HADDOCK Score: Cluster 1 = -120.3+/-1.5

Rv0335cABH3 docked with TLR4

79 structures clustered in 8 clusters
39% refined models generated

Z Score =-1.9

in Pearson’s coefficient between the intact and C-terminal
deleted proteins was observed to be significant, indicating
that the C-terminal domain in Rv0335c protein contrib-
utes to mitochondrial colocalization, although this does
not account for all colocalization. This could be because of
intact N terminal mitochondrial localization signal sequence
in Rv0335cACterm protein similar to Rv0335c protein.

We also observed a time dependent decrease in MitoSpy
CMXRos dye intensity indicating a time dependent decrease
in mitochondrial membrane potential. This observation
of loss of mitochondrial membrane integrity further sup-
ported the mitochondrial perturbations induced by Rv0335c¢
protein.

One important aspect which was not discussed in the
earlier study on Rv0335c was its ability to disrupt Ca>*
homeostasis. Through bio-informatic analysis, we found 9
Ca”" binding residues in Rv0335c protein and 4 of these

HADDOCK Score: Cluster1 = -92.1+/-2.8
Z Score=-1.1

residues were found within C-terminal domain in Rv0335c.
Our in-vitro studies revealed that Rv0335c¢ led to significant
increased intracellular Ca>* levels in THP1 macrophages.
However, in case of Rv0335cACterm protein the effect on
Ca”" influx was insignificant. Since Rv0335c¢ protein was
observed to target mitochondrial integrity and bioenerget-
ics; its role as modulator of Ca** signaling seems relevant.
Increased intracellular Ca®* levels have been correlated
with mitochondrial calcium loading, which result in loss of
mitochondrial membrane integrity, release of Cyt ¢ from
mitochondria to the cytosol, and ultimately cell death [52].
Furthermore, the PE family proteins have been investigated
in terms of establishing a stable Ca** dependent interaction
with TLR [35, 53]; so, it can be inferred that Rv0335¢ which
has been reported to be a TLR4 agonist, binds Ca?*which
stabilizes interaction of Rv0335c with TLR4 receptor.
An elaborative bio-informatic analysis and experimental
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Fig. 10 Expression profile of TLRs, HLA-DR, TNF-a and IL-1§ in
Rv0335¢/Rv0335cACterm-stimulated THP1 macrophages. Unstimu-
lated/control/recombinant proteins stimulated THP1 macrophages
were incubated for 24 h and expression profile of a TLR4, b HLA-
DR and g soluble TNF-a and h) soluble IL-1f were evaluated. THP1
cells were also blocked with Anti-TLR4 antibody prior to stimulation
and evaluated for levels of e TLR4 and f HLA-DR at 24 h. Graphs
were plotted for different time points with % of TLR/HLA-DR posi-
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tive cells or pg/ml of TNF-o/IL-1f on y axis and recombinant pro-
teins/control on x axis. Statistical analysis was done with Student’s
t test and results are Mean+SEM of three independent experi-
ments where * represents comparison between control/proteins and
unstimulated while # represents comparison between Rv0335c¢ and
Rv0335cACterm. (#,%)P<0.05, (##,**)P<0.01, (#H,***)P<0.001.
(####,¥#4%)P <0.0001. Gating strategy adopted for evaluating the
surface expression of ¢) TLR4 and d) HLA-DR (Color figure online)



Apoptosis

(d)

Gating strategy for HLA-DR using PE labeled anti-human HLA-DR antibody

23 g
8815 |
; A R7
P 8 8 8
2 g 21 —— =
< 5 - L) g - i L7
58 & 3 —> I_ < i 2q
] L A ] H 1 @ 2 |
N i i
g 1 !
1R
S T TTTTIT T TTTTmm TTT = T TTTTmT TrTTTImT T T
0 Fg.go:,ouo N 8.500.0 W10 WJFL“ 4 AT W19 ,,,3FL2_H e w47
P2 gated on po.5|t|ve Unstained Stained
cell population Unstimulated cells Unstimulated
as negative control
] g] g z
" R7 R7 - R7 R7
g | 3.9% g A D— g Sl g g oy
g § § i g i i
T x z H z I 1
8 48 . 2g i !
g £ %655 “g7 §
& & a 1
1
g e % AR . s et ‘.. d SN 5 : |
S T T T T T S T T T T T 1T = A
wl 8 ' wi? w9 wt wid w8 4 w7
FL2H FL2H FL2:H FL2-H
Stained LPS Stained CWF Stained Rv0335c Stained
stimulated stimulated stimulated Rv0335cA Cterm
stimulated
©) | (")
70 TLR4 expression after 24h 40~ HLA-DR expression after 24h
» -~ 2 mm Without blocking antibody
3 601 o o 3 ok With anti-TLR4
o | TN o 301 Kk blocking antibody
0 501 L. 2
5 | . *% %k ‘5
2ol Ry T 2
g- 40 8
14
< 30
x Q
E 3
<] [
2 101 o
P

Fig. 10 (continued)

validation has revealed the presence of Ca>* binding motif
within several PE_PGRS proteins [34, 35, 53, 54], our study
is the first to report the effect of any PE protein on Ca?*
homeostasis.

The decision of cell survival or cell death mainly depends
on the crucial organelles such as mitochondria which func-
tion to maintain cellular homeostasis. Therefore, Mtb pro-
teins targeting mitochondria are important in determin-
ing the fate of infection [5]. Since, Rv0335c disrupts host

mitochondrial homeostasis, we probed the role of Rv0335¢
and the C-terminal domain of Rv0335c in modulating host
macrophage apoptosis. Apoptosis detection assays illustrated
significant percentage of AnnexinV/AnnexinV-PI dual posi-
tive cells, TUNEL positive cells and activated Caspase 9
and executioner Caspases 3 and 7 in response to Rv0335c
as compared to Rv0335cACterm. This observation signi-
fies the role of C-terminal domain of Rv0335c in inducing
apoptosis. Though there has been a lot of debate around the
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Fig. 10 (continued)

implications of cell death modalities during Mtb infection;
studies have shown that Mtb harbors both apoptosis inducing
and apoptosis inhibiting proteins [55]. Literature suggests
that during infection, Mtb favours necrosis which allows
for dissemination of pathogen while apoptosis is favoured
by the host as defense mechanism to kill the Mtb infected
cell [55-61]. Intracellular pathogens like Mtb have evolved
strategies to manipulate host cell death to their advantage.
Evidences have been presented for both the suppression and
activation of apoptosis [62, 63]. Studies have shown that
only attenuated Mtb strains promote apoptosis, whereas vir-
ulent Mtb strains favour necrotic cell death [64, 65]. Also,
there are studies which have shown the apoptosis inducing
potential of virulent (H37Rv and Erdman) Mtb strains in
host macrophages [66, 67]. Granulomas of the lungs infected
with Mtb have shown to include apoptotic macrophages
which points toward a positive correlation between apop-
tosis and pathogen persistence [68, 69]. The members of
the ESX-I and ESX-V secretory systems of Mtb have been
shown to trigger host cell apoptosis that have implication
on pathogen persistence [70-72]. Interestingly, the PE
family proteins have co-evolved with the ESX-V secretory
system and several PE family proteins such as PE9-PE10,
PE_PGRSS5, PE_PGRS33 and PE17 have been reported to
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induce apoptosis [9, 10, 73—75]. While apoptogenic function
played by some of these proteins (PE_PGRS5 and PE17)
was confirmed to be beneficial for bacilli survival that may
facilitate infection persistence [50, 76]; the apoptosis-induc-
ing potential of others (such as PE9-PE10 and PE_PGRS33)
have been discussed to be associated with pathogen survival
rather than its killing [9, 73]. Recently in an elaborative
review, Mohareer et al., hypothesized that early-stage apop-
tosis in alveolar macrophages might be a protective pro-host
event and late-stage apoptosis at the site of granuloma might
be a pro-pathogen process for infection dissemination and
persistence [77]. Although, this theory appears convincing;
it needs further investigation focused on temporal regulation
of apoptosis inducers. Therefore, our study on PE6 corrobo-
rates with the study of N. Sharma et al., where PE6 has been
reported to be an apoptosis inducing protein and facilitates
bacterial survival [16]. Furthermore, our study highlighted
the significance of C-terminal domain of Rv0335c¢ protein
in inducing macrophage apoptosis and it would be interest-
ing to determine the time of expression of PE6 during the
course of infection.

Several proteins in PE family have been reported to
engage in host—pathogen interaction via host cell receptors
[78, 79]. Rv0335c has been reported to be a TLR4 agonist
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Fig. 11 Mechanism of host cell processes modulation by C-terminal
domain of Rv0335c protein of Mtb. Rv0335c protein of Mtb contains
N terminal mitochondrial targeting sequence and a unique C-termi-
nal domain and BH3-like motif similar to eukaryotic mitochondrial
targeting Bcl2 proteins. Based on our observations of Rv0335c;
we hypothesize that the protein activates two parallel host cellu-
lar pathways. Through one pathway, the unique C-terminal domain
of Rv0335c facilitate its interaction with host TLR4 receptor lead-
ing to downstream production of pro-inflammatory cytokine TNF-
a. The C-terminal domain of Rv0335c also has role in modulating
intracellular Ca®* influx. Through another pathway, Rv0335¢ local-
izes to host mitochondria. Because of presence of BH3-like motif in
Rv0335c¢ protein, it might be involved in protein—protein interaction

which induces the production of pro-inflammatory cytokines
like TNF-a [16]. We studied the impact of C-terminal
domain of Rv0335c¢ in TLR mediated immune activation
and production of pro-inflammatory cytokine. As reported
by N. Sharma et al., our molecular docking based in-silico
results also predicted preferential binding of Rv0335¢ with
TLR4 over TLR2. Interestingly, the deletion of C-terminal
domain reduced the binding affinity of Rv0335c protein with
TLR4 receptor. To validate the effect of this deletion, in-
vitro experiments were conducted which revealed that there
was no significant upregulation in the surface expression of
TLR4-HLA-DR molecules and pro-inflammatory cytokine
TNF-a in response to Rv0335cACterm protein. Activation

—— [PATHOGEN PERSISTENCE |

and activation of pro-apoptotic Bcl2 proteins such as Bak, Bax and
BH3 only proteins. Activation of Bcl2 proteins through Bak-like BH3
motif containing Rv0335c¢ protein might also trigger the mitochon-
dria mediated intrinsic apoptosis. The C-terminal domain of Rv0335¢
has role in disruption of mitochondrial integrity in terms of loss of
mitochondrial membrane integrity, cytoplasmic release of Cyt C and
activation of Caspase 9. Cytoplasmic Cyt C along with Caspase 9
might lead to formation of apoptosome and leads to activation of exe-
cutioner Caspase 3 and 7. This entire process triggered by Rv0335c¢
protein of Mtb ultimately culminates in host cell apoptosis which may
facilitate long term survival of pathogen through cell-to-spread of
infection (Color figure online)

of TLR4 and downstream production of pro-inflammatory
cytokines such as TNF-a are pre-requisites for not only acti-
vating the host immune response, but also for the develop-
ment and maintenance of lung granuloma in the late stages
of infection [80]. Observation of reduced TLR4-HLA-DR
molecules and TNF-a levels in response to Rv0335cACterm
suggest that the C-terminal domain in Rv0335c aids not only
in modulating host mitochondrial functions towards apopto-
sis, but also in host—pathogen interaction.
Pro-inflammatory cytokine IL-1 is crucial for inflamma-
some activation and is heterogeneously regulated through
TLR4 as well as macrophage metabolic pathways [81].
In our study, we observed insignificant levels of IL-1f in
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response to Rv0335c as well as Rv0335cACterm recom-
binant proteins. There are reports that have shown that in
persistent Mtb infection, levels of TNF-a are upregulated
whereas, glycolytic pathway and IL-1p levels are sig-
nificantly supressed [82]. Insignificant levels of IL-1p in
response to Rv0335c¢ suggest that it acts as a modulator of
macrophage functions to ensure pathogen establishment
and disease persistence. Our results of high TNF-a and low
IL-1p in response to Rv0335c gets support from the study
which has reported that Mtb modulate the infected mac-
rophages for its advantage by hijacking the metabolic pro-
cesses, resolving the exaggerated inflammation and simul-
taneously keeping the macrophages active to allow bacilli
replication and persistence [83].

Conclusively, the presence of eukaryote-like C-terminal
domain and BH3-like motif in Rv0335c could be a phenom-
enon of molecular mimicry adopted by Mtb to circumvent
the host cell responses towards programmed cell death or
apoptosis. Additionally, the modulation of various host cell
processes such mitochondrial integrity, Ca?* homeostasis
and TLR4-mediated cytokine release by a single Mtb protein
Rv0335c¢ enhances our understanding of Mtb pathogenesis
(Fig. 11). The role of this protein in facilitating pathogen
persistence and as promising therapeutic target for TB needs
further investigations.
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