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Abstract

Apoptosis is a normally occurring process characterized by morphological
changes in the cell. The species of the Mycobacterium tuberculosis complex
induce apoptosis. In bovines, Mycobacterium bovis and its protein extracts in-
duce apoptosis independently of caspase activation. However, the identity of
the proteins in the extracts is unknown. In this study, we used size-exclusion
chromatography to separate protein fractions from the culture filtrate. We
obtained protein fractions that induced DNA fragmentation in bovine macro-
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phages independently of caspase-3 activation. Liquid chromatography-mass
spectrometry (LC-MS) identified three candidates responsible for the biolog-
ical activity: MPB70, MPB83, and 60 kDa chaperonin.
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Study contribution

Mycobacterium tuberculosis complex species and their proteins induce apoptosis
in different cells. Mycobacterium bovis and its protein extracts (culture filtrate and
soluble extract) can induce this phenomenon independently of caspase-3 activa-
tion. However, the identity of the proteins in the protein extracts is unknown. In this
study, we identified for the first time three candidates (MPB70, MPB83, and a 60
kDa chaperonin) responsible for inducing apoptosis in bovine macrophages.

Introduction

Apoptosis is a regulated cell death process that normally occurs during tissue growth
and development.(!) Morphologically, cells that die by apoptosis are characterized
by cell shrinkage, chromatin condensation (pyknosis), nuclear fragmentation (karyor-
rhexis), exposure of phosphatidylserine to the outer side of the cell membrane, and
the formation of apoptotic bodies, which are vesicles containing cellular elements.(1-)
Mycobacterium bovis, which is part of the Mycobacterium tuberculosis complex, is
the causative agent of bovine tuberculosis. Mycobacteria have a very complex cell
wall composed mostly of lipids such as mycolic acids, phenolic glycolipids, Man-
LAM, and among others; however, they also contain lipoproteins,() which are po-
tentially virulence factors that allow the immune system to evade and the survival
of these microorganisms.

Pathogenic mycobacteria use different mechanisms for intracellular survival;
for example, they inhibit phagosome acidification and phagosome-lysosome fu-
sion®) and induce apoptosis.(®) Mycobacterium species such as M. tuberculosis,
M. bovis, M. bovis BCG, and M. avium induce cell death in macrophages. Different
studies have shown that the induction of apoptosis in human or murine macro-
phages depends on the virulence of the strain used for the infection. Furthermore,
the proteins LpgH (19 kDa lipoprotein),(’. 8 ESAT-6,(9 (38 kDa lipoprotein),(19)
PE_PGRS33,(1) MPT83(12) of native or recombinant M. tuberculosis, produced in
M. smegmatis and E. coli, can induce apoptosis in macrophages of human origin
(WBC 264- 9C, HEK 293, MDM, THP-1) and murine origin (RAW262.7, BMDM).
This mechanism is a host defense against the microorganism, but the microor-
ganism can also manipulate it to evade the immune response, spread, and infect
other cells.(1%)

Previous work in a bovine model identified for the first time that M. bovis can
induce chromatin condensation and DNA fragmentation in macrophages depend-
ing on the multiplicity and time of infection.(®) It was also demonstrated that both
bacteria and protein extracts('% 1) have the ability to induce chromatin condensa-
tion and DNA fragmentation independently of caspase activation in a process that
involves Apoptosis-Inducing Factor (AIF),('4) and Endonuclease G (Endo G) as the
main molecules driving this phenomenon.(1©) However, the identity of the proteins
involved in cell death is still unknown. Therefore, this study identified the proteins in
culture filtrate (CFE) fractions that induce apoptosis in bovine macrophages.

The results of this study demonstrated that a 15-20 kDa protein fraction (frac-
tion of interest, FI) derived from the CFE of M. bovis induced DNA fragmentation in
macrophages. Using liquid chromatography-mass spectrometry (LC-MS), we identi-
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fied the presence of MPB70, MPB83, and 60-kDa chaperonin in the Fl. This finding
suggests that these proteins are involved in the induction of apoptosis.

Materials and methods

Ethical statement

The procedures performed on the animals were approved by the Institutional Com-
mittee for the Care and Use of Experimental Animals of the Faculty of Veterinary
Medicine and Animal Science (CICUAE-FMVZ-UNAM) under number JAGP- 2002.

Culture of M. bovis AN5

Mycobacterium bovis AN5 was cultured on Sauton medium for eight weeks at
37 °C under static conditions. After incubation, the culture was processed to obtain
the culture filtrate extract (CFE).

Obtaining proteins from M. bovis in Sauton medium

As described previously,(!>) CFE was obtained by filtering the culture medium using
coarse-pore filter paper to separate it from the biomass. Then, the medium was fil-
tered through 1.2 ym, 0.45 pm, and 0.22 pm pore membranes (Millipore, Bedford,
MA). Once the CFE was bacteria-free, it was precipitated with ammonium sulfate
at 70 % saturation under agitation at 4 °C for 12 h. Then, the CFE was centrifuged
at 10 300 x g for 20 min, and protein precipitates were collected. Proteins were
dialyzed with a MWCO 3 500 (Spectra/Por) dialysis membrane against distilled
water for three days (two water changes per day) and PBS 1 X overnight. The CFE
was stored at -20 °C for further analysis. The total protein content was quantified
using bicinchoninic acid (BCA) and 12 % SDS-PAGE gels stained with Coomassie
blue; the gels were prepared to visualize the proteins by loading 15 pg of protein
per lane.

Size exclusion Protein liquid chromatography

CFE was fractionated using size-exclusion chromatography. A Hi Load 16/600
Superdex 75PG column (G&E) coupled to AKTA Pure equipment (GE Healtcare)
was used. The buffer recommended by the manufacturer (NaPO, 0.05 M, NaCl
0.15 M, pH 7.2) with a flow rate of 0.8 mL/min was used to collect 1.5 mL frac-
tions. The protein concentration was determined for each fraction using the BCA
technique, and the protein pattern was visualized on 12 % polyacrylamide gels
stained with Coomassie blue.

Bovine monocyte- derived macrophages

Monocytes were obtained from the peripheral blood of healthy cattle from a herd
free of bovine tuberculosis according to a previously described method.(®: 14 15)
Briefly, 60 mL of sample was collected by jugular puncture and stored with 3.5 mL
of ACD anticoagulant per 30 mL of blood. Blood was centrifuged for 30 min at
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1 000 x g at room temperature (RT). The leukoplatelet layer was separated and
diluted 1:1 with PBS-Citrate (PBS-C), deposited on a gradient of Histopaque 1077
(Sigma-Aldrich, St. Louis, MO), and centrifuged at 1 00 x g for 20 min at RT.

The erythrocyte-free leukoplatelet layer was collected and washed three times
with PBS-C at 500 x g for 10 min at 4 °C. Finally, cells were resuspended in RPMI
1640 medium (Sigma-Aldrich, St. Louis, MO) supplemented with 2 mM L-gluta-
mine, 1 mM sodium pyruvate, and 0.1 mM non-essential amino acids (cRPMI)
(Gibco BRL, Life Technologies, Grand Island, NY) without serum. The cells were
incubated for 2 h at 37 °C and 5 9% CO,, to promote cell attachment. The medium
was changed by adding cRPMI 1640 with 12 9% autologous serum. To differentiate
the cells into macrophages, the cells were cultured in ultra-low attachment plates
for 12 days at 37 °C and 5 % CO,, changing the medium every three days.

Incubation of macrophages with the fraction of interest

On ultralow-attachment plates, 1 x 108 macrophages were incubated for 16 h
with 100 pg/mL Fl, 25 pg/mL of camptothecin (Sigma Aldrich, MO) as a positive
control, and unstimulated cells as a negative control under the same culture con-
ditions. At the end of the incubation, the cells were collected and fixed with 1 %
paraformaldehyde (PFA) for 15 min at 4 °C. Then, they were stored in 70 % etha-
nol at -20 °C until DNA fragmentation. For the caspase-3 activity test, the cells were
processed at the end of the incubation period.

DNA fragmentation

DNA fragmentation was detected by TUNEL (Terminal deoxynucleotidyl Transferase
Biotin-dUTP Nick End Labeling) using the commercial assay kit APO-BrdU TUNEL
(Thermo Fisher Scientific, Waltham MA), as specified by the manufacturer. Cells
contained in 70 % ethanol at -20 °C were washed twice and incubated with a DNA
labeling solution (containing reaction buffer, TdT enzyme, BrdUTP, and distilled wa-
ter) for 1 h at 37 °C, shaking every 15 min to keep the cells in suspension. The
cells were washed and centrifuged twice at 300 x g for 5 min. Fluorescein-labeled
anti-BrdU antibody was added to the sample and incubated for 30 min in the dark.
Cell labeling was detected by flow cytometry using an ATTUNE NXT cytometer
(Thermo Fisher Scientific, Waltham, MA), and at least 10 000 events were counted.

Caspase-3 activity test

A caspase-3 activity test was performed using Fl. One million (1 x 106) macro-
phages were incubated in ultralow-attachment plates with 100 pg/mL Fl, 25 pg/mL
camptothecin (Sigma Aldrich, MO) as a positive control, and unstimulated cells as a
negative control for 16 h at 37 °Cand 5 % CO,,. After 16 h, cells were washed with
T mLof PBS 1 X, and 115 pL of lysis buffer were added (10 mM Tris-HCl, 10 mM
NaH,PO,, 130 mM NaCl, and 1 % Triton X-100), and the sample was incubated
for 15 min at 4 °C. Subsequently, 100 pL of reaction buffer (40 mM HEPES, 1 M
DDT, and 10 mM AcDEVD-AM) was added and incubated for 5 min at RT. Finally,
fluorescence was determined in the range of 380/430-460 nm for 20 min in a
Synergy HT Bio-Tek multiple detection microplate reader.
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Two-dimensional electrophoresis

FI was desalted with phosphate buffer + CHAPS for isoelectrofocusing. Sodium
deoxycholate (DOC) 0.02 % was added to the sample, vortexed, and incubated for
15 min at RT. Then, 10 % trichloroacetic acid (TCA) was added and incubated for
1 h at RT. The sample was centrifuged for 10 min at 18 000 x g at 4 °C. The super-
natant was decanted, and acetone (-20 °C) was added. The sample was vortexed
and kept on ice for 15 min, shaking every 5 min. Subsequently, the sample was
centrifuged again for 10 min at 18 000 x g at 4 °C. The supernatant was decanted,
the remaining acetone was absorbed with filter paper, and the pellet was allowed
to dry for 5 min to facilitate resuspension. The pellet was resuspended in 150 pL of
rehydration buffer with 1.5 pL of dithiothreitol (DTT) 50 X and 1 L of ampholytes
for 1.5 h at 37 °C under constant agitation.

Rehydration of the strips (ReadyStrip IPG Strips, Biorad, pH 4-7 of 7 cm) was
carried out passively for 16 h with 125 pL of rehydration buffer. Isoelectrofocusing
was performed at 20 °C according to the following program: 100 V-169 150 V/h,
300 V=200 V/h, by gradient 1,000 V, 300 V/h, 5,000 V 4,500 V/h, and by steps
500 V=2 000 V/h in an IPGphor Il equipment (GE). After focusing, the strips were
stored at -70 °C until use. For the second dimension, the strips were equilibrated
with equilibration buffer (BE), adding 20 pL of DTT 10X per 2 mL of buffer. Each
strip was equilibrated with 1 mL of BE for 10 min at RT under constant agitation,
decanted, and equilibrated again under the same conditions (1 mL BE/10 min).
Before rehydration of the strips, 10 cm x 10.5 cm gels with a thickness of 1.5 mm
were prepared at a concentration of 12 9%. Finally, the gels were stained with
Coomassie blue.

Liquid Chromatography - Mass Spectrometry

LC-MS was performed to identify proteins in the Fl. The analysis was performed
using a liquid chromatograph (Eksigent nanoLC 425) coupled to a mass spectrom-
eter (AB Sciex TripleTOF 5 600+). The data-driven search was performed using AB
Sciex ProteinPilot 5.0.1 Software.

Statistical analysis
For DNA fragmentation and caspase-3 activity, the differences between the groups
were tested using ANOVA with Graph Pad Prism 6.

Results

Fractionation of M. bovis AN5 proteins by liquid chromatography
CFE was fractionated using size- exclusion chromatography. Five detectable peaks
were detected by absorbance at 280 nm (Figure 1A). The protein fractions obtained
in peak four showed a similar electrophoretic profile; therefore, we pooled the
fractions with molecular weights between 15 and 20 kDa, corresponding to frac-
tions 51-60 FI. The CFE protein profiles were determined by 12 % SDS-PAGE and
stained with Coomassie blue (Figure 1B).
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DNA fragmentation and caspase-3 activity tests

DNA fragmentation in bovine macrophages was evaluated after 16 h of incubation
with FI using the TUNEL technique. The percentage of DNA fragmentation of Fl-in-
cubated macrophages was 48.63 = 9.03 %, and the percentage of fragmentation
of the negative control was 7.30 £ 1.63 % (Figure 2A). Macrophage cell death oc-
curred in the absence of caspase-3 activation (Figure 2 B).

2D PAGE and LC-MS

The 2D PAGE analysis showed 25 protein spots distributed over molecular weights
of 12-23 kDa; most proteins have an isoelectric point between 4.1 and 4.9 (Figure 3).
Table T shows the proteins identified in the sequenced band.

Discussion

In this study, we separated the CFE of M. bovis using size exclusion FPLC. We
found that a group of proteins with molecular weights between 15 and 20 kDa (Fl)
induced DNA fragmentation independently of caspase-3 activation. The LC-MS pro-
cedure identified the presence of MPB70, MPB83, and 60 kDa chaperonin. Char-
acterization of the proteome and secretome of M. tuberculosis, M. bovis, M. bovis
BCG, protein purified derivative (PPD), and culture filtrates under different condi-
tions has identified the presence of highly antigenic proteins that can stimulate T
lymphocytes. It has also been shown that the protein profile changes depending on
the virulence and outcome of the disease in the host.('/2%) 2D PAGE and LC-MS
have allowed the use of these proteins for developing more sensitive and specific
diagnostic techniques and vaccines.(18 23, 26, 27)

Our results use the aforementioned techniques to propose possible protein
candidates that induce bovine macrophage cell death in addition to their antigenic
capacity. Using anion exchange chromatography, Alito et al. (2003)%) obtained
3-4 elution peaks that corresponded to proteins of different molecular weights; the
effects of these proteins were measured in T lymphocytes. Similarly, our fractioning
method was based solely on molecular weight, which allowed us to obtain a band
of interest with a molecular weight between 15 and 20 kDa (FI).

Different investigations have shown that bacteria from the Mycobacterium tu-
berculosis complex can induce cell death through different pathways such as ferro-
ptosis,(?9) caspase-dependent apoptosis,('9) caspase-independent apoptosis,*0)
endoplasmic reticulum stress,(>1) and necroptosis(*2) in macrophages of human
and mouse origin. Vega-Manriquez et al. (2007)('¥) demonstrated that incubating
bovine macrophages with CFE for 16 and 24 h did not activate caspases 8, 9, and
3. This result was confirmed using the general caspase inhibitor Z-VAD-FMK. This
study demonstrated that Fl did not activate caspase-3, which is consistent with
previous reports in bovine models.

The present information is important because some species of the Mycobac-
terium tuberculosis complex activate caspases when they induce apoptosis in mac-
rophages from different origins.(>3) This result suggests that M. bovis attempts to
interfere with apoptosis by inhibiting caspase activation. However, bovine macro-
phages activate an alternate apoptosis pathway independent of caspase activation.
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Figure 1. (A) Chromatogram of CFE proteins from M. bovis AN5; size- exclusion chromatography. (B) 12 9% SDS-PAGE
stained with Coomassie blue. MW, molecular weight marker; C1, total CFE; C2, fraction of interest. For total CFE and FI,
15 pg of protein was analyzed.
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Figure 2. (A) Percentage of DNA fragmentation and (B) caspase-3 activity in bovine macrophages (106) that were either
untreated (negative control), treated with camptothecin 20 pug/mL (positive control), or stimulated with 100 pg/mL FI.
Results are expressed as (A) mean and standard error of three independent experiments (P = 0.1272, compared to the
negative control) and (B) relative fluorescence units (RFU) of three independent experiments (P = 0.0001, compared to
the negative control).
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MW pH 4-7

Figure 3. 2D PAGE gel of FI of the CFE from M. bovis, corresponding to 15-20 kDa (12 % gel, pH 4-7). The arrow indicates
the location of the proteins identified by LC-MS.

Table 1. Proteins identified from the FI of M. bovis CFE by LC-MS

. o Identity Length

Secretion protein. Cell surface
MPB70 mpb70  Mb2900 lipoprotein. 100 19.07 4.54 193

Member of the mpt70/mpt83 family.
Secretion protein. Induces MMP9

MPB83 mpb83  Mb2898  expression through TLR1/TLR2 100 22.07 473 220
stimulation in humans.

Involved in protein folding alongside
co-chaperonin GroES. Enables the

Chaperonin of ~ groEll  Mb3451c  encapsulation of non-native protein 100 56.72 474 539
60 kDa substrates and accelerates protein
folding.
ID: Identifier

pl: Isoelectric Point
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Finally, the induction of apoptosis contributes to control mycobacterial intracellular
growth.(1®) MPB70 and MPB83 have been extensively studied in terms of their
localization and the immune response they trigger in animals. Both are homolo-
gous proteins with 60 % identity at the amino acid level (MPB83 with respect to
MPB70),* but they are encoded by different genes.

These proteins present the FAS 1 or BlgH3 adhesion domain; therefore, it
has been suggested that the interaction of this domain with proteins that have
receptors for the same domain could explain the tropism of Mycobacterium toward
certain tissues.(®>) Ju-Ock Nam et al.,, 20086) developed a polypeptide with a FAS
1 domain, which induced apoptosis in endothelial cells. Therefore, in addition to
the idea that mycobacteria have a certain tropism toward some tissues due to this
domain, the domain itself could participate in cell death signaling in macrophages.

Chaperonin 60 kDa is considered to be within the family of heat shock pro-
teins. This protein can fold enzymes involved in mycolic acid synthesis.3”) This
protein aggregate is overexpressed under different stress conditions, including in-
fections by microorganisms.(*8) The induction of apoptosis in PBMC by 60 kDa
chaperonin has been reported in infections with Mycoplasma gallisepticum due to
its interaction with annexin 2.9 In the case of Mycobacterium bovis, this is the
first report of the induction of cell death in macrophages by this protein. However,
the recombinant protein Hsp70 from M. tuberculosis induces 32.7 + 11.63 % of
DNA fragmentation in bovine macrophages.(!°)

Heat shock proteins are associated with apoptosis induction by generating re-
active oxygen species in mitochondria. There is evidence that a 60 kDa chaperonin
together with a 10 kDa chaperonin are involved in caspase-3 activation signaling.
These molecules have also been associated with Bax, which activates apoptosis.
Our model showed that the 60 kDa chaperonin in bovine macrophages may acti-
vate apoptosis through a different mechanism.(*9) A limitation of the present study
is that our results cannot clarify whether DNA fragmentation is due to the action
of individual proteins or to the activity of the protein consortium. Incubation time
should also be considered because the protein profiles of young and old cultures
are different. Therefore, it is necessary to verify whether the proteins have shorter
culture times in vitro and whether they participate in the pathogen-host interaction
in vivo.
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