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ABSTRACT Studies involving the pathogenic organism Mycobacterium tuberculosis
routinely require advanced biosafety laboratory facilities, which might not be readily
available in rural areas where tuberculosis burdens are high. Attempts to adapt heat
inactivation techniques have led to inconsistent conclusions, and the risk of protein
denaturation due to extensive heating is impractical for subsequent mass spectrome-
try (MS)-based protein analyses. In this study, 240 specimens with one or two loops
of M. tuberculosis strain H37Rv biomass and specific inactivated solutions were pro-
portionally assigned to six heat inactivation methods in a thermal block at 80°C and
95°C for 20, 30, and 90 min. Twenty untreated specimens served as a positive con-
trol, and bacterial growth was followed up for 12 weeks. Our results showed that
90 min of heat inactivation was necessary for samples with two loops of biomass.
Further protein extraction and a matrix-assisted laser desorption ionization–time of
flight (MALDI-TOF) MS assay demonstrated adequate scores for bacterial identifica-
tion ($1.7), with the highest score achieved in the 80°C/90 min and 95°C/30 min
treatment groups. A proteomics study also confidently identified 648 proteins with
;93% to 96% consistent protein abundances following heating at 95°C for 20, 30,
and 90 min. Heat inactivation at 95°C for 90 min yielded the most quantifiable pro-
teins, and a functional analysis revealed proteins located in the ribosomal subunit. In
summary, we proposed a heat inactivation method for the M. tuberculosis strain
H37Rv and studied the preservation of protein components for subsequent bacterial
identification and protein-related assays.

IMPORTANCE Inactivation of Mycobacterium tuberculosis is an important step to guar-
antee biosafety for subsequent M. tuberculosis identification and related research,
notably in areas of endemicity with minimal resources. However, certain biomole-
cules might be denatured or hydrolyzed because of the harsh inactivation process,
and a standardized protocol is yet to be determined. We evaluated distinct heating
conditions to report the inactivation efficiency and performed downstream mass
spectrometry-based M. tuberculosis identification and proteomics study. The results
are important and useful for both basic and clinical M. tuberculosis studies.
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M ycobacterium tuberculosis is the causative agent of tuberculosis (TB), which remains
one of the world’s deadliest infectious killers, with nearly 1.4 million people suc-

cumbing to it in 2019 (1). Innovative strategies are needed to accelerate a safe and effec-
tive TB vaccine, improve responses to treatment, and introduce novel diagnostic
approaches for earlier recognition of populations at risk. In addition, particular attention
has been directed toward emerging cases of drug-resistant M. tuberculosis strains, which
are arising due to the mismanagement of anti-TB treatments that amplify clinical strains
with genetic mutations, especially in the promoter region (2). Molecular assays based on
mass spectrometry analysis are recognized as emerging tools for rapid mycobacterial
identification and drug susceptibility assessments (3–5). High-end techniques such as ma-
trix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS)
and liquid chromatography-tandem MS (LC-MS/MS) have been applied for M. tuberculosis
identification and proteomics profiling.

Drug-susceptible, drug-resistant, and multidrug-resistant M. tuberculosis strains are
classified into biohazard risk group 3 based on the WHO Laboratory Biosafety Manual, as
they pose a risk of serious human disease and can be readily transmitted. Extensively
drug-resistant (XDR) M. tuberculosis strains were classified as risk group 4, capable of caus-
ing very serious human disease, with no effective treatment or preventive measures avail-
able yet (6). An extensive study of pathogenic bacteria requires at least a biosafety level 3
(BSL3) laboratory (7), which poses significant challenges in practice (8). Regions in devel-
oping countries with high TB burdens usually have limited resources for the recom-
mended laboratory facilities. Indeed, several reports have raised concerns about labora-
tory-acquired TB infections, in which aerosols and skin punctures are the two major routes
of transmission (9, 10).

Heat treatment is an attractive option for M. tuberculosis inactivation. While several
groups have reported desirable inactivation efficiencies (11, 12), others have raised
concerns that heat treatments cannot guarantee total microorganism inactivation (13–
16) and thus may not be entirely safe. In addition, there is no consensus on specific
protocols for heat inactivation of M. tuberculosis. Differences in temperature, container
type, and duration of heating may result in inconsistencies among studies.

In addition to biosafety, any sample pretreatment procedure may affect the patho-
gen characteristics for downstream molecular analyses. Previous findings pointed out
that 20 min of heat treatment at ;80°C to 95°C inactivates M. tuberculosis while keep-
ing the RNA intact (17), while another group incubated the microorganism at 96°C in
20% Chelex for 1 h and preserved the DNA (18). Still, both heat inactivation and chemi-
cal cell lysis procedures might cause denaturation of the protein and interfere with the
results of subsequent proteomic analyses. To compare minor protein changes between
different conditions, a suitable sample preparation process is required. However, there
are scarce reports addressing the influence of bacterial inactivation on the efficacy of
proteomics analyses for M. tuberculosis, which is actually an important issue to be
investigated.

Since MS instruments are not available in every clinical laboratory, shipping of inac-
tivated samples might be a choice after confirming the biosafety of the inactivation
protocol. The present study aimed to evaluate the biosafety of different protocols for
M. tuberculosis heat inactivation and observe whether protein components from the
mycobacteria can be preserved for downstream MS-based bacterial identification and
proteomics analyses.

RESULTS
Biosafety evaluation of heat inactivation methods. We conducted two sets of

heat inactivation experiments with different M. tuberculosis biomass and solvent types.
The first set was with one inoculation loop of biomass in Tris-EDTA (TE) buffer, and the
second one used two loops of biomass in water. Six heat inactivation conditions were
conducted for each set. Following six different heat inactivation protocols, no growth
of M. tuberculosis was observed in either Lowenstein-Jensen (LJ) medium or
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mycobacterial growth indicator tubes (MGITs) for the first set, while the untreated posi-
tive control began to grow colonies on the third day of observation. Observations
were performed for 12 weeks, with no apparent growth of bacteria (Fig. 1Ai and Aii). In
contrast, some samples with two loops of biomass in water treated with a heating pro-
tocol of 80°C/20 min, 80°C/30 min, 95°C/20 min, or 95°C/30 min showed positive
results during the growth test. Only the heat inactivation conducted for 90 min (80°C
and 95°C) provided zero growth results (Fig. 1Bi and Bii).

Effect of heat inactivation on MALDI-TOF MS bacterial identification. The results
of the MALDI-TOF MS analysis for the purpose of M. tuberculosis identification follow-
ing the heat inactivation process are shown in Table 1. Each treatment group yielded
satisfactory outcomes (scores of$1.7) for M. tuberculosis identification; however, speci-
mens that underwent the inactivation processes of 80°C/90 min and 95°C/30 min con-
sistently had higher identification scores (.2.0). Although comparison of the whole-
protein signals from MALDI-TOF MS spectra remained challenging, we observed that
the intensities of signals with mass/charge ratios (m/z) of ;2,000 to 5,000 were rela-
tively higher for samples treated at 80°C/90 min, 95°C/20 min, and 95°C/30 min (Fig. 2).
Accordingly, more sample numbers in these groups also showed scores of .2.0. We also
noted that the overall intensities of peaks decreased in a manner dependent on the pe-
riod of heat inactivation. This trend was observed in both the 80°C and 95°C groups.

We further applied a principal-component analysis (PCA) to investigate clustering
and the effects of different conditions on the MALDI-TOF MS analytical results. In
Fig. 3Ai to Aiii, we observed that samples treated at different temperatures (80°C and
95°C) were aligned in two individual clusters despite having the same heating period.
This result indicated that the 15°C difference in the heat inactivation temperatures
resulted in variations of the compositions of the proteome profiles. The effects of the

FIG 1 (Ai and Aii) Growth performances of the first set of samples subjected to the six inactivation processes. Growth evaluations
were performed in both MGIT broth culture and LJ medium culture. (Bi and Bii) Growth performances of the second set of
samples subjected to the six inactivation processes. Data are presented as the percent (%) of total colonies versus the day of
observation. The total observation period is 84 days (12 weeks).
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heating time can also be observed in Fig. 3Bi and Bii. The time trajectories indicated by
the dashed arrows show that when we increased the heating time, there was a trend
of profile changes resulting from protein composition. Clear clusters and a shifting of
groups in the 3D PCA plot are also evident in Fig. 3C, which reveals that the protein
profiles changed with a trend when we increased the temperature or heating time
(dashed arrows). Interestingly, we identified that samples treated at 80°C/90 min, 95°C/
20 min, and 95°C/30 min were clustered in the center of the 3D PCA plot, and these
samples were also those with ID scores of .2.0.

Proteome profiles with different heat inactivation protocols. Total cell lysates
from the three groups were collected for a label-free quantitative proteomics analysis.
In the present study, 648 proteins were identified with confidence (P , 0.05; protein
false discovery rate [FDR], ,1%). For quantification purposes, only proteins with at
least two reported intensities from the three biological replicates were included, result-
ing in 147, 179, and 244 quantified proteins for the 20-, 30-, and 90-min groups, respec-
tively. As presented in Fig. 4A, 130 proteins were commonly quantified in all three
groups, 5 proteins were shared by the 20- and 30-min groups, 12 by the 20- and 90-
min groups, and 32 by the 30- and 90-min groups. In addition, 12 and 70 proteins
were uniquely quantified in the 30- and 90-min groups, respectively. Among the 130
common proteins, comparison analysis revealed over 93% consistency among all three
groups. Proteins with inconsistent expression (with a multiple of change of .2-fold)
between groups are listed in Table 2. To note, the alanine- and proline-rich secreted
protein (APA) was found at a higher intensity in the 90-min group, while the trehalose

TABLE 1MALDI-TOF MS bacterial identification scores forM. tuberculosis specimens
following the six heat inactivation processes

Inactivation
temp (°C)

Inactivation
duration (min)

No. of isolates
tested

No. of isolates with a
highest score of:

<1.7 1.7–2.0 ‡2.0
80 20 6 2 4
80 30 6 4 2
80 90 6 6
95 20 6 1 5
95 30 6 6
95 90 6 3 3

FIG 2 MALDI-TOF mass spectra of Mycobacterium tuberculosis (MTB) heat-inactivated samples treated with different temperatures and durations.
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monomycolate exporter (MMPL3) was found at a lower intensity in the 20-min group.
APA is a potent antigen in animals immunized with live bacteria (19) which was shown
to elicit strong delayed-type hypersensitivity and a type 1 T-cell response in healthy
humans (20); MMPL3 functions as an important lipid transporter across inner mem-
branes and is a target of the antitubercular drug SQ109 (21, 22).

The Gene Ontology (GO) analysis identified commonly quantified proteins enriched
in dysregulated biological processes, molecular functions, and cellular components
and pathways. The top 10 enriched biological processes included the regulation of
protein maturation and processing, plasminogen activation, transcription of DNA bind-
ing, and proteolysis (Fig. 4B). Enriched molecular functions included the binding of fi-
bronectin, unfolded proteins, zymogen, enzymes, nucleic acids, RNA, and proteins
(Fig. 4C). Common proteins from the three groups were identified as being part of the
chaperone complex, capsule, nucleoid, and (large) cytosolic ribosome (Fig. 4D, blue
bars). We further analyzed the proteins uniquely quantified in the 90-min group (Table
S1) and identified localization within the (small) ribosomal subunit, ribonucleoprotein
complex, and non-membrane-bound organelles (Fig. 4D, gray bars).

DISCUSSION

In this study, two sets of heat inactivation experiments were conducted for biosaf-
ety evaluation. In the first set, an inoculation loop of biomass submerged in TE buffer
was used; no mycobacterial growth was observed for any of the six heat inactivation
conditions. In the second set, two loops of biomass in a water solvent were used to
mimic the condition used for mass spectrometry study, and we found that a longer
heating time was required for optimal inactivation. We speculated that the higher
mycobacterial burden within the sample solution may form aggregation, thus resulting
in bigger particles of biomass, and 20 to 30 min of heating was insufficient to inacti-
vate all mycobacteria. Previous studies also pointed out that the pH value of the solu-
tion used for mycobacterial samples affects their surface charges and zeta potential
(23, 24). When the pH is lower, the negative charges of the mycobacterial surface
decreases, and aggregation of mycobacterial particles occurs. Compared to the TE buffer

FIG 3 Principal-component analysis of MALDI-TOF results. (Ai to Aiii) Comparison of different heat inactivation temperatures. (Bi and
Bii) Comparison of different heat inactivation times. (C) Comparison of the six heat inactivation conditions.

Proteome of Heat-InactivatedM. tuberculosis

Volume 9 Issue 3 e00716-21 MicrobiolSpectrum.asm.org 5

https://www.MicrobiolSpectrum.asm.org


(pH 8), pure water has a lower pH value of less than 7. This might also be one of the rea-
sons that the two loops of biomass in water needed a longer heat inactivation time.

As a pathogenic organism posing biosafety threats, the manipulation and study of
M. tuberculosis require BSL3 laboratory operational and physical protective measures
(25), which might not be readily accessible in the rural areas of developing countries,
where the TB burden is high. Therefore, a reliable method of mycobacterial inactiva-
tion is expected to provide biosafety assurance for laboratory personnel and promote
TB research. With a reliable and easy inactivation process, the samples can be inacti-
vated before being sent to a laboratory with high-end instruments such as mass spec-
trometers, which benefits bacterial identification and research.

Previous studies adopted a water bath heating method for M. tuberculosis inactiva-
tion for 20 min at 80°C (12, 17) and reported excellent biosafety, while others failed to
show complete inactivation with the same protocol (13, 15). A study that applied speci-
men drying on a thermal block reported that the procedure was insufficient to com-
pletely inactivate M. tuberculosis (26). To minimize the possibility of sporadic growth
resulting from inefficient heating due to a large bacterial load or high-density cultures
(12, 14, 15), we maintained a total bacterial suspension volume of ,500 mL inside a
1.5-mL microtube, ensuring adequate space to expose every part of the sample to
heating.

From the literature survey, 20 min of inactivation at 80°C was found to preserve a
sufficient amount of DNA and RNA of M. tuberculosis for downstream molecular tests

FIG 4 (A) Overlap of protein identification of three different heat inactivation methods and comparison of the common protein regulation. Upregulated
and downregulated proteins were defined as $2 and #2 multiples of change, respectively. Annotation of (B) biological processes, (C) molecular functions,
and (D) cellular components of the commonly quantified proteins (blue bars) and proteins uniquely quantified in the 90-min group (gray bars) by Gene
Ontology analyses.
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(12, 17, 18). However, previous studies have not addressed the effects of heat inactiva-
tion and sample preparation on analysis of the protein profile by using MALDI-TOF MS
and LC-MS/MS. In this study, we adopted a sample preparation method with silicate
bead beating after heat inactivation. Mycobacteria are well known to have a thick
waxy outer cell wall. It is composed of mycolic acids and arabinogalactans which asso-
ciate with the envelope consists peptidoglycan. General lysis methods are therefore
inefficient for M. tuberculosis disruption, and a harsh technique is sometimes required
(27). Silicate bead beating was reported to enhance disruption of the cell wall structure
and improve protein harvests (5, 27). A previous study evaluated an extraction method
adopting 30 min of heat inactivation at ;95°C to 100°C in a heating block, followed by
the addition of 100% ethanol and zirconia/silica beads in acetonitrile, which showed
comparable MALDI-TOF MS identification scores for M. tuberculosis and nontuberculo-
sis Mycobacterium species as a conventional extraction method (5). Applying a similar
extraction protocol, we evaluated distinct heat inactivation methods and showed that
each method gave satisfying identification scores (.1.7). Among the six conditions,
heating at 80°C for 90 min and at 95°C for 30 min consistently produced higher identi-
fication scores (.2.0) and similar MALDI-TOF MS profiles using PCA analysis.

For LC-MS/MS proteomics analysis, prior studies utilized combinations of lysis buffers,
beads, and a sonication step to break open mycobacterial cells and extract proteins.
However, these studies mostly focused on the protein profiling and identification without
further accounting for the biosafety properties of the approach (28, 29). In the current
study, we showed that heat inactivation treatment produced satisfactory protein preser-
vation for downstream proteomics assays. Heating at 95°C for 90 min resulted in higher
numbers of identified proteins compared to shorter time periods. This observation indi-
cates that the loss of proteins is most likely not due to heat-induced protein degradation
and supports similar observations of RNA abundances (17). In response to stress, a
buildup of unfinished ribosomes may be present in the nuclei, termed the “ribosome as-
sembly stress response” (30). Therefore, the unique “accumulation” of ribosomal proteins
found with 90 min of treatment may be a result of the heat stress response. Another pos-
sible hypothesis is that the ribosome component itself may be relatively stable under
heat stress, as was reported in a heat-resistant strain of Escherichia coli (31).

Our study identified a relatively lower number of proteins following the LC/MS-MS
assay in all three groups, compared to previous findings (28, 32, 33), which may have
resulted from the lack of a prefractionation approach to reduce the sample complexity
(34). Generally, this step requires a sufficient amount of material, and the selection of
an appropriate method depends on the study purpose. For in-depth protein character-
ization of M. tuberculosis, a more rigorous method should be employed to improve the
identification and quantification of more peptides and proteins, including those with
lower abundances. In addition, we only examined the laboratory-grown strain H37Rv.
Future studies should aim to observe the biosafety of the heat inactivation method
and protein preservation efficiency for other M. tuberculosis strains, including clinical
specimens.

In summary, we report an approach for inactivating M. tuberculosis by applying heat in
a thermal block. All 6 heat inactivation conditions resulted in the absence of growth for
samples with 1 inoculation loop of biomass in TE buffer. Heating at both 80°C and 95°C
for 90 min resulted in the absence of bacterial growth for samples with 2 loops of bio-
mass in water. Further investigation indicated that heat inactivation of M. tuberculosis at
either 80°C for 90 min or 95°C for 30 min was efficient for species identification using
MALDI-TOF MS assays. A high-throughput LC/MS-MS analysis further revealed compara-
ble protein expression among three different heating periods, confirming that the heat
inactivation protocol is safe and reliable for preserving the protein components of myco-
bacteria. Nevertheless, all mycobacterial inactivation conditions should be evaluated in
the laboratory to validate the in-house biosafety practices of handling mycobacterial
materials.
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MATERIALS ANDMETHODS
Study site. This study was carried out at a biosafety level P2 plus TB laboratory at Wan Fang Hospital,

Taipei Medical University (Taipei, Taiwan). The laboratory received accreditation from the College of
American Pathologists Laboratory Accreditation Program and the Taiwan Accreditation Foundation and
is authorized by the Taiwan Centers for Disease Control to conduct mycobacterial examinations in north-
ern Taiwan.

Specimens and heat inactivation methods. In total, 260 specimens of M. tuberculosis strain H37Rv
were collected for the study. The specimens were cultured in Middlebrook 7H11 medium supplemented
with 2% (vol/vol) glycerol, 0.5% (vol/vol) Tween 80, and 10% (vol/vol) oleic acid-albumin-dextrose-catalase
(OADC) at 37°C for;10 to 14 days prior to the experiment. Two sets of heat inactivation experiments were
conducted for evaluation. For the first set, an inoculation loop of biomass from fresh cultures was harvested
and placed into a snap cap 1.5-mL microcentrifuge tube (SMB-M1540-C; New Taipei City, Taiwan) contain-
ing 400 mL Tris/EDTA buffer (pH 8.0; Thermo Scientific Pierce, Rockford, IL, USA), tightly closed for heating.
Of the 130 specimens, 10 were kept as a positive growth control, and 120 were randomly assigned to six
different heat inactivation methods (with 20 samples per group), in a dry heat thermal block (CLUBIO CB-
1501 dry bath; Taiwan Xinqi Co., Ltd., Taipei, Taiwan): (i) 80°C for 20 min; (ii) 80°C for 30 min; (iii) 80°C for
90 min; (iv) 95°C for 20 min; (v) 95°C for 30 min; and (vi) 95°C for 90 min. The tubes were left to stand for
10 min to allow any aerosols to settle prior to opening. For the second set of experiments, samples were
prepared by placing two inoculation loops of biomass into a microcentrifuge tube with 300mL Milli-Q (MQ)
water. The control and heat inactivation groups were assigned as for the first set.

Confirmation of bacterial inactivation (biosafety evaluation). To assess the inactivation efficacy,
aliquots of 100 and 200 mL from each sample were collected for respective inoculation in LJ medium
and in MGITs (Becton, Dickinson, Sparks, MD, USA). Cultures in LJ medium were kept at appropriate incu-
bation conditions (37°C, 10% CO2; Thermo Fisher Scientific Forma 3950 CO2 Incubator; Marietta, OH,
USA), while the MGITs were incubated in a Bactec MGIT 960 instrument (Becton, Dickinson). All samples
were examined for bacterial growth daily during the first week and weekly thereafter, for a total of
12 weeks. In the positive cultures, Ziehl-Neelsen staining was performed to confirm the presence of
acid-fast bacilli.

Bacterial identification by MALDI-TOF MS. (i) Sample preparation for MALDI-TOF MS. For species
identification with MALDI-TOF MS, we introduced samples from two loopfuls of freshly cultured M. tuber-
culosis H37Rv into a 1.5-mL microtube (SMB-M1540-C) containing 300 mL water. The samples were inac-
tivated as described above using the six heat inactivation methods, 80°C/20 min, 80°C/30 min, 80°C/
90 min, 95°C/20 min, 95°C/30 min, and 95°C/90 min. For each group, six biological replicates were pre-
pared. The following protocol was performed according to the working protocol from Bruker Daltonics
(Bremen, Germany) to identify the mycobacterial isolates (revised 2 January 2013).

Briefly, after removing the supernatant by centrifugation at 13,000 rpm for 2 min, 50 mL water was
added to the pellet, and the microtubes were tightly closed and heated for another 10 min at 95°C in a
thermal block (CLUBIO CB-1501 dry bath). The sample was left to cool prior to opening the cap, 1.2 mL
of cold 100% alcohol (previously stored in a freezer at approximately 218°C to 220°C) was added, and
the mixture was centrifuged at 13,000 rpm for 2 min. Subsequently, we removed all of the supernatant
and left the pellet to dry for 5 min with the tube open to allow the ethanol to completely evaporate.
Using the tip of a small spatula, we added silica beads (0.5-mm zirconia/silica beads) and 20mL pure ace-
tonitrile and mixed the samples well for 20 min by vortexing. We then added 20 mL 70% formic acid and
centrifuged this at 13,000 rpm for 2 min. From each sample, 1 mL supernatant was placed in each of the
96 spots of an MSP96 polished steel target plate (Bruker Daltonics), and these were allowed to dry at
room temperature. Finally, 1 mL HCCA matrix solution (a-cyano-4-hydroxycinnamic acid) was added to
each spot and left to crystallize at room temperature before further analysis by MALDI-TOF MS.
(ii) MALDI-TOF MS analysis. We adapted the Microflex LT MALDI-TOF MS (Bruker Daltonics) to acquire
the spectra in the linear positive-ion mode (with a laser frequency of 60 Hz and a mass/charge ratio [m/
z] of ;2 to 2,000 Da). The protein profile was respectively obtained and analyzed using FlexControl v3.4
and FlexAnalysis v3.4 software (both from Bruker Daltonics). Mycobacteria Library v2.0 was used; it con-
tains 313 mycobacterial protein profiles, representing 131 species.

The quality of spectra generated by the mycobacterial extraction protocol for MALDI-TOF MS was
evaluated according to the following criteria. The software assigned a score of ;0 to 3 and classified the
results into three categories: reliable (species level; $2), probable (genus level; ;1.7 to 1.999), and noni-
dentifiable (,1.7). Identification was proven when a score of $1.70 was obtained and when the identifi-
cation matched at least 5 of the top 10 species identifications provided by MALDI-TOF MS. We consid-
ered a range of ;2.0 to 3.0 as acceptable, and scores of ;1.7 to 2.0 were considered consistent when
the same identification was repeated in most of the 10 possibilities provided by the project. Lower
scores (,1.7) were reported as unreliable identification (35–37).

Label-free proteomics analysis. (i) Protein extraction and digestion. For the proteomics analysis,
we selected three heat inactivation methods, 95°C/20 min, 95°C/30 min, and 95°C/90 min, with three bi-
ological replicates per group. We adapted the modified inactivated mycobacteria bead preparation
method (Bruker Daltonics) as described below. Following heat inactivation, the samples were centri-
fuged (13,000 rpm for 2 min; tabletop microcentrifuge model 3300; Kubota, Japan), and the supernatant
was removed. A new 50-mL fraction of water was added, and the sample was again heated to 95°C for
10 min. After cooling, 1,200 mL cold ethanol was added with a short period of mixing. The supernatant
was removed after centrifuging the sample at 13,000 relative centrifugal force (RCF) for 2 min. Silica
beads (0.5 mm) and 20mL acetonitrile were added, and the sample was vortex mixed for 20 min. The su-
pernatant was collected and quantified using a Pierce bicinchoninic acid (BCA) assay (Thermo Fisher
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Scientific, Rockford, IL, USA) to determine the protein concentration. Thirty micrograms of protein was
subjected to label-free in-solution digestion. Briefly, 200 mL ammonium bicarbonate (50 mM) buffer with
a protease inhibitor (Amresco, Solon, OH, USA) was added to each sample. For protein reduction, 4 mL
dithiothreitol (550 mM) was added, and the sample was heated to 56°C for 45 min. Iodoacetamide (8 mL,
450 mM) was then added, and the sample was incubated at room temperature in the dark for 45 min.
Protein digestion was conducted by adding sequencing-grade trypsin, and the sample was incubated at
37°C overnight. The reaction was finally stopped by adding 20 mL of 10% formic acid. All samples were
desalted using a C18 solid-phase extraction cartridge (Sep-Pak C18 1-cc cartridge; Waters, Dublin,
Ireland) prior to the LC-MS/MS analysis.
(ii) LC-MS/MS analysis. The recovered peptides were diluted in 0.1% formic acid (buffer A) and loaded
onto a reverse-phase column (Zorbax 300SB-C18, 0.3 � 5 mm; Agilent Technologies, Santa Clara, CA,
USA) for the high-performance LC (HPLC) step. Subsequently, we separated the desalted peptides using
a homemade column (HydroRP 2.5 mm, 75 mm inner diameter [i.d.] � 20 cm with a 15-mm tip), with a
multistep gradient of 99.9% acetonitrile/0.1% formic acid (buffer B) solution for 70 min at a flow rate of
0.3 mL/min. The LC system was coupled to the 2D linear ion trap MS (Orbitrap Elite ETD; Thermo Fisher).
MS data were acquired using Xcalibur v2.2 software (Thermo Fisher). The full-scan MS was performed
over a range of ;400 to 2,000 Da, and the resolution was set at 120,000 at m/z 400. We initiated internal
calibration by setting the ion signal of protonated dodecamethylcyclohexasiloxane ions to m/z
536.165365 as the lock mass. An additional MS scan was performed for the 12 most abundant precursor
ions after obtaining the 12 data-dependent MS/MS scan events in the preview MS scan. The m/z values
selected for MS/MS were dynamically excluded for 60 s with a relative mass window of 15 ppm. The
electrospray voltage was set to 2.0 kv and the capillary temperature to 200°C. MS and MS/MS automatic
gain control were fixed at 1,000 ms (full scan) and 300 ms (MS/MS) or 3 � 106 ions (full scan) and
3 � 104 ions (MS/MS) for the maximum accumulated time or ions, respectively.
(iii) Protein identification and quantification. The raw data from the LC-MS/MS analysis were analyzed
using MaxQuant v1.6.7.0 software (http://maxquant.org/) (38) and searched against the UniProt
Mycobacterium tuberculosis H37Rv FASTA databases (3,993 total entries, downloaded on 2 February 21)
using the built-in Andromeda search engine (39). The following search parameters were set: trypsin with
full specificity and a maximum of two missed cleavages for enzyme properties, a precursor mass window
of 6 ppm, a precursor mass tolerance of 20 ppm, fixed modification of carbamidomethylation (C) of cys-
teines, variable modifications of methionine oxidation, and protein N-terminal acetylation. Stringent cri-
teria for peptide-spectrum match (PSM) and a protein FDR of 1% were applied. Hits that were identified
only by site, found in decoy or contaminant lists, or identified with fewer than two peptides were
excluded. Label-free quantification was performed with MaxQuant software as previously described (40).
Protein abundances were calculated using the normalized spectral protein intensity (label-free quantifi-
cation [LFQ] intensity). Only proteins identified in at least two samples were included in the analysis.
Statistical analyses that compared the difference between each heat inactivation time group were per-
formed using an unpaired t test.
(iv) Functional enrichment analysis. Quantified proteins were subjected to functional analyses using
Gene Ontology (GO; release 1 June 2019) (41, 42) for annotation of the biological processes, molecular
functions, and cellular components. Annotations with P , 0.05 were considered significant.

Data availability. The mass spectrometry proteomics data were deposited at the ProteomeXchange
Consortium via the PRIDE (43) partner repository under the data set identifier PXD027011.
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