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Abstract

Despite being the subject of intensive research, tuberculosis, caused by Mycobacterium
tuberculosis, remains at present the leading cause of death from an infectious agent. Secreted
and cell wall proteins interact with the host and play important roles in pathogenicity. These
proteins are explored as candidate diagnostic markers, potential drug targets or vaccine anti-
gens, and more recently special attention is being given to the role of their post-translational
modifications. With the purpose of contributing to the proteomic and glycoproteomic charac-
terization of this important pathogen, we performed a shotgun analysis of culture filtrate pro-
teins of M. tuberculosis based on a liquid nano-HPLC tandem mass spectrometry and a label-
free spectral counting normalization approach for protein quantification. We identified 1314 M.
tuberculosis proteins in culture filtrate and found that the most abundant proteins belong to the
extracellular region or cell wall compartment, and that the functional categories with higher
protein abundance factor were virulence, detoxification and adaptation, and cell wall and cell
processes. We could identify a group of proteins consistently detected in previous studies,
most of which were highly abundant proteins. In culture filirate, 140 proteins were predicted to
contain one of the three types of bacterial N-terminal signal peptides. Besides, various pro-
teins belonging to the ESX secretion systems, and to the PE and PPE families, secreted by
the type VIl secretion system using nonclassical secretion signals, were also identified. O-gly-
cosylation was identified in 46 proteins, many of them lipoproteins and cell wall associated
proteins. Finally, we provide proteomic evidence for 33 novel O-glycosylated proteins, aiding
to the glycoproteomic characterization of relevant antigenic membrane and exported proteins.
These findings are expected to collaborate with the research on pathogen derived biomarkers,
virulence factors and vaccine candidates, and to provide clues to the understanding of the
pathogenesis and survival strategies adopted by M. tuberculosis.
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Introduction

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB) remains a major public
health threat. According to the last Global Tuberculosis Report published by the World Health
Organization (WHO) an estimate of 10 million people developed TB disease in 2018. More-
over, TB is at present the leading cause of death from a single infectious agent, causing an esti-
mated 1.2 million deaths among HIV-negative people and approximately 250 thousand deaths
among HIV-positive people [1]. Although TB diagnosis and successful treatment averts mil-
lions of deaths each year, there are still large and persistent gaps related to this infection that
must be resolved in order to accelerate progress towards the goal of ending the TB epidemic
endorsed by WHO [1].

M. tuberculosis (MTB) has evolved successful mechanisms to circumvent the hostile envi-
ronment of the macrophage, such as inhibiting the phagosome-lysosome fusion and to escape
the acidic environment inside the phagolysosome [2]. MTB may be unique in its ability to
exploit adaptive immune responses, through inflammatory lung tissue damage, to promote its
transmission [3]. It has been proposed that this microorganism was pressed by an evolutionary
selection that resulted in an infection that induces partial immunity, where the host survives a
long period after being infected with the pathogen, aiding in microorganism persistence and
transmission [3]. MTB mechanisms of evasion of host immune system were proposed to have
consequences in the design of TB vaccines [3] and to be in part responsible of the poor perfor-
mance of immune-based diagnostic tools [4,5].

The cell envelope and secreted components of MTB are among the bacterial molecules
most commonly described as potential biomarkers of the infection, or involved in host
immune evasion. Mycobacteria possess a remarkably complex cell envelope consisting of a
cytoplasmic membrane and a cell wall. These constitute an efficient permeability barrier that
plays a crucial role in intrinsic drug resistance and contributes to the resilience of the pathogen
in infected hosts [6]. Membrane and exported proteins are crucial players for maintenance
and survival of bacterial organisms, and their contribution to pathogenesis and immunological
responses make these proteins relevant targets for medical research [7]. In particular, these
proteins are known to play pivotal roles in host-pathogen interactions and, therefore, represent
potential drug targets and vaccine candidates [8].

The bulk of exported proteins in mycobacteria are transported by the general secretory Sec-
translocase pathway. This is performed by recognition of the signal peptide in the nascent pre-
protein, which is subsequently transferred in an unfolded state to the machinery that executes
its translocation across the membrane [9,10]. As in other bacteria, a further protein export sys-
tem of mycobacteria is the Tat pathway, which exports folded preproteins with N-terminal
signal peptides containing a twin-arginine motif [10]. Besides, mycobacteria utilize the special-
ized type VII secretion systems (T7SS) to export many of their important virulence proteins.
The T7SS encompasses five homologous secretion systems (designated ESX-1 through ESX-5).
Most pathogenic mycobacterial species, including the human pathogen M. tuberculosis, pos-
sess all five ESX systems [11,12]. The ability of MTB to subvert host immune defenses is related
to the secretion of multiple virulence factors via the specialized T7SS [12].

Recent developments in mass spectrometry-based proteomics have highlighted the occur-
rence of numerous types of post-translational modifications (PTMs) in proteomes of prokary-
otes which create an enormous diversity and complexity of gene products [13]. This PTMs,
mainly glycosylation, lipidation and phosphorylation, are involved in signaling and response
to stress, adaptation to changing environments, regulation of toxic and damaged proteins, pro-
tein localization and host-pathogen interactions. In MTB, more frequently O-glycosylation
events have been reported [14], being this post-translational modification often found, in
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conjunction with acylation, in membrane lipoproteins [15]. A mechanistic model of this modi-
fication was proposed in which the initial glycosyl molecule is transferred to the hydroxyl
oxygen of the acceptor Thr or Ser residue, a process catalyzed by the protein O-mannosyl-
transferase (PMT) (Rv1002c) [16]. Hereafter, further sugars are added one at a time, a process
that in M. smegmatis was reported to be catalyzed by the mannosyltransferase PimE (encoded
by the gene Msmeg 5149, homologous to the gene Rv1159 in M. tuberculosis) [17]. Sec-depen-
dent secretion has been proposed to be linked to O-glycosylation [16], and this modification
appears essential for MTB virulence, since Rv1002¢ deficient strains are highly attenuated in
immunocompromised mice [17].

Despite the vital importance of glycosylated proteins in MTB pathogenesis, the current
knowledge in this regard is still limited, and in culture filtrates of this pathogen a few secreted
and cell wall-associated glycoproteins have been identified to date [15,18,19]. Initial evidence
confirmed eight lipoprotein sequences of MTB proteins which conferred concanavalin A
(ConA) binding to a chimeric reporter protein, including Apa (Rv1860), LpqH (Rv3763),
Mpt83 (Rv2873) and PstS1 (Rv0934) [20]. Regarding the identification of O-glycosylated pro-
teins in MTB secreted proteins a glycoproteomic approach reported 41 putative mannosylated
proteins, being many of them lipoproteins, after ConA chromatography enrichment and 2D
gel electrophoresis [18]. In a more recent glycoproteomic approach a ConA enrichment tech-
nique combined with the use of different collision energy dissociation techniques, allowed the
identification of O-glycosylation sites in 13 MTB proteins [19], including Apa (Rv1860), 6 pro-
teins found in the former screen using ConA chromatography [18] and 6 novel glycoproteins.
Recent evidence using whole cell extracts revealed that glycosylation could be much more fre-
quent than previously thought, explaining the phenotypic diversity and virulence in the Myco-
bacterium tuberculosis complex [14].

In this study we describe a straightforward methodology based on a high throughput label-
free quantitative proteomic approach in order to provide a comprehensive identification,
quantification and evaluation of the extent of O-glycosylation of proteins in M. tuberculosis
H37Rv culture filtrate. The results presented here make focus on the principal exported and
secreted virulence factors with the aim to contribute to a deep proteomic and glycoproteomic
characterization of this relevant pathogen and to collaborate to a better understanding of the
pathogenesis and survival strategies adopted by MTB.

Materials and methods
Mycobacterial strain and growth conditions

Mycobacterium tuberculosis H37Rv strain (ATCC®™ 25618™) was grown for 3 weeks at 37°C in
Lowenstein Jensen solid medium and after growth was achieved it was subcultured in Mid-
dlebrook 7H9 broth supplemented with albumin, dextrose, and catalase (ADC) enrichment
(Difco, Detroit, MI, USA) for 12 days with gentle agitation at 37°C. Mycobacterial cells were
pelleted at 4000xg for 15 min at 4°C and washed 3 times with cold phosphate-buffered saline.
Mycobacterial cells were subsequently cultured as surface pellicles for 3 to 4 weeks at 37°C
without shaking in 250 mL of Sauton minimal medium, a synthetic protein-free culture
medium, which was prepared as previously described [21].

Culture filtrate protein preparation

Bacterial cells were removed by centrifugation and culture filtrate protein (CFP) was prepared
by filtering the supernatant through 0.2 uM pore size filters (Millipore, USA). After sterility
testing of CFP in Mycobacteria Growth Indicator Tube (MGIT) supplemented with MGIT
960 supplement (BD, Bactec) for 42 days at 37°C in BD BACTEC™ MGIT™ automated
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mycobacterial detection system, CFP was concentrated using centrifugal filter devices (Macro-
sep Advance, 3kDa MWCO (Pall Corporation, USA)). Concentrated CFP was buffer
exchanged to phosphate-buffered saline and total protein concentration was quantified by
BCA (Pierce BCA Protein Assay Kit, Thermo Fischer Scientific). M. tuberculosis concentrated
CFP samples diluted in SDS-PAGE loading buffer were loaded onto 15% SDS-PAGE and silver
nitrate staining was performed as described elsewhere [22].

Liquid chromatography tandem mass spectrometry (LC MS/MS)

Two replicas of M. tuberculosis CFP (25 pg) were loaded in SDS-PAGE 15% and stained with
CBB G-250 as described elsewhere [23]. Six gel slices were excised from each lane according to
protein density. In-gel Cys alkylation, in gel-digestion and peptide extraction was performed
as described before [24]. Tryptic peptides were separated using nano-HPLC (UltiMate 3000,
Thermo Scientific) coupled online with a Q-Exactive Plus hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Fischer Scientific). Peptide mixtures were injected into a trap column
Acclaim PepMap 100, C18, 75 um ID, 20 mm length, 3 um particle size (Thermo Scientific)
and separated into a Reprosil-Pur 120 C18-AQ, 3 um (Dr. Maisch) self-packed column (75um
ID, 49 cm length) at a flow rate of 250 nL/min. Peptide elution was achieved with 105 min
gradient from 5% to 55% of mobile phase B (A: 0.1% formic acid; B: 0.1% formic acid in 80%
acetonitrile). The mass spectrometer was operated in data-dependent acquisition mode with
automatic switching between MS and MS/MS scans. The full MS scans were acquired at 70K
resolution with automatic gain control (AGC) target of 1 x 10° ions between m/z = 200 to
2000 and were surveyed for a maximum injection time of 100 milliseconds (ms). Higher-
energy collision dissociation (HCD) was used for peptide fragmentation at normalized colli-
sion energy set to 30. The MS/MS scans were performed using a data-dependent top12 method
at a resolution of 17.5K with an AGC of 1 x 10° ions at a maximum injection time of 50 ms
and isolation window of 2.0 m/z units. A dynamic exclusion list with a dynamic exclusion
duration of 45 s was applied.

LC-MS/MS data analysis

LC-MS/MS data analysis was performed in accordance to the PatternLab for proteomics 4.0
software (http://www.patternlabforproteomics.org) data analysis protocol [25]. The proteome
(n = 3993 proteins) from M. tuberculosis (Reference strain ATCC 25618/H37Rv
UP000001584) was downloaded from Uniprot (March 2017) (https://www.uniprot.org/
proteomes/). A target-reverse data-base including the 123 most common contaminants was
generated using PatternLab’s database generation tool. Thermo raw files were searched against
the database using the integrated Comet [26] search engine (2016.01rev.3) with the following
parameters: mass tolerance from the measured precursor m/z(ppm): 40; enzyme: trypsin,
enzyme specificity: semi-specific, missed cleavages: 2; variable modifications: methionine
oxidation; fixed modifications: carbamidomethylation of cysteine. Peptide spectrum matches
were then filtered using PatternLab’s Search Engine Processor (SEPro) module to achieve a
list of identifications with less than 1% of false discovery rate (FDR) at the protein level [27].
Results were post-processed to only accept peptides with six or more residues and proteins
with at least two different peptide spectrum matches. These last filters led to a FDR at the pro-
tein level lower than 1% for all search results. Proteins were further grouped according to a
maximum parsimony criteria in order to identify protein clusters with shared peptides and to
derive the minimal list of proteins [28]. Spectrum counts of proteins identified in each techni-
cal replicate were statistically compared with paired Mann-Whitney test.
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For the O-glycosylation analysis raw files were searched against the same database using the
parameters described above with the addition of the following variable modifications in S or
T amino acid residues: Hex = 162.052824 Da, Hex-Hex = 324.1056 Da or Hex-Hex-
Hex = 486.1584 Da. Monoisotopic mass of each neutral loss modification was defined in
Comet search engine according to the values recorded in Unimod public domain database
(http://www.unimod.org/). Each O-glycosylation was tested independently and a maximum
of 2 modifications per peptide was allowed.

Peptide spectrum matches were filtered and post-processed using SEPro module, using the
same parameters as described above and proteins were grouped according to a maximum par-
simony criteria [28].

Protein analysis

Identified proteins in each replicate were compared by area-proportional Venn Diagram com-
parison (BioVenn [29]) and a list of common proteins was generated. Further analysis only
considered proteins present in both replicates of LC MS/MS analysis. SEPro module retrieved
a list of protein identified with Uniprot code. Molecular weight, length, complete sequence,
gene name and M. tuberculosis locus identified (Rv) was obtained using the Retrieve/ID map-
ping Tool of Uniprot website (https://www.uniprot.org/uploadlists/) [30]. Protein functional
category was obtained by downloading M. tuberculosis H37Rv genome sequence Release 3
(2018-06-05) from Mycobrowser website (https://mycobrowser.epfl.ch/) [31].

Protein O-glycosylation analysis

Proteins bearing O-glycosylated peptides in both replicates were compared by area-propor-
tional Venn Diagram comparison (BioVenn [29]) and a list of common glycosylated proteins
for each of the analyzed modifications, i.e. Hex, Hex-Hex and Hex-Hex-Hex, was generated.
Further analysis was manually performed in order to identify common modified peptides in
the list of common glycosylated proteins, as well as common modifications (as 1 peptide could
contain up to two modifications). As a result of this analysis a list of proteins with common
modifications was generated, consisting in proteins having the same modified peptide in both
replicates. This list of O-glycosylated proteins was considered for subsequent analysis. For O-
glycosylation site assignation the utility XDScoring of Patternlab for proteomics developed for
statistical phosphopeptide site localization [32], was preliminary tested in our data.

Signal peptide and transmembrane helices prediction

In order to identify potentially secreted proteins, the SignalP 5.0 Server (http://www.cbs.dtu.
dk/services/SignalP/) was used to detect the presence of N-terminal signal sequences in the
analyzed set of proteins. The organism group selected was gram-positive bacteria. This version
of the Server, recently launched, incorporates a deep recurrent neural network-based approach
that improves signal peptide (SP) prediction across all domains of life and classify them into
three type of prokaryotic signal peptides: Sec/SPI (SP): standard secretory signal peptides
transported by the Sec translocon and cleaved by Signal Peptidase I, Sec/SPII (LIPO): lipopro-
tein signal peptides transported by the Sec translocon and cleaved by Signal Peptidase II and
Tat/SPI (TAT): signal peptides transported by the Tat translocon and cleaved by Signal Pepti-
dase I [33]. If a signal peptide is predicted, the cleavage site (CS) position is also reported. M.
tuberculosis H37Rv reference proteome (UP000001584) obtained from UniProt was also sub-
mitted to SignalP 5.0 signal peptide prediction [33]. Transmembrane helices in protein
sequences were predicted by the TMHMM 2.0 algorithm (http://www.cbs.dtu.dk/services/
TMHMMY/).
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Estimation of protein abundance and comparative analysis

To estimate protein abundance Normalized Spectral Abundance Factor (NSAF) calculated
with PatternLab for proteomics software was considered. NSAF allows for the estimation of
protein abundance by dividing the sum of spectral counts for each identified protein by its
length, thus determining the spectral abundance factor (SAF), and normalizing this value
against the sum of the total protein SAFs in the sample [34,35]. Proteins were ordered accord-
ing to their NSAF. NSAF values corresponding to percentile 75th, 90th and 95th were calcu-
lated, and the groups of proteins above these values were identified as P75%, P90% and P95%
proteins, respectively. The list of proteins obtained in this study was compared with other
proteomic studies [9,36,37] by Venn Diagram comparison (Venny 2.1, BioinfoGP [38]) and
NSAF of proteins identified in all studies, 3 studies, 2 studies or only this study were statisti-
cally compared with unpaired Mann-Whitney test. The protein abundance determined for
CFP identified in this study (NSAF) was compared with the protein abundance calculated for
M. tuberculosis proteins identified in a previous study using the exponentially modified protein
abundance index (emPAI) [9].

Protein classification

Gene Onthology (GO) analysis of the culture filtrate proteins was performed with David Gene
Functional Classification Tool [39,40] using the Cellular Component Ontology database and
total proteins of M. tuberculosis H37Rv (NCBI:txid83332) as background. With this analysis
principal categories of enriched terms (p<0.05) for P75%, P90%, P95% and total proteins were
determined. Functional classification of culture filtrate proteins was performed according to
functional categories of M. tuberculosis database Mycobrowser [31].

Proteins with O-glycosylation modifications were analyzed with David Gene Functional
Classification Tool [39,40] using Cellular Component, Biological Processes and Molecular
functions Ontology database and total proteins of M. tuberculosis H37Rv (NCBI:txid83332)
as background.

O-glycosylation validation

The same analytical workflow described for O-glycosylation analysis of our data was per-
formed using the raw data files deposited at the ProteomeXchange Consortium with the data-
set identifier PXD000111 [37]. This analysis was performed in order to compare the modified
peptides identified in our work against additional biological replicates obtained in a previous
work that extensively characterized culture filtrate proteins of M. tuberculosis H37Rv [37].
Additionally, some relevant scans corresponding to glycosylated peptides were searched in
Mascot Server MS/MS Ions Search (Mascot, Matrix Science Limited [41]). Search was per-
formed against NCBIprot (AA) database of all taxonomies. Search parameters were defined as
peptide mass tolerance: + 10 ppm, MS/MS mass tolerance: £ 0.15 Da, enzyme: semiTrypsin,
fixed modifications: Carbamidomethyl (C), variable modifications: Hex (ST), Hex(2) (ST) or
Hex(3) (ST), according to the searched modification. Other parameters were set to default
values.

Results and discussion
Characterization of culture filtrate proteins using LC MS/MS

M. tuberculosis H37Rv was cultured following a classical method using Sauton minimal
medium, a synthetic protein-free culture medium compatible with proteomic downstream
analysis [21] and four different batches of culture filtrate proteins (CPF) were analyzed by gel
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electrophoresis and silver nitrate staining. An electrophoretic pattern showing a variety of pro-
teins from approx. 10 kDa to 100 kDa was observed (S1A Fig). As similar patterns were
observed with the different CFP preparations a composed sample was prepared for LC MS/MS
analysis. A high throughput analysis was performed using a shotgun quantitative approach
based on a liquid nano-HPLC and tandem mass spectrometry workflow. The proteins present
in two technical replicates were resolved in SDS-PAGE and 6 different portions of each lane
were further selected for LC MS/MS analysis (S1B Fig). For further analysis, each lane was
batch-processed, including the different portions analyzed, in order to visualize the whole
protein composition of culture filtrate. 1427 (0.28% FDR) and 1429 (0.41% FDR) different
MTB proteins were detected in CFP(1) and CFP(2), respectively (S1 Table). The mass spec-
trometry proteomics data (raw data and search files) have been deposited at the MassIVE
repository with the dataset MSV000084184 and announced via ProteomeXchange PXD014964
(doi:10.25345/C5PW8Q).

Qualitative comparison of both datasets using a Venn Diagram bioinformatic tool showed
that 1314 MTB proteins (92%) were shared between both replicates (S1C Fig) and spectrum
counts quantitative comparison showed that there were not statistical differences among them
(S1D Fig). The full list of 1314 common proteins, which was used for further analysis, is provided
in S1 Table. Proteins showed a wide distribution of molecular weights, however most of them
were of low molecular weight (median 31.97 kDa, Q1 21.25 kDa, Q3 46.50 kDa), which was con-
sistent with the profile observed in S1A and S1B Fig. Previous research has shown that the vast
majority of protein spots resolved in 2D gel electrophoresis of M. tuberculosis H37Rv CFP were
found in the molecular weight range of 6-70 kDa [21]. Moreover, consistent with our results,
proteins identified by LC-MS/MS in a well characterized CFP, showed that the majority of the
proteins were found in the 10-50 kDa range, with an average theoretical mass of 31.0 kDa [36].

Protein classification using a quali-quantitative analysis

Quantitative proteomics based on spectral counting methods are straightforward to employ
and have been shown to correctly detect differences between samples [42]. In order to consider
sample-to-sample variation obtained when carrying out replicate analyses, and the fact that
longer proteins tend to have more peptide identifications than shorter proteins, Patternlab

for Proteomics software uses NSAF (Normalized spectral abundance factor) [43] for spectral
counting normalization. NSAF was shown to yield the most reproducible counts across techni-
cal and biological replicates [34]. Using the sum of NSAF of both replicates (Total NSAF,
included in S1 Table) the common list of CFP was ordered according to protein abundance
and arbitrarily grouped in 4 subgroups (P95%, P90%, P75% and total CFP), consisting of 66,
132, 329 and 1314 proteins, respectively. P95% comprised proteins above 95th percentile
NSAF, thus representing the most abundant proteins in the sample. P90% and P75% com-
prised proteins above 90th and 75th percentile, respectively. These subgroups of proteins were
functionally classified using Gene Ontology, Cellular Component analysis, and principal cate-
gories of enriched terms (p<0.05) were determined (Fig 1A). Considering the subgroup of
total CFP proteins 4 principal categories (cell wall, cytoplasm, extracellular region and plasma
membrane) were similarly enriched with respect to M. tuberculosis H37Rv total proteins used
as background (fold change 1.5, 1.5, 1.2 and 1.1, respectively). However, when considering the
subgroups of more abundant proteins, the categories cell wall and extracellular region showed
a marked increase of fold enrichment with protein abundance, achieving these categories in
P95% subgroup a fold enrichment of 2.9 (p = 8.3e-18) and 3.1 (p = 2.0e-8), respectively. This
tendency was not observed in cytoplasm and plasma membrane categories. Thus, our analysis
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A. Gene Ontology analysis of M. tuberculosis CFP B. Functional categories of M. tuberculosis CFP
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Fig 1. Quali-quantitative protein classification. (1A) Fold change of principal categories of enriched terms (p<0.05) obtained
analyzing common proteins with David Gene Functional Classification Tool [39,40] using the Cellular Component Ontology
database and M. tuberculosis H37Rv total proteins as background. Proteins were ordered considering normalized spectral
abundance factor (NSAF) and percentile 75th, 90th and 95th NSAF were calculated. Fold change of the lists above each defined
percentile (P75%, P90% and P95% proteins) analyzed using the same approach is shown. (1B) Functional categories of CFP
according to M. tuberculosis database Mycobrowser [31]. Bars represent number of proteins corresponding to each category
(number is indicated above each bar, scale in left axe) and dots represent mean NSAF of proteins in each category (scale is
indicated in right axe).

https://doi.org/10.1371/journal.pone.0221837.g001

indicates that the subgroups of more abundant proteins contained mainly proteins of extracel-
lular region and cell wall compartment.

The annotated M. tuberculosis H37Rv proteins have been classified into 12 distinct func-
tional categories in the M. tuberculosis database Mycobrowser [31]. Functional classification of
proteins identified in this study showed that proteins were distributed across ten of those func-
tional groups (Fig 1B). Most of the identified proteins are involved in intermediary metabo-
lism and respiration (35.9%). However, when protein abundance is considered, the category
with the highest protein mean NSAF is virulence, detoxification, adaptation followed by cell
wall and cell processes (Fig 1B). In particular, enzymes involved in detoxification of reactive
oxygen intermediates (KatG (Rv1908c), SodA (Rv3846) and TxP (Rv1932)), which participate
in the resistance of the bacterium to the oxidative stress inside host cells [44,45], are represen-
tatives of this functional category and belong to P95% protein subgroup.

Considering the search for pathogen-derived biomarkers for M. tuberculosis active diagno-
sis, we looked in the list of CFP for principal protein antigens detected in clinical samples [46],
confirming the presence of 11 out of 12. Moreover, these putative biomarkers exhibited on
average a high NSAF, being 10 of them in the P90% subgroup. This information however,
should be taken into account cautiously, since biomarkers related to pathogen infection may
not necessarily correspond to in vitro culture highly-expressed proteins.

In sum, the quali-quantitative analysis of the LC MS/MS analysis presented here served to
evidence a global correlation between highly secreted proteins and their biological implication
in key pathways related to mycobacterial pathogenicity. Particular stress or starvation in vitro
conditions [37], hypoxic or non-replicative persistence models, different MTB lineages, native
and mutant strains, as well as outbreak-related clinical isolates could be confidently analyzed
and compared by means of this approach, bringing answers to scientific questions related to
MTB virulence, persistence and drug resistance.

Prediction of secreted proteins

Given the results obtained the question arises whether the presence of certain proteins in CFP
is due to bacterial leakage/autolysis in combination with high levels of protein expression and
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extracellular stability, rather than to protein-specific export mechanisms. Using SignalP 5.0
peptide prediction server [33] a total of 392 proteins were predicted to have one type of signal
peptide in M. tuberculosis proteome (207 SP, 113 LIPO and 72 TAT). Of those we identified
140 in CFP (62 SP, 53 LIPO and 25 TAT), being many of them known secreted proteins, par-
ticularly FbpA (Rv3804c), FbpB (Rv1886¢), FbpC (Rv0129c), Apa (Rv1860), Mpt64 (Rv1980c),
PstS1 (Rv0934), LpqH (Rv3736), among others (S2 Table).

To export proteins across its unique cell wall, besides the signal-sequence-dependent secre-
tory pathways, mycobacteria utilize up to five distinct ESX secretion systems (designated ESX-
1 through ESX-5, referred to as the type VII secretion system: T7SS), with various functions in
virulence, iron acquisition, and cell surface decoration [11]. The ESX-1 system was the first of
the T7SS to be identified and is responsible for the secretion of EsxA (6 kDa early secretory
antigenic target, ESAT-6, Rv3875) and EsxB (Rv3874) [47]. Proteins belonging to ESX secre-
tion systems gene clusters as well as closely related PE and PPE multigene families are M.
tuberculosis secreted proteins that do not have classical secretion signals [12,48]. PE and PPE
proteins are acidic, glycine-rich proteins, that are unique to mycobacteria, and significantly
expanded in slow-growing pathogenic mycobacteria [48,49]. The T7SS is responsible of the
export of PE and PPE proteins, mainly through the ESX-5 system [10,50]. We identified in
CFP several proteins of ESAT-6 family, including EsxA (Rv3875) and EsxB (Rv3874), and
various proteins of ESX-1 secretion system which count with experimental evidence of being
secreted [30]. None of those were predicted by SignalP to contain a signal peptide (S2 Table).
Finally, we detected 8 PE and PPE family proteins in our sample, from which 3 were predicted
to have a signal peptide (52 Table).

The presence in our CFP sample of several leaderless proteins, many of them with high
level of expression, could reflect some extent of bacterial autolysis. Indeed, different autolysis
markers were detected in our protein list, including GroEL (Rv0440), L-lactate dehydrogenase
(Rv1872c), isocitrate dehydrogenase (Rv3339c¢) [51], glutamine synthetase GlnA1 (Rv2220),
superoxide dismutase SodA (Rv3846), bacterioferritin Bfr (Rv1876) and malate dehydrogenase
Mdh (Rv1240) [52]. In particular, the presence of SodA and GInAl1 in culture filtrate of actively
growing MTB culture was described as not due to a protein-specific export mechanism, but
rather to bacterial leakage or autolysis. The extracellular abundance of these enzymes was addi-
tionally related to their high level of expression and stability [52].

In summary, various proteins with signal peptides were detected in our sample and several
other proteins related to T7SS were identified. The SignalP 5.0 server was a suitable approach
in order to predict secreted proteins with classical signal peptides but it has limitations to ana-
lyze proteins bearing non-classical secretion signals. Besides, different autolysis protein mark-
ers were identified, evidencing certain degree of bacterial lysis probably combined with high
protein expression and extracellular stability.

Integrative analysis with previous proteomic studies

Former research studies, which used different and complementary approaches to characterize
M. tuberculosis H37Rv CFP, were compared against our results [9,36,37]. Malen et al. evaluated
a culture filtrate of M. tuberculosis H37Rv, considerably enriched for secreted proteins and
identified 257 proteins (254 annotated with Rv identifier) [36]. Later, de Souza et al. performed
a proteomic screening of proteins in culture filtrate, membrane fraction and whole cell lysate
of M. tuberculosis, identifying 2182 proteins in the different fractions, and specifically 458 pro-
teins in CFP [9]. In a recent report, Albrethsen et al. characterized the culture filtrate proteome
of M. tuberculosis H37Rv bacteria in normal log-phase growth and after 6 weeks of nutrient
starvation and detected 1362 different proteins [37]. Through this comparison we evidenced a
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common group of 122 proteins consistently detected (S2A Fig). Among them, 41 belong to
the P90% subgroup indicating that these are highly abundant proteins (S3 Table). Several
relevant proteins in terms of their implication in virulence, vaccine design and diagnosis are
included in this common group (S3 Table). Besides, in this group, 50% of the proteins were
predicted to have one type of signal peptide, whereas in the group of 221 particular proteins
(not identified in the 3 studies considered in the comparison) less than 6% (n = 13) of the
proteins were predicted as having a secretion signal peptide (S3 Table). Particular proteins
were mostly classified as related to intermediate metabolism and respiration (n = 62), a fact
that could indicate that most are cytoplasmatic proteins, observed in CFP due to bacterial
lysis. However, interestingly, 18 particular proteins were classified as related to cell wall and
cell processes, including some proteins of the T7SS systems, and this category exhibited the
highest protein mean NSAF (S3 Table), consistent with their preferred location in culture
filtrate.

Proteins identified in the four studies (N = 4) are on average more abundant than proteins
identified in the other groups analyzed (N =3, N =2 or N = 1) (S2B Fig). Moreover, proteins
identified in at least 2 studies (N = 3 or N = 2) are globally more abundant than proteins identi-
fied exclusively in the present work. The fact that proteins identified only in this study are
mostly predicted as not having signal peptide, as well as poorly abundant, confirmed that bac-
terial lysis occurred during culture. It is important however to note that all autolysis markers
identified in our sample were found in at least one of the previous studies, suggesting that bac-
terial lysis is a common observation in MTB culture filtrate.

By comparing our data against the proteomic quantitative approach performed by de Souza
et al [9] we identified a subgroup of highly represented proteins consisting of those also pres-
ent in the three fractions studied by them, i.e. culture filtrate, membrane fraction and whole
cell lysate. This subgroup accounted for 43.2% of protein abundance expressed as NSAF in this
work and 29.2% of emPAI calculated by the cited research (54 Table).

As a whole these observations show that the CFP prepared in the present work exhibited
a good correlation with previous studies, both in terms of qualitative proteomic composition
as well as in relation to the quantitative estimation of protein abundance. Proteins highly
represented in our sample are proteins either frequently identified by others using comple-
mentary approaches in culture filtrates of MTB, and thus confirming that our sample is
enriched in proteins that the bacteria does secrete, or ubiquitously detected in different M.
tuberculosis cellular fractions, indicating that these could represent highly expressed
proteins.

By this integrative analysis we evidenced 30 proteins not annotated with proteomic data
in Mycobrowser website (Release 3 (2018-06-05)) [31] (S5 Table). This list, principally
composed by proteins classified as conserved hypotheticals, includes the ESX-3 secretion-
associated protein EspG3 (Rv0289) identified with 4 unique peptides in CFP(1) and 5
unique peptides in CFP(2) and the Two component sensor histidine kinase DosT
(Rv2027c¢) identified with 2 unique peptides in each replicate. The information presented
here is expected to be included in this relevant mycobacterial database in order to be easily
available to research community. Further comparison of these proteins with the results
obtained in a proteome-wide scale approach based on SWATH mass spectrometry [53]
allow us the identification, to the best of our knowledge, of 8 proteins without previous
evidence of expression at the protein level. All of them were identified with at least two
unique peptides (S5 Table). Sequence coverage and peptide spectra of possible toxin
MazF7 (Rv2063A), a ribonuclease belonging to toxin-antitoxin system [54], and Acyl car-
rier protein (ACP) MbtL (Rv1344), an enzyme thought to be involved in fatty acid biosyn-
thesis [55], are presented in S3 Fig.
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O-glycosylation analysis

To conclude our integrative analysis of MTB culture filtrate, the presence of O-mannosylated
proteins was evaluated. To this date, only mannose has been fully validated as the sugar deco-
rating glycosylated proteins in M. tuberculosis. Although the pentose sugar arabinose, as well
as other hexose sugars like galactose or glucose, were described as a potential glycan in 45 kDa
antigen (Apa (Rv1860) [56], only mannose was confirmed as the covalently bounded sugar
[15,57]. Recently, in proteins derived from MTB whole cell extracts other O-linked sugars, as
well as several N-glycosylation events, were reported [14]. However, no further validation of
the newly identified sugars is currently available [15]. Taken this into account, our analysis
was restricted to the evaluation of peptides containing hexoses and multi hexose modifications
(up to 3 hexoses at each glycosylation site) [15,57].

Our rationale was that the nano LC MS/MS technology used in this work, by having more
than four orders of magnitude intrascan dynamic range and a femtogram-level sensitivity,
would allow the direct identification of modified peptides, without affinity-based strategies for
glycosylated protein enrichment. A similar approach was exploited to evaluate the whole cell
lysate of different MTB lineages [14], and in a complementary way the present work evaluated
glycosylation of non-previously enriched culture filtrate proteins.

O-glycosylation profile analysis revealed the presence of 69 common glycosylation events
in 61 common modified peptides in both replicas of MTB culture filtrate (Table 1). The O-gly-
cosylated common peptides were identified in 167 scans, consisting in at least 2 scans per pep-
tide (1 scan per replica) and a maximum of 8 scans in the case of Hex-Hex-Hex modification
of Alanine and proline rich secreted protein Apa (Rv1860) (S6 Table). In many cases the
unmodified peptide was identified along with the modified peptide, indicating that glycosy-
lated and unglycosylated proteins isoforms are present (some examples are shown in S4 Fig),
as was reported for the conserved lipoprotein LprG [58].

O-glycosylation modifications were detected in 46 different MTB culture filtrate proteins
including 7 lipoglycoproteins (S6 Table). 23 of the O-glycosylated proteins presented at least 3
scans of the modified peptide and 7 exhibited more than one of the searched modifications
(Fig 2A). Of those, 10 proteins have previous evidence of being mannosylated, summarized in
Mehaffy et al [15], and 3 additional proteins (HtrA (Rv1223), DsbF (Rv1677) and Wag31
(Rv2145c¢)) were found with the same modification in a later report [14]. It is Interesting to
highlight the high number of scans of modified peptides corresponding to Apa (Rv1860), a
largely characterized secreted mannosylated glycoprotein [56,57]. It is currently believed that
mannosylated proteins can act as potential adhesins and it was demonstrated that Apa is asso-
ciated with the cell wall and binds lung surfactant protein A (SP-A) and other immune system
C-TLs containing homologous functional domains [59]. In addition, the 19 kDa lipoprotein
antigen precursor LpqH (Rv3763), also showing an important number of Hex-Hex and Hex-
Hex-Hex modified peptides, is a well-known glycosylated protein exposed in the bacterial cell
envelope, that was postulated to be used by mycobacteria to enable their entry into the macro-
phage through interaction with mannose receptors (MRs) of this host cells [60].

O-glycosylated proteins classification

Glycosylation plays a significant role in MTB adaptive processes and in cellular recognition
between the pathogen and its host [59,60]. Significantly enriched biological processes and
molecular function categories of the glycoproteins identified here were, respectively, pathogen-
esis (GInAl, LpqH, PstS1 and DevR are some proteins assigned to this category) and lipid
binding (including lipoproteins LprA and LprF) (Fig 2B). As expected, our GO analysis
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Table 1. O-glycosylation profile of M. tuberculosis culture filtrate proteins identified by LC MS/MS.

Modification Hex Hex-Hex Hex-Hex-Hex
Replica # 1 Modified Peptides (n) 268 94 68
Peptide FDR (%, n/N) 0.15 (27/17879) 0.13 (22/17513) 0.14 (24/17635)
Modified Proteins (n) 212 91 62
Protein FDR (%, n/N) 0.94 (14/1494) 0.95 (14/1467) 1.00 (15/1505)
Replica #2 Modified Peptides (n) 107 72 66
Peptide FDR (%, n/N) 0.13 (22/16603) 0.15 (25/16614) 0.12 (20/16716)
Modified Proteins (n) 95 67 57
Protein FDR (%, n/N) 0.99 (15/1509) 0.99 (15/1511) 0.99 (15/1515)
Common analysis Common modified proteins (n) 36 23 15
Common modified peptides (n) 29 17 15
Common modifications (n) 35 18 16
Proteins with common modifications (n) 24 17 13

FDR: False discovery rate, n: number, N: total number.

https://doi.org/10.1371/journal.pone.0221837.t001

showed that most of the glycoproteins identified were preferentially localized in the cell surface

and extracellular region (Fig 2B).

O-glycosylated proteins identified in this study are distributed in 7 functional categories
according to M. tuberculosis database [35] (Table 2). Most of them are involved in intermedi-
ary metabolism and respiration (n = 15) and in cell wall and cell processes (n = 11). Particu-
larly, to this latter category belong the vast majority of known O-mannosylated proteins

(Table 2).

The occurrence of some cytosolic glycosylated proteins in our sample may be associated
with partial cellular lysis, as mentioned above. However, it is important to note that the pres-
ence of this modification in proteins without signal peptide is not expected, since glycosylation
has been related to sec-dependent secretion [16]. Coincident with our results, some glycopro-
teins without signal peptide or transmembrane helices have been previously described, two of
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Fig 2. Description of O-glycosylated proteins in M. tuberculosis CFP. (2A) Scans of O-glycosylated peptides identified in MTB culture filtrate
proteins. Each analyzed modification is displayed with a different bar color. Individual scans of both replicates were considered (n = 46). Previously
known O-glycosylated proteins (n = 13) are indicated with a grey star. (2B) Gene Ontology analysis of MTB culture filtrate glycoproteins. Principal
categories of enriched terms (p<0.05) obtained analyzing proteins with common glycosylation in both replicates with David Gene Functional
Classification Tool [39,40] using Molecular Functions, Biological Processes and Cellular Component Ontology database and M. tuberculosis H37Rv

total proteins as background.

https://doi.org/10.1371/journal.pone.0221837.9002
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Table 2. Functional categories of predicted O-glycosylated proteins according to M. tuberculosis database (Mycobrowser [31]).

Functional category Protein Locus Predicted Hex position | Predicted Signal peptide®  TMHHM no.”  References

Cell wall and cell processes PstS1 Rv0934 $299 LIPO(Sec/SPII) [18,20]
LprA Rv1270c T40 LIPO(Sec/SPII) 1 [18,19]
LprF Rv1368 S50 & S53 LIPO(Sec/SPII) 1 [14,18]
DsbF Rv1677 T33 & T40 LIPO(Sec/SPII) [14]
Apa Rv1860 T313, T315 & T316 SP(Sec/SPI) 1 [14,18,19]
Wag31 Rv2145¢ S192 NO [14]
LppO Rv2290 T73 & T75 LIPO(Sec/SPII) [14,19]
Rv2799 Rv2799 T73 NO 1 [14,18,19]
Mpt83 Rv2873 T49 LIPO(Sec/SPII) [18,20]
LpgH Rv3763 S31, T34 & T35 LIPO(Sec/SPII) [18,20]
EsxC Rv3890c | S35 NO This work

Virulence, detoxification, adaptation DnaK Rv0350 T402 NO This work
OtsB1 Rv2006 T148 & S149 NO This work

Information pathways RplV Rv0706 S43 NO This work
DeaD Rv1253 T263 & T294 NO This work
InfC Rv1641 S114 NO This work
SigA Rv2703 S83 NO This work

Lipid metabolism Pks5 Rv1527¢c T810 LIPO(Sec/SPII) This work
FadD28 Rv2941 T500 NO This work

Regulatory proteins FhaA Rv0020c | S332 & S336 NO [18]
Rv0348 Rv0348 T115 NO This work
DosT Rv2027c | S421 NO This work
DesvR Rv3133c S148, T151 & T156 NO This work

Intermediary metabolism and respiration | Icd2 Rv0066¢c | S651 NO This work
Rv0216 Rv0216 S122 NO This work
ThiD Rv0422¢ | T2 NO This work
PnP Rv0535 T142 NO This work
MenH Rv0558 S32 NO This work
PurN Rv0956 S24 NO This work
PhoH2 Rv1095 T309 NO This work
GlpX Rv1099c | S169 NO This work
HtrA Rv1223 S212 NO 1 [14]
CarB Rv1384 T409 LIPO(Sec/SPII) This work
GlnAl Rv2220 T36 NO This work
AceE Rv2241 S32 NO This work
AroA Rv3227 $349 NO This work
SahH Rv3248c | T473 NO This work
Rv3273 Rv3273 S735 NO 10 This work

Conserved hypotheticals Rv0311 Rv0311 S10 NO This work
Rv0566¢ Rv0566¢ T52, S53 & T55 NO This work
Rv1352 Rv1352 T23 SP(Sec/SPI) 1 This work
Rv1466 Rv1466 S5 NO This work
Rv2166¢ Rv2166¢ S39 NO This work
Rv2558 Rv2558 T82 NO This work
Rv2826¢ Rv2826¢ S192 NO This work
Rv3491 Rv3491 S167 & S176 SP(Sec/SPI) 1 [14,18,19]

“ Number of transmembrane helices predicted by TMHMM 2.0 server (http://www.cbs.dtu.dk/services/ TMHMMY/).

¥ SignalP 5.0 software prediction of signal peptide (http://www.cbs.dtu.dk/services/SignalP/.

¢ Proteins with previous evidence of O-glycosylation are referenced.

https://doi.org/10.1371/journal.pone.0221837.t002
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them also detected in our study (Table 2) [14,18]. In addition, it was demonstrated that the
protein O-mannosyl transferase (Rv1002c) deficiency may have broader implications in the
physiology and virulence of the mycobacteria, by combining decreased levels of immuno-
dominant glycosylated proteins and altered bacterial cellular pathways, most notably amino
acid biosynthesis [15]. Aiding to these results, our data indicate that the variability of substrates
related to the glycosylation pathway in MTB is greater than expected, a fact also observed in
Birnahu et al. report [14] and in the glycoproteome characterization of the related Gram posi-
tive Streptomyces coelicolor [61].

O-glycosylation validation and site assignation

Of the 46 identified glycoproteins, 9 were proposed as such in the ConA-lectin affinity capture
approach performed by Gonzalez-Zamorano et al. [18], including several lipoproteins,
whereas 5 have been identified in the glycoproteomic analysis of Smith et al. [19], where O-
linked glycosylation sites were manually assigned after extensive data curation (Table 2). A
comparison of O-glycosylation site assignation was performed, although it is important to
note that the precise O-glycosylation site assignation is hampered by the fact that collision
energies used for peptide fragmentation cause the breakage of the weaker O-glycosydic bond
leaving behind mostly unmodified fragments (glycosylation site p-value is presented in S6
Table). Our results are in good agreement in the case of the 5 glycosylated proteins in com-
mon, both in regard to O-glycosylated peptide as well as O-glycosylated site identification (57
Table). Besides, 9 proteins of our list were described in the glycoproteomic analysis of Birhanu
et al. [14] with the same type of O-glycosylation, and 5 with the same O-glycosylation site (S7
Table). Of those, we identified the same mono- or polyhexose modifications in DsbF
(Rv1677), a probable conserved lipoprotein (S5 Fig), confirming that the glycosylation they
encountered in whole cell extract of MTB is also present in culture filtrate.

By analyzing proteins which O-glycosylation site was assigned measuring ConA reactivity
through peptide cassette sequences screening [20], we confirmed our assignation for LpqH
(Rv3763) and Mpt83 (Rv2873). Due to their relevance in M. tuberculosis virulence and
immune modulation [62], manual validation of peptide spectra of Mpt83 and LpqH, including
peptide ions fragment matches, are presented in Fig 3A and 3B, respectively. Although both
proteins are largely evidenced as being O-glycosylated due to their interaction with ConA, as
native proteins [18] or after heterologous expression in M. smegmatis [63-65], to our knowl-
edge this is the first direct glycoproteomic identification in culture filtrate of MTB, of Mpt83
and LpgH derived O-glycosylated peptides. In both cases, O-glycosylation site assignation is
coincident with the evidence in M. smegmatis model [63,65].

Another interesting protein in terms of its proposed role as active infection biomarker is
PstS1, a periplasmic lipoprotein involved in phosphate transport across the membrane. It has
been identified as a ConA interacting protein [18,20] and its immunoreactivity was proposed
to be related to O-mannosylation [66], but direct evidence of its O-glycosylation in culture fil-
trate in first provided here (S5 Fig). Interestingly, the O-glycosylation site assignation differs
from what was observed in the mycobacterial cassette expression system [20] or in a P. pastoris
recombinant version of this protein [66].

Furthermore, we looked for O-glycosylated proteins in the raw data files deposited by
Albrethsen et al. [37] at the ProteomeXchange Consortium. By means of this approach we
confirmed 17 modified peptides (38 scans) in common with our results, corresponding to 8
proteins. Except for the adenosylhomocysteinase SahH (Rv3248c)—an enzyme involved in the
L-homocysteine biosynthesis -, the rest of those proteins were evidenced as O-glycosylated in
previous reports (S8 Table).
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Fig 3. Glycopeptide spectra validation. Peptide fragmentation spectrum of (3A) Mpt83 (Hex-Hex-Hex modification), (3B) LpqH
(Hex-Hex modification) and (3C) DosT (Hex-Hex modification). Spectra statistically confirmed by Mascot Server MS/MS Ions
Search (HE = Hex(3) or Hex(2)). Fragment ions matches obtained in Mascot Server are indicated in each adjacent table. Color
code: Red: unmodified ions, orange: ions with neutral losses, blue: ions bearing modifications, grey: charged ions/precursor
assigned in Patternlab for Proteomics.

https://doi.org/10.1371/journal.pone.0221837.9003
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In brief, we are reporting 33 novel O-glycosylated proteins including hexose and multi-hex-
ose modifications (Table 2). S5 Fig shows several examples of modified peptides spectra with
good scores of known and novel glycoproteins. The scan number of each modified peptide
spectra is supplied in S6 Table to access the remaining spectra in the publicly available raw
data (doi:10.25345/C5PW8Q).

Considering novel O-mannosylated proteins identified in this study, a DosT (Rv2027¢) O-
glycosylated peptide spectrum bearing two hexoses was manually validated, as this protein has
not previous proteomic annotation in Mycobrowser database (Fig 3C). DosT is a hypoxia sen-
sor histidine kinase of the two component regulatory system DevRS/DosT which is essential
for mycobacterial entry into and survival in the latent, dormant state [67,68]. The glycoproteo-
mic study from Birhanu et al. described this protein as bearing two other different types of O-
linked sugars [14], but Hex-Hex modification in that protein has not been reported previously.
DevR, also found O-glycosylated by us (S5 Fig), is a regulatory protein induced by DosT under
hypoxia. It is required for survival of MTB under hypoxic conditions and for its transition to
normoxic metabolism [69]. Further work to validate this observation is warranted, as the dor-
mancy survival regulator system is an attractive target for persistent M. tuberculosis infection
treatment.

In summary, the information presented here serve to aid in the glycoproteomic characteri-
zation of this relevant pathogen, confirming previous knowledge and enlarging the set of puta-
tive MTB O-glycosylated proteins.

Conclusion

Membrane and exported proteins are crucial players for maintenance and survival of bacterial
organisms in infected hosts, and their contribution to pathogenesis and immunological
responses make these proteins relevant targets for biomedical research [7]. Consistently, vari-
ous of the proteins identified in M. tuberculosis CFP were proposed as relevant mycobacterial
virulence factors [44], putative active infection biomarkers [46] or vaccine candidates [70,71].

The shotgun proteomic approach employed in this work allowed a deep comprehension of
M. tuberculosis H37Rv culture filtrate proteins by reporting proteomic evidence in this sub-
fraction for 1314 proteins. In that sense it is important to note that although this method is
highly sensitive, specificity was prioritized by selecting as post-processing criteria only proteins
with at least two different peptide spectrum matches.

In addition to proteins that have not been reported in M. tuberculosis H37Rv CFP, we also
found proteins consistently detected in previous proteomic studies which were further con-
firmed as highly abundant proteins. Many of them were detected in culture filtrates of MTB
or in different M. tuberculosis cellular fractions, including membrane fraction and whole cell
lysate. This suggests that two complementary pathways are accounting for our observations.
On one hand, the abundance of certain proteins in CFP appeared to be truly related to pro-
tein-specific export mechanisms, while on the other hand the presence of cytoplasmic markers
in our sample evidenced the occurrence of bacterial autolysis combined with high levels of
protein expression and extracellular stability. Nevertheless, the GO ontology Cellular Compo-
nent analysis and the integrative analysis performed with relevant research papers confirmed
that our sample is indeed enriched in proteins that the bacteria secretes to the extracellular
space. Supporting this, we could identify several proteins with predicted N-terminal signal
peptide indicating that these are targeted to the secretory pathways [72], as well as various pro-
teins belonging to the ESX secretion systems and to PE and PPE families, known to be secreted
by T7SS, but recognized for not having classical secretion signals [48].
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Moreover, the quali-quantitative analysis performed showed a global correlation between
highly secreted proteins and their implication in pathways related to virulence, detoxification
and adaptation. This approach could be replicated in the future in order to answer remaining
questions related to MTB pathogenicity.

Given the increasing evidence indicating that glycosylated proteins are often immune-dom-
inant antigens with a key roles in MTB virulence and host-pathogen interactions [13,15], our
integrative analysis also sought to expand the current knowledge in relation to the glycopro-
teins present in the culture filtrate of this pathogen. We described the identification of 69 gly-
cosylation events, including hexose and multi-hexose modifications, in 46 MTB proteins. In
particular, several lipoproteins were found glycosylated in culture filtrate. Lipoproteins have
been shown to play key roles in adhesion to host cells, modulation of inflammatory processes,
and translocation of virulence factors into host cells [73]. The growing evidence of glycosyla-
tion of mycobacterial lipoproteins including the results presented here, indicates that glycosyl-
ation plays a significant role in the function and regulation of this group of proteins. Along
with lipoproteins, other relevant glycoproteins identified were mainly involved in pathogenesis
and cell wall processes. Direct O-mannosylation proteomic evidence was supplied for various
known glycoproteins and several novel proteins were predicted as bearing hexose-linked mod-
ifications. Protein glycosylation data presented here, including the coexistence of related pro-
tein glycoforms evidenced in this work, should be considered for designing antibody-based
diagnostic tests targeting M. tuberculosis antigens. Besides, as reported for other pathogens
[74,75], protein glycosylation diversity could be a key mechanism to provide antigenic vari-
ability aiding in the immune subversion of this pathogen.

Our study provided an integrative evaluation of MTB culture filtrate proteins, bringing evi-
dence of the expression of some proteins not previously detected at protein level, and confirm-
ing and enlarging the database of O-glycosylated proteins. Although additional functional
studies will be required to understand the potential relevance of the novel described glycopro-
teins in pathogen biology, this information may raise new questions on the role of protein O-
glycosylation in the virulence and persistence of MTB, as well as it will contribute to deepen
the knowledge of its main biomarkers, virulence factors and vaccine candidates.

Supporting information

S1 Raw images.
(PDF)

S1 Fig. Analysis of M. tuberculosis CFP by liquid chromatography tandem mass spectrom-
etry (LC-MS/MS). S1A: M. tuberculosis CFP analysis by 1D SDS-PAGE 15% and silver nitrate
staining. S1B: M. tuberculosis CFP analysis by 1D SDS-PAGE 15% and CCB G-250 staining.
S1C: Spectrum counts of proteins identified in each technical replicate. S1D: Analysis of pro-
teins identified in each replicate by area-proportional Venn Diagram comparison [29].

(TIF)

S2 Fig. Comparison of M. tuberculosis CFP with other relevant proteomic studies. S2A:
Analysis of M. tuberculosis CFP protein list (CFP TB: this study) versus other proteomic stud-
ies of M. tuberculosis CPF. S2B: Protein abundance estimation of proteins identified this study
(CFP TB) and in all of the three other studies evaluated (N = 4), in this study and in two other
studies (N = 3), in this study and in one other study (N = 2), or only in this study (N = 1).
(TTF)
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S3 Fig. Sequence coverage and representative spectra of possible toxin MazF7 (Rv2063A)
and Acyl carrier protein (ACP) MbtL (Rv1344).
(PDF)

S4 Fig. Proteins showing glycosylated and unglycosylated equivalent peptides. Some pro-
tein examples are shown: 1) Apa (modification: Hex), 2) LprF (modification: Hex), LppO
(modification: Hex-Hex), Apa (modification: Hex-Hex-Hex).

(PDF)

S5 Fig. Scans of glycosylated peptides either confirmed in Mascot Server MS/MS Ions
search against NCBIprot (AA) or visualized in mass spectrum viewer (PatternLab for pro-
teomics). Some examples are shown: 1) DsbF (modification Hex-Hex), 2) LppO (modifica-
tion: Hex), 3) PstS1 (modification Hex), 4) FhaA (modifcation Hex), 5) DevR (modification
Hex-Hex), 6) DnaK (modification Hex-Hex-Hex), 7) Rv3273 (modification Hex-Hex-Hex), 8)
Icd2 (modification Hex-Hex-Hex), 9) EsxC (modification Hex), 10) SahH (modification Hex),
11) DeaD (modification Hex), 12 Pks5 (modification Hex-Hex-Hex), 13) Wag31 (modifica-
tion Hex), 14) GInA1l (modification Hex), 15) AceE (modification Hex-Hex), 16) FadD28
(modification Hex), 17) Rv3491 (modification Hex), 18) Rv1352 (modification Hex-Hex), 19)
CarB (modification Hex-Hex-Hex).

(PDF)

S1 Table. Proteins identified with nano-HPLC MS/MS. Sheet 1) Common proteins list
including Uniprot identification, protein description, protein length and molecular weight,
gene name and M. tuberculosis H37Rv gene annotation (Rv) of Sanger Institut (http://sanger.
ac.uk/projects/M_tuberculosis/Gene_list/). Sheet 2) Proteins identified in replica CFP(1),
Sheet 3) Proteins identified in replica CFP(2), both lists including Uniprot identification as
obtained in Patternlab for Proteomics, sequence count, spectrum count, number of unique
peptides, protein coverage and protein description. Sheet 3 and Sheet 4) Values used to build
Fig 1A and 1B, respectively.

(XLSX)

S2 Table. Proteins with predicted signal peptides. Sheet 1) Signal peptide prediction (SignalP
5.0) in M. tuberculosis H37Rv reference proteome (UP000001584), Sheet 2) Signal peptide pre-
diction (SignalP 5.0) in M. tuberculosis H37Rv CFP, Sheet 3) Proteins in M. tuberculosis
H37Rv CFP with signal peptides predicted with SignalP 5.0.

(XLSX)

$3 Table. Integrative analysis of CFP proteins. Sheet 1) Common proteins detected in M.
tuberculosis CFP, Sheet 2) Proteins not detected in de Souza, Malen and Alberthsen analysis of
M. tuberculosis CFP, Sheet 3) Signal Peptide Analysis, Sheet 4) Functional analysis, Sheet 5)
Values used to build S2 Fig, Sheet 6) Values used to build S4 Table.

(XLSX)

$4 Table. Protein abundance comparison against de Souza et al, 2011. Comparison of our
proteomic data against the proteomic quantitative approach performed by de Souza et al, 2011
[9].

(DOCX)

S5 Table. Proteins without proteomic annotation in Mycobrowser and/or not previously

detected at proteomic level. Sheet 1) Proteins identified in M. tuberculosis H37Rv CFP with-
out proteomic annotation in Mycobrowser (Release 3 (2018-06-05)) [31]. Sheet 2) Proteins in
M. tuberculosis H37Rv CFP without previous evidence of expression at protein level, Sheet 3)
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Scans of peptides confirming proteins identified in M. tuberculosis H37Rv CFP without previ-
ous evidence at protein level.
(XLSX)

S6 Table. Scans of O-glycosylated peptides in M. tuberculosis H37Rv culture filtrate pro-
teins. Sheet 1) Total scans of O-glycosylated peptides. Sheet 2) Scans of O-glycosylated pep-
tides belonging to lipoglycoproteins. Each table includes the File name where the scan was
identified, the scan number, peptide charge (Z), measured and theorical mass and the differ-
ence (in ppm), scores (primary, secondary, etc), peptide sequence, modification (glycan), gly-
cosylation site p-value, protein and gene data. Sheet 3 and Sheet 4) Values used to build Fig 2A
and 2B, respectively.

(XLSX)

S7 Table. O-glycosylation site comparison with available literature. O-glycosylation site
comparison against Smith et al., 2014 [19], Birhanu et al., 2019 [14] and Herrmann et al., 2000
[20].

(XLSX)

§8 Table. O-glycosylation analysis of raw files of Alberthsen et al, 2013. Common O-glyco-
sylated proteins (Sheet 1) and scans confirming O-glycosylated peptides (Sheet 2) identified by
us in the analysis of the raw data files deposited by Albrethsen et al. [37].

(XLSX)
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