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ARTICLE INFO ABSTRACT

Keywords: Diabetes affects the presentation of tuberculosis including delayed clearance of the bacteria from host cells,
Hyperglycemia however, the molecular changes which help survival of phagocytosed mycobacterium in the diabetic host are
Mycobacterium tuberculosis H37Rv still not clear. The effect of in vitro high glucose concentrations on the proteome of the phagocytosed myco-
?L‘::;‘Ei)sis bacterium isolated from the human monocytic THP1 cell line derived macrophages has been investigated in the

present study. Concurrent tuberculosis and hyperglycemia conditions were mimicked by growing M. tuberculosis
infected THP1 cells under high glucose conditions. Phagocytosed bacilli were isolated 5 days post infection.
Proteomics analysis of the isolated bacilli was done by two-dimensional gel electrophoresis followed by mass
spectrometry. A total of 224 + 18 protein spots were obtained out of which 10 were found to be differentially
expressed under high glucose concentrations in comparison to normal glucose concentration. Further, identity of
all the ten proteins namely Tgs3, Rv0547¢c, AcrAl, EsxU, Rv2219, Mpa, Rv2308, ORN, LucA, and Rv1414 was
elucidated by peptide mass finger printing using Matrix-assisted laser desorption and ionization-mass spectro-
metry (MALDI/MS) assisted with MASCOT software. Though Tgs3, Rv0547c, AcrAl and Mpa proteins have been
demonstrated to play a major role in lipid metabolism under nitric oxide stress conditions, the functional role of
rest of the differentially expressed proteins remains to be elucidated. Under hyperglycemic conditions in the host
cells, differential expression of these proteins might help in the better survival of mycobacteria and can further
act as suitable targets to design novel drugs for more effective therapy for comorbid tuberculosis and diabetes.

1. Introduction

Mycobacterium tuberculosis is considered to be one of the nearly
perfect pathogens. It resides in the phagosomal compartments of host
macrophages defying the host's immune response [1] and can switch
between asymptomatic i.e. metabolically inert latent form to metabo-
lically active disease-causing form. It is a well-known fact that diabetes
is one of the important risk factors for the activation of latent tu-
berculosis [2]. No alternative treatment is available for the co-patho-
genesis to avoid the extended chemotherapy regimen. Therefore, it
becomes important to find out the new drug targets that can help in
better clearance of the pathogen during this co-pathogenesis. In-
tracellular adaptation of this pathogen in diabetes can be interpreted
with the detailed analysis of mycobacterial proteome under high glu-
cose conditions which mimics the hyperglycemia prevailing in a dia-
betic host. A recent study has revealed several phagocytosed
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mycobacterial factors which might play a crucial role in co-pathogen-
esis of TB and HIV by modulating the host environment thus leading to
increased viral load in the host which explains synergism between two
diseases [3]. Upon phagocytosis, several molecular switches are turned
on and off as a protective strategy by M. tuberculosis. Intracellular
growth of mycobacterium can occur because of failure of phagosome
lysosomal fusion [1]. In order to adapt to the intracellular conditions,
M. tuberculosis survives and grows inside the phagosomes. Recently it
has been shown that Serine/threonine protein kinases PknL play major
role in the adaptation of M. tuberculosis to survive inside the cells by
slowing its growth [4]. Mycobacterium thrives well in the in-
traphagosomal acidic environment of macrophage probably by devel-
oping some acid resistance mechanism through intrabacterial pH
maintenance system [5]. Monahan et al., 2001 utilized the proteomics
approach and identified altered expression of several mycobacterial
proteins like 16 kDaa-crystallin, GroEL-1 and GroEL-2, a hypothetical
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Fig. 1. 2D-PAGE images of the phagocytosed M. tuberculosis H37Rv. M. tuberculosis H37Rv were isolated from infected macrophages grown under normoglycemic
and hyperglycemic conditions. 2D-PAGE of phagocytosed M. tuberculosis proteins isolated from macrophages grown in the presence of 5.5 mM glucose (normal
glucose) (a), in the presence of 15 mM glucose (high glucose) (b), and in the presence of 25 mM glucose (high glucose) (c). Marked spots indicated by arrows depict
the position and identity of the differentially expressed proteins as detected by software analysis. Spots marked with red coloured arrows indicate downregulated
proteins and blue arrows indicate upregulated proteins. Marked spots were selected for identification by MALDI-TOF mass spectrometry. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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protein (Rv2623), InhA and elongation factor Tu upon phagocytosis by
the macrophages [6]. In the present study, proteomic analysis was
carried out in the phagocytosed mycobacterium under high glucose
conditions as compared to normal glucose conditions in THP1 mono-
cytes derived macrophages. This cell line was chosen because it mimics
the human alveolar macrophages [7]. Proteomics of mycobacterium in
diabetes like conditions using 2DE-MALDI/MS approach and classical
BLAST database search was studied. Expression of few proteins was
found to be differentially regulated which could be responsible for the
better adaptation of mycobacterium under hyperglycemia in a diabetic
host in the comorbid tuberculosis and diabetes cases.

2. Materials and methods
2.1. M.tuberculosis H37Rv and THP1 cell line culture and maintenance

M.tuberculosis H37Rv (NCTC-7416) originally procured from
National collection of type culture, London, UK was cultured in Sauton's
media under shaking conditions at 150 rpm and maintained in sterile
Lowenstein Jensen medium. M. tuberculosis cell suspension was passed
5-6 times through 26G needle in order to disperse the bacterial cells
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and enumerated by comparing with Mac-farlands standards. Bacilli
were further preserved at —80 °C as 20% glycerol stocks and used di-
rectly for inducing the infection. THP1 cells (procured from National
Centre for Cell Sciences, Pune, India; cell line repository) were cultured
in suspension phase in antibiotic free FBS supplemented RPMI1640
medium at a density of 2 x 10° cells/mL under 5%CO, in humidified
incubator at 37 °C. THP1 monocytes were induced to macrophages with
20nM (12ng/ml) phorbol 12-myristatel3 acetate (PMA) for 24 h in
antibiotic-free RPMI medium. After 24 h induction, medium was re-
placed with fresh antibiotic-free RPMI media with different glucose
concentrations (5.5mM = 100 mg/dL, 15mM = 270mg/dL, and
25mM = 450 mg/dL) to mimic the normoglycemic (5.5mM) and in-
termediate hyperglycemic (15mM) and uncontrolled hyperglycemic
(25 mM) conditions [8,9]. All the three groups of cells were simulta-
neously infected with M. tuberculosis H37Rv (2 X 107 cells/mL,
MOI = 10 bacilli per cell) and then further incubated for 12 h. In order
to kill the non-phagocytosed extracellular mycobacteria, after 12h of
infection amikacin (50 pg/mL) was added to the medium for 2h and
then replaced with fresh glucose containing RPMI. Further, cells were
incubated for 5days in humidified CO, incubator [10].
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Table 1

Identification of the differentially expressed spots by MALDI/MS.

% Sequence similarity with
M.tuberculosis H37Rv

Function and Cellular location

Sequence coverage Mascot score

pl

Protein

Spot No.

100%

Triacylglycerol synthesis and accumulation, better survival under hypoxic and NO stress conditions [15],

Transmembrane protein

31

289 6.2 38

Tgs3(Rv3234c)

100%
100%

Possible Oxidoreductase, Transmembrane protein

44
44

39
13

37.83 5.1

Rv0547c

Ubiquitin-like protein involved in the proteasome pathway of Mycobacterium tuberculosis, plays role in resistance to

RNI produced by macrophages and other cell types [16,17], Transmembrane protein

Uncharacterized protein, Function not known

28.36 4.2

Mpa(Rv2115c)

100%
100%
100%

26
35
47

26.67 4.2 23

Rv2308
Orn

Intermediary metabolism and respiration, Cytoplasm

2342 43 7

Required for the import of both fatty acids and cholesterol during growth in macrophages [18], Transmembrane

protein

2735 6.8 9

LucA(Rv3723)

100%
100%
100%
100%

Short chain dehydrogenase, Virulence, detoxification and adaptation to stress, Cytoplasm

Function not known, Transmembrane protein

21

17

5.8

63.3

AcrAl (Rv3391)

Rv2219

50
25

11.06 4.9 66

1

Uncharacterized transmembrane protein, Function not known

Putative role as virulence factor, Cytoplasm

12

4.7

4.3

Rv1414

18

8.3 49 32

EsxU(Rv3445c)

10
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2.2. Isolation of phagocytosed mycobacteria

After 5 days of incubation, phagocytosed mycobacteria were iso-
lated from THP1 cells by lysing with 0.5% SDS-PBS at 37 °C for 10 min
and centrifugation at 5000 X g for 20min. Pure mycobacterium pellet
was obtained by washing the pellet 4-5 times with 0.1%SDS,
0.1%Tween 80-PBS.

2.3. CFU enumeration

Human monocytic leukemic cell line THP1 derived macrophages
grown at a density of 1 x 10° cells/well in six well plates were infected
with M. tuberculosis H37Rv at a multiplicity of infection 10 bacilli per
macrophage (MOI 10:1) and media was simultaneously replaced with
three different concentrations of glucose i. e 5.5mM = 100 mg/dL,
15mM = 270 mg/dL, and 25 mM = 450 mg/dL in triplicate. After 12h
of macrophage infection with M. tuberculosis H37Rv, cells were washed
to remove the unattached bacilli and fresh media was added with the
respective glucose concentrations. Macrophages from each group were
lysed with 0.1% SDS in PBS at 12h, 24h and 48 h post infection and
plated on 7H11 OADC supplemented agar plates for CFU enumeration.
CFUs enumerated for 12 h post infection indicated the number of bacilli
initially phagocytosed by cells under different glucose concentrations.
The intracellular replication of bacilli was assessed by CFU enumeration
at 24h and 48 h post infection.

In vitro study was performed to demonstrate the lipid accumulation
by nile red staining. Briefly, log phase M. tuberculosis H37Rv was cul-
tured in Sauton's media supplemented with different glucose con-
centrations (5.5 mM, 15 mM and 25 mM) till 5days. After 5 days, bacilli
were harvested, fixed and Auramine-O/Nile Red dual fluorescent
staining was performed [11]. Cells were visualized under fluorescent
microscope at 100X at excitation/emission of 460/520 nm for aur-
amine and 550nm/650 nm for nile red.

2.4. Preparation, quantification and purification of mycobacterial proteins

Cells were lysed and proteins were isolated according to the re-
commended protocol with slight modifications [12]. Briefly, myco-
bacterial pellet was suspended (0.2 g/ml) in lysis buffer (50 mM Tris/
HCl, pH 7.4 with 10 mM MgCl,, 1 mM PMSF and 1 mM EGTA) and
sonicated for 30min intermittently with 30s ON and 30s OFF cycle on
ice. Lysates were clarified by centrifugation at 12,000 X g for 30 min.
Protein concentration was estimated in the supernatant using protein
estimation kit from Pierce. Phagocytosed mycobacterial proteins
(100 pg) were purified and precipitated by Bio-Rad protein purification
kit. The protein pellet thus obtained was dissolved in two-dimensional
rehydration buffer (8 M Urea, 2% CHAPS, 0.002% Bromophenol Blue,
3 mg/ml dithiothreitol (DTT) and 1 pL IPG carrier buffer (pH4-7).

2.5. Two-dimensional gel electrophoresis (2-DE)

Proteins were focused on the IPG strips using in-gel rehydration
method [13] with slight modifications to a total voltage of 30 kVh. Each
protein sample was run in triplicate. After equilibration with dithio-
threitol and Iodoacetic acid (IAA), second dimension was run on 12%
SDS-PAGE at constant voltage of 150V for 3-4 h. Gels were stained
with silver nitrate to visualize protein spots. Images of gels were ac-
quired by Chemidoc (BIO-RAD) using Quantity One software (BIO-RAD,
Hercules, CA, USA). Gel Images were analyzed using Image master
Platinumé software from GE Healthcare. For this, data were normalized
by expressing protein abundance as percent spot volume relative to
volume of total protein in the gel (%spot volume). Gel images were also
manually checked for artifactual, merged, and missed spots. An equal
amount of protein was loaded in all the gels. Differentially expressed
proteins in terms of %spot volume that showed a change of at least 1.5
fold in comparison to normal glucose concentration group were
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Fig. 3. String analysis showing the interaction network between the identified differentially expressed spots. Nodes in the image show modulated proteins
and their predicted functional partner proteins. Edges represent protein-protein interactions in terms of shared functions and necessarily do not mean physical
binding of the proteins. Each edge colour represents different type of interaction between two proteins (Light blue colour for known interactions from curated
databases, Pink for known experimentally determined interactions, Green for gene neighbourhood, red for gene fusions, blue for gene co-occurrence, yellow for text
mining, black for co-expression, and grey for protein homology). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 4. Log,0 CFUs of M. tuberculosis H37 Rvin the THP1 macrophages under
different glucose conditions at 12, 24, and 48h post infection. Results are
mean * SD of 3 independent experiments at each time point."“p < 0.01 in-
dicates significant variation in CFUs at 24 h and 48 h in comparison to initially
phagocytosed mycobacteria (12h) at the respective glucose concentrations.

identified and functionally annotated by mass spectrometry.
2.6. In-gel trypsin digestion and peptide mass finger printing

Differentially expressed protein spots were manually picked and in-
gel trypsin digestion was carried out [14]. Further, digested samples
were desalted and concentrated using C-18 ZipTips (Millipore, Billerica,
MA, USA). The desalted purified peptide solution thus obtained was
mixed with an equal volume of matrix (a saturated a-cyano-4-hydroxy
cinnamic acid solution in 50% acetonitrile, 0.3% TFA). Two microliter
of the mixture was applied to the MALDI-target plate. Mass spectra
were acquired using Autoflex II TOF/TOF 50 (BruckerDaltonic GmbH,
Leipzig, Germany) in positive reflectron mode, in detection range of
500-3000 m/z. External calibration to a spectrum, acquired for a
mixture of peptides with masses ranging from 1046 to 2465Da was
done prior to acquisition. Peak detection of proteins was done by
analyzing the proteolytic masses through Flex Analysis v.2.4 pro-
gramme. Further peak analysis was done by Mascot software (Matrix
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Science, U.K). Peptide mass tolerance was set to 100 ppm with carba-
midomethylcystein set as fixed modification, oxidation of methionine
as variable modification and one missed cleavage site was allowed. The
peptides with high signal to noise ratio were subjected to MS/MS
analysis and confirmed by matching with Mycobacterium tuberculosis
complex database.

2.7. Bioinformatics analysis of the identified proteins

The proteins identified by MS/MS analysis were further analyzed for
their known functions, cellular location and interaction with other
proteins by searching BLASTp, Uniprot, Swissprot, NCBIprot,
Tuberculist and STRING databases.

2.8. Statistical analysis

All experiments were performed in triplicate. Two way ANOVA was
used to determine the level of significance by using the GraphPad Prism
package, version 5.0 (GraphPad Software, San Diego, USA).

3. Results
3.1. Ex-vivo THP1 macrophage model of tuberculosis and hyperglycemia

In order to find out the signature proteins from the phagocytosed M.
tuberculosis H37Rv in concurrent tuberculosis and diabetes conditions,
ex-vivo THP1 macrophage model of tuberculosis and hyperglycemia
was developed. Cells were found to be adherent and morphology was
normal till 5days of infection. THP1 cell viability was never found to be
below 90% under experimental conditions. THP1 monocyte derived
macrophages were exposed to M. tuberculosis infection and different
glucose concentrations i. e 5.5mM glucose (normal glucose con-
centration), 15mM and 25mM glucose (high glucose concentration)
and the isolated proteins from phagocytosed mycobacteria were pro-
cessed for comparative 2DE-PAGE analysis.

3.2. Computational analysis of the 2D-PAGE images of phagocytosed
mycobacterial proteins

Comparative phagocytosed mycobacterial proteome analysis was
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Fig. 5. Representative images of Auramine O/Nile red staining of M. tuberculosis H37Rv in the presence different glucose concentrations. M. tuberculosis
H37Rv was cultured in vitro supplemented with different glucose concentrations (no glucose, 5.5 mM, 15 mM and 25 mM) till 5days after which bacilli were stained
with Auramine-O/Nile Red and visualized under fluorescent microscope at 100 X . Bar = 2 micrometer for each image. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

done within three groups based upon the glucose concentration
(5.5mM, 15mM, and 25mM) in which THP1 derived macrophages
mimicked the only TB and TBDM conditions. A total of 224 + 18 spots
were identified on the 2D gel after elimination of artifacts and merged
spots. Under both the high glucose conditions (15 mM and 25 mM) in
comparison to normal glucose conditions (5.5 mM), expression of 10
protein spots was found to be modulated (Fig. 1) in terms of spot in-
tensity (represented as %spot volume of at least > 1.5 fold difference)
in 2D gels. Six proteins were upregulated (Tgs3, Mpa, Rv2308, LucA,
AcrAl and Rv1414) and 4 proteins (Rv0547c, Orn, Rv2219 and EsxU)
were downregulated in the presence of high glucose concentrations in
comparison to normal glucose conditions. Effect of hyperglycemia in
terms of protein expression modulation was more pronounced in terms
of both over and underexpression between normal and high glucose
conditions, but the difference of spot intensities between 15 mM and
25mM hyperglycemia was less than 1.5 fold, thus non-significant.
Fig. 2 represents the histogram of the percentage spot volume of each
over-/underexpressed protein at both the high glucose concentrations
as compared to normal glucose conditions.

3.3. Identification, functional annotations and BLASTp search of the
differentially expressed protein spots

BLASTp was performed to get the percentage sequence similarity
with M. tuberculosis H37Rv. The identified proteins showed 100%
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similarity with M. tuberculosis H37Rv. Functional characterization of all
the proteins and their subcellular localization was performed using
Tuberculist, Swissprot, Uniprot and NCBIprot databases. Table 1 shows
the details of the identified spots in terms of protein names with mo-
lecular weights (Mr), isoelectric points (pl), percentage sequence cov-
erage of the peptide ions, Mascot score, protein functions with their
cellular location and percentage sequence similarity of the identified
peptides with the M. tuberculosis H37Rv.

3.4. In silico protein-protein interaction of the identified protein spots

The STRING database was used to analyze the networks of the
protein-protein interaction among the characterized proteins (Fig. 3).
Out of the ten identified proteins Tgs3, AcrAl, Rv0547c, and Mpa were
found to be functionally interacting as depicted by bold blue lines.
These four proteins are known to help M. tuberculosis H37Rv survive
under nutrient starvation and excess of reactive nitrogen intermediates
in the surroundings. Remaining proteins Rv2219, EsxU(Rv3445c),
Rv2308, Orn, Rv3723(LucA) and Rv1414 were not connected to these
proteins through the known genomic or functional interactions. Out of
these, LucA(Rv3723) protein is known to coordinate import of both
fatty acids and cholesterol during growth in macrophages [18] and
EsxU(Rv3445c) is known to modulate host immune response to the
mycobacterium [19].
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3.5. Intracellular mycobacterial growth in infected macrophages

Initial phagocytosis by the macrophages under high glucose con-
centration was observed to be decreased in comparison to normal
glucose conditions. However, intracellular replication of bacilli was
observed to be increased in the presence of high concentration of glu-
cose (both 15mM and 25mM) as compared to normal glucose con-
centration (5.5 mM) at 24 h and 48 h post infection (Fig. 4). Further, in
vitro nile red staining of mycobacteria grown in the presence of dif-
ferent concentrations of glucose indicated relatively less staining of the
cells with the dye at higher glucose concentrations (15 mM and 25 mM)
as compared to normal (Fig. 5). These findings reflect utilization of li-
pids as energy source for cell replication in the presence of higher
concentration of glucose.

4. Discussion

In vivo proteomic studies of the bacteria during infection of the host
can provide insight into the proteins relevant to intracellular survival
and manipulation of host cell. Due to differences in the clinical pre-
sentation of TB while in co-pathogenesis with diabetes, it is expected
that M. tuberculosis might have developed some adaptive protein
modifications under the dual pathogenesis conditions within the host
macrophages. Using the gel-based proteomics approach, out of ten
proteins, four (Tgs3, AcrAl, Rv0547c and Mpa) were found to be in-
teracting at genomic and functional level as predicted by STRING
analysis. Tgs3(Rv3234c), a trans membrane protein is is one of the
15 Tgs proteins that has a crucial role in triacylglycerol synthesis and its
accumulation. It is also required for better survival of M. tuberculosis
H37Rv under hypoxic and NO stress conditions [15,20,21]. It was
found to be upregulated under high glucose conditions in comparison to
the normal conditions in the present study. High glucose has also been
reported to favour the accumulation and synthesis of cholesterol in the
THP1 cells leading to formation of foam cells [22]. Another protein
identified as Mpa-ATPase, which is a proteasome associated ATPase
along with another protein Rv2097c(PafA) confer defense mechanism
against lethal effects of nitrosative and oxidative stress by activated
macrophages and other cell types [16,17,23]. This protein was found to
be upregulated under high glucose conditions in comparison to normal
glucose conditions thus providing support for the better survival of M.
tuberculosis under high glucose conditions as represented by increased
CFU count as well. MT0572(Rv0547c), a possible oxidoreductase is
known to be functionally associated with Tgs3 protein and another
hypothetical protein Rv3740c which is known to have triacylglycerol
synthase function and is involved in the synthesis of triacylglycerols
from diole in and long-chain fatty acyl-CoA in E. coli. Also it functions
as a wax synthase, as it incorporates palmityl alcohol into wax esters in
the presence of palmitoyl-CoA (Tuberculist). However, its function in
mycobacterial survival is not known. Another protein identified and
found to be interacting with Tgs3 and Rv0547c is AcrA1(Rv3391),
which is a multi-functional short chain dehydrogenase with fatty acyl-
CoA reductase activity in C-terminal part and also known to facilitate
accumulation of fatty acids along with other Tgs proteins in myco-
bacteria. Its expression was observed to be upregulated in the myco-
bacteria isolated from the macrophages grown under high glucose
concentrations. These four proteins known to interact at genomic and
functional level (Fig. 3), have roles in fatty acid metabolism and could
be responsible for protecting mycobacterium from oxidative and ni-
trosative stress conditions. Increased Tgs 3 protein expression along
with an increase in CFU count under high glucose conditions, are
supported by the previous study by Low et al., 2009 showing that re-
plicating bacteria can simultaneously utilize lipids as energy source
instead of storing the lipids [24]. Further, Nile red staining of myco-
bacteria grown in vitro under higher glucose conditions (25 mM)
showed less accumulation of lipids indicating simultaneous utilization
of lipids to provide energy for active replication of bacteria (Fig. 5).
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Remaining six proteins, namely EsxU, Rv2219, Orn, Rv2308, LucA and
Rv1414 were not found to be interacting through STRING pathway to
the above mentioned four functionally interactive proteins i.e. Tgs3,
AcrAl, Rv0547c and Mpa. But it does not decrease the importance of
these proteins. These six proteins may have some significant function in
the pathogenesis of M. tuberculosis however the functional involvement
of these proteins has still not been elucidated in the co-pathogenesis of
tuberculosis and diabetes. Based on this study, it can be predicted that
these proteins might be involved in essential pathways responsible for
survival of the pathogen under co-pathogenesis conditions like synth-
esis of its energy stores and protection from nitrosative and oxidative
stress inside the host macrophages which might be co-related with
delayed clearance of M. tuberculosis in concurrent tuberculosis and
diabetic conditions. Further in vivo validation studies at genomic and
transcriptomic levels might support our proteomics findings in case of
dual pathogenesis of tuberculosis and diabetes.

5. Conclusion

Differential expression of the mycobacterial proteins observed
under conditions mimicking tuberculosis and diabetes may help in
designing more effective treatment strategies against copathogenesis
conditions.
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