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Chapter 5

Elucidating the
mycobacterial metabolic
response to the
diarylquinoline TMC207

In collaboration with Ute Haussmann, Carina Ramallo, Holger Lill, Anil Koul,
Ansgar Poetsch & Dirk Bald.
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Abstract

Tuberculosis accounts for approximately 2 million deaths per year and an es-
timated one third of the world’s population is latently infected with Mycobac-
terium tuberculosis. Current tuberculosis treatment regimens involve > 6
months combination therapy with first-line antibiotics. This extended chemo-
therapy with concomitantly low patient compliance significantly contributes to
the emergence of multidrug- and extensively drug-resistant strains of M. tu-
berculosis. For effective control of tuberculosis, drugs with new mechanism
of action and interfering with novel target pathways new antimycobacterial
drugs are urgently needed. Diarylquinolines are a class of highly promising
new candidate-drugs for tuberculosis treatment, which specifically interact with
mycobacterial ATP synthase. Diarylquinoline lead compound TMC207 blocks
respiratory ATP production, leading to decreased cellular ATP levels and sub-
sequently bacterial killing after 3 − 4 days. Elucidation of the metabolic re-
sponse to antibiotic treatment can provide insight in mechanisms of bacterial
metabolic adaptation. Moreover, knowledge of metabolic remodeling can reveal
points of vulnerability in bacterial metabolism, which may be exploited for ef-
ficient design of drug co-administration. Mycobacterium bovis BCG responds
to treatment with the diarylquinolines lead compound TMC207 by downreg-
ulating DNA replication, nucleotide and protein synthesis. The mycobacteria
may slow down these biosynthesis pathways in order to save ATP and conserve
cellular energy charge. Concordantly, several proteins associated with the stress
response and protein refolding were upregulated, possibly indicating a shift from
de novo synthesis to re-usage and recycling of existing proteins. Components of
energy metabolism were upregulated, suggesting enhanced attempts to increase
cellular ATP production. The metabolic response determined here may allow
the mycobacteria to survive in the presence of the drug for several days and
may in part explain the delayed onset of bactericidal action by TMC207.

5.1 Introduction

Tuberculosis accounts for approximately 2 million deaths per year and an es-
timated one third of the world’s population is latently infected with Mycobac-
terium tuberculosis [Dye & Williams, 2010, Russel et al., 2010]. Current tu-
berculosis treatment regimens involve > 6 months combination therapy with
the first-line antibacterials isoniazid, rifampin, pyrazinamide, and ethambutol.
This extended chemotherapy with concomitantly low patient compliance signifi-
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cantly contributes to the emergence of multidrug- and extensively drug-resistant
strains of M. tuberculosis [Check, 2007,Dye, 2009]. For effective control of tu-
berculosis, thus new antimycobacterial drugs are urgently needed [Bald & Koul,
2010,Koul et al., 2011]. In particular, drugs with new mechanism of action and
interfering with novel target pathways are required.

Diarylquinolines are a class of highly promising new candidate-drugs for tu-
berculosis treatment, which specifically interact with mycobacterial ATP syn-
thase, leading to time-dependent depletion of cellular ATP levels [Koul et al.,
2007,Koul et al., 2008,Rao et al., 2008]. Transposon mutagenesis analysis has
suggested that ATP synthase is an essential enzyme for growth in M. tubercu-
losis [Sassetti et al., 2003] and for growth on fermentable and non-fermentable
carbon sources in Mycobacterium smegmatis [Tran & Cook, 2005]. Diarylquino-
lines lead compound TMC207 is highly bactericidal on drug sensitive and drug
resistant M. tuberculosis [Andries et al., 2005, Diacon et al., 2009, Huitric et
al., 2007], and displayed surprising selectivity with only minimal effect on hu-
man mitochondria and minimal side effects for the human host [Andries et al.,
2005,Diacon et al., 2009,Haagsma et al., 2009]. In vivo, TMC207 showed de-
layed bacterial killing: whereas hardly any bactericidal activity was detectable
within the first 3 days of administration in treatment-näıve patients with sputum
smear-positive pulmonary tuberculosis in a clinical phase IIa trial, significant
bacterial killing was observed after 4 days of treatment and onward [Rustomjee
et al., 2008]. The reason for this delay in bactericidal activity is unknown.

Bacteria can attempt to evade antibiotic action by a variety of mechanisms,
such as prevention of pro-drug activation, drug extrusion, modification of target
proteins or target pathway, as well as remodeling of bacterial metabolism [Walsh,
2000]. Elucidation of the metabolic response to antibiotic treatment can provide
insight in mechanisms of bacterial metabolic adaptation. Moreover, knowledge
of metabolic remodeling in presence of antibacterial drugs can reveal points
of vulnerability in bacterial metabolism, which may be exploited for efficient
design of drug co-administration.

In this report we use a proteomics approach to elucidate the metabolic re-
sponse to the diarylquinoline TMC207.

5.2 Materials and methods

5.2.1 Bacterial strains and growth conditions

Mycobacterium bovis BCG Copenhagen was kindly provided by B.J. Appelmelk,
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Department of Molecular Cell Biology & Immunology, VU University Medical
Center Amsterdam, The Netherlands. M. bovis BCG was grown in Middlebrook
7H9 broth (Difco) with 10% Middlebrook albumin-dextrose-catalase enrichment
(BBL) and 0.05% Tween-80 at 37 ◦C.

For the isotopically labeled internal standard, cells were grown on modified
Middlebrook 7H9 broth. 22 g L−1 D(+)-glucose monohydrate and 0.05% Triton
WR1339 (Tyloxapol, SigmaUltra) were additionally added with the internal
standard. Cells were harvested in the late exponential phase.

5.2.2 Cell lysis

Cell lysis was performed as described by [Fischer et al., 2006] with the modifica-
tions described below. Briefly, the bacteria were sedimented by centrifugation at
6, 000 g for 15 min and washed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4). The washed cells were resuspended in
disintegration buffer (PBS containing additional 20 mM MgCl2, 5 mM MnCl2,
200 units mL−1 DNase I (Invitrogen), protease inhibitors (complete, EDTA-free;
protease inhibitor cocktail tablets from Roche) at a concentration of 4 mL of
buffer per gram of wet cells. The cells were disrupted by three passages through
a pre-cooled French pressure cell at 20, 000 psi (Thermo Electron, 40K) with the
unbroken cells being subsequently sedimented twice by centrifugation at 6, 000 g
at 4 ◦C. The membranes were pelleted at 100, 000 g at 4 ◦C for 30 min and the
pellet of membranes was washed with PBS. After the second centrifugation step,
the membranes were resuspended in an appropriate volume of PBS.

5.2.3 Digestion conditions

Three biological replicates were analysed before and after TMC207 treatment
for each of the three distinct treatments (1 day, 2 days and 3 days TMC207
treatment). For the direct cytosolic analysis 100µg cytoplasmatic proteins were
pooled with an internal 15N-labeled standard in equal protein amounts and
incubated at 60 ◦C for 1 h to inactivate the protease inhibitors. For the digestion
4µg sequencing grade trypsin (Promega, Madison, USA) was added per 100µg
of proteins and the preparations were incubated at 60 ◦C over night. After
centrifugation at 100, 000 g for 30 min (4 ◦C), the supernatants, containing the
peptides, were finally desalted with Spec PT C18AR solid phase extraction
pipette tips (Varian, Lake Forest, CA, USA).
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5.2.4 One-dimensional nLC-ESI-MS/MS

Desalted samples were resuspended in 10µL buffer A (0.1% formic acid in wa-
ter) by sonication for 5 min and subjected to 1D-nLC-ESI-MS/MS using an
autosampler. An UPLC BEH C18 column (1.7µm, 75µm × 150 mm, Wa-
ters, Milford, MA, USA) and an UPLC Symmetry C18 trapping column (5µm,
180µm × 20 mm, Waters, Milford, MA, USA) for LC as well as a PicoTip
Emitter (SilicaTip, 30µm, New Objective, Woburn, MA, USA) were used in
combination with the nanoACQUITY gradient UPLC pump system (Waters,
Milford, MA, USA) coupled to a Thermo LTQ Orbitrap XL ion trap mass
spectrometer from Thermo Fisher Scientific Inc. (Waltham, MA, USA). For
each biological replicate two technical replicates were performed. 8µL of the
sample were loaded onto the column, equilibrated in 99% buffer A, using the
nanoAcquity autosampler. For elution of the peptides a linear gradient with
increasing concentration of buffer B (0.1% formic acid in acetonitrile) from 1%
to 40% within 165 min was applied, followed by a linear gradient from 40% to
99% acetonitrile concentration within 15 min (0− 5 min: 1% buffer B; 5− 10
min: 5% buffer B; 10− 175 min: 40% buffer B; 175− 200 min: 99% buffer B;
200−210 min: 1% buffer B) at a flow rate of 400 nL min−1 and a spray voltage
of 1.2− 1.5 kV. The LTQ Orbitrap was operated by instrument method files of
Xcalibur (Rev. 2.0.7). The linear ion trap and orbitrap were operated in paral-
lel, i.e. during a full MS scan on the orbitrap in the range of 300− 2000 m/z at
a resolution of 60, 000. MS/MS spectra of the four most intense precursors were
detected in the ion trap. The analytical column oven was set to 45 ◦C and the
heated desolvation capillary was set to 200 ◦C. The relative collision energy for
collision-induced dissociation was set to 35%. Dynamic exclusion was enabled
with a repeat count of 1 and a 30 seconds exclusion duration window. Singly
charged and more than triply charged ions were rejected from MS/MS.

5.2.5 Data analysis

All database searches were performed using SEQUEST algorithm, embedded in
Bioworks Browser TM (Rev. 3.3.1 SP1, Thermo Electron c© 1998-2007) with
a M. bovis BCG database containing 3953 sequences, which was available at
NCBI. Each raw file was searched against both, the database with 14N-label
and 15N-label. Furthermore, mass accuracy was set to 10 ppm and the oxida-
tion of methionine was admitted as a variable peptide modification. Protein
quantification was performed using the ProRata 1.0 algorithm [Pan et al., 2006]
to calculate peak areas of unlabeled 14N peptides and of metabolically labeled
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15N peptides. The relative quantification using the ProRata software was per-
formed as already reported with the following parameters: minimum ∆Cn was
set to 0.08, minimum XCorr was set to 2.5 (+2), 3.5 (+3), duplicate spectra
for each sequence were retained (−t 0) and at least two different peptides per
protein were required.

5.3 Results

5.3.1 Mycobacterial growth in presence of TMC207

In this study we used the slow-growing M. bovis BCG as a model system, which
shares > 99.9% DNA sequence identity with M. tuberculosis and strongly re-
semblesM. tuberculosis in terms of growth rate, energy metabolism and sensitiv-
ity to diarylquinolines [Huitric et al., 2007,Mattow et al., 2001]. To investigate
TMC207-induced changes in bacterial growth, M. bovis BCG was cultured in
liquid medium in the presence or absence of TMC207. In the absence of TMC207
cell density increased steadily, with an average OD600 of ∼ 0.4 after 4 days and
∼ 1.0 after 8 days (Fig. 5.1). In the presence of 125 nM TMC207 (1× MIC90),
added on day 4, the cell density further increased for 1−2 days and then leveled
off at OD values ∼ 0.6. As negative control, addition of DMSO, the solvent used
for TMC207, did not significantly influence mycobacterial growth (Fig. 1). Our
results using M. bovis BCG are consistent with the time-dependent activity of
TMC207 reported earlier for M. tuberculosis [Andries et al., 2005].

5.3.2 Overall changes in protein expression

To investigate TMC207-induced metabolic changes, M. bovis BCG protein ex-
pression was examined and quantified within a 3-day interval after adding the
compound. 72 proteins were found differentially regulated with a log2 regulation
factor > 0.3 or < −0.3 and p < 0.05 (Table 5.1). The number of significantly
regulated proteins increased from 12 (day 1) to 28 (day 2) and finally 38 (day
3).
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Figure 5.1: Growth curves for Mycobacterium bovis BCG. Bacteria were cultured for 8 days
in Middlebrook 7H9 broth (Difco) containing 10% Middlebrook albumin-dextrose-catalase
enrichment (BBL) and 0.05% Tween-80 with the following additions after 4 days: (△) 125
nM TMC207 (1 × MIC90), (⋄) 0.25% DMSO, (•) none . The results shown represent the
mean ± SD from three different experiments.

Table 5.1: Differentially expressed proteins in Mycobacterium bovis BCG during TMC207
treatment.

ID Protein Description log2 p-value
ratio

BCG 0289c HrpA Heat shock protein HrpA 4.2 0.001
5.1 0.002

BCG 1527 BCG 1527 Conserved hypothetical protein 3.4 0.005
BCG 3931 BCG 3931 Conserved hypothetical protein 2.8 0.044
BCG 0829 PurB Adenylosuccinate lyase 2.8 0.014
BCG 1693 ArgB Acetylglutamate kinase 2.7 0.009
BCG 0226c IlvD Dihydroxy-acid dehydratase 2.4 0.015
BCG 2696 BCG 2696 Conserved hypothetical protein 2.4 0.005
BCG 0507 Icl Isocitrate lyase icl 0.4 0.022

0.7 0.049
1.6 0.0001

BCG 1385 FadA4 Acetyl-CoA acetyltransferase fadA4 1.1 0.006
BCG 0282c FadE5 Acyl-CoA dehydrogenase fadE5 0.5 0.016

1.0 0.049
BCG 0751 RplC 50S ribosomal protein L3 1.0 0.006
BCG 3863c FadD32 Fatty-acid-CoA ligase fadD32 0.8 0.005
BCG 2962c Mas Putative mycocerosic acid synthase 0.8 0.038
BCG 3770 LeuA 2-isopropylmalate synthase 0.8 0.035
BCG 2295 BCG 2295 Probable dehydrogenase 0.8 0.029
BCG 2132c BCG 2132c Probable ATPase 0.8 0.012
BCG 0502 Lpd Dihydrolipoamide dehydrogenase 0.7 0.023
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BCG 0390 GrpE Probable GrpE protein 0.7 0.049
0.6 0.013

BCG 0389 DnaK Probable chaperone protein DnaK 0.3 0.014
0.6 0.0001

BCG 0422c ClpB Putative endopeptidase ATP binding 0.6 0.015
protein (chain b) clpB 0.3 0.049

BCG 3185c BCG 3185c Possible dioxygenase 0.6 0.004
BCG 0077c Ino1 Myo-inositol-1-phosphate synthase INO1 0.6 0.028
BCG 2724 IdeR Iron-dependent repressor and activator ideR 0.6 0.014
BCG 1509c Tal Transaldolase 0.6 0.024
BCG 1498 Pgk Phosphoglycerate kinase 0.5 0.021
BCG 0097c Icd2 Putative isocitrate dehydrogenase 0.5 0.041
BCG 3277c SahH S-adenosyl-L-homocysteine hydrolase 0.5 0.029
BCG 1872c GlcB Malate synthase G 0.4 0.027
BCG 0281 FadA2 Acetyl-CoA acetyltransferase fadA2 0.4 0.005
BCG 2993 BCG 2993 Probable oxidoreductase 0.4 0.029
BCG 3017c SerA1 D-3-phosphoglycerate dehydrogenase 0.4 0.049
BCG 2128c BCG 2128c Conserved hypothetical protein −0.3 0.039

0.4 0.033
BCG 1006 SucD Succinyl-CoA synthetase subunit alpha 0.3 0.034
BCG 1537c Acn Aconitate hydratase 0.3 0.005
BCG 0912 FadB Fatty oxidation protein fadB 0.3 0.045
BCG 1947c KatG Catalase-peroxidase-peroxynitritase T katG 0.3 0.033
BCG 3069 AdhC NADP-dependent alcohol dehydrogenase adhC −0.3 0.036
BCG 1194c MetE 5-methyltetrahydropteroyltriglutamate- −0.3 0.048

homocysteine S-methyltransferase
BCG 3522c RpoA DNA-directed RNA polymerase subunit alpha −0.3 0.042
BCG 2487 PepN Putative aminopeptidase N pepN −0.4 0.016

−0.3 0.01
BCG 1449 MihF Putative integration host factor mihF −0.4 0.012
BCG 3776c BCG 3776c Conserved hypothetical protein −0.4 0.049
BCG 3052c FixA Probable electron transfer flavoprotein −0.4 0.048

(beta-subunit) fixA
BCG 0936c SerC Phosphoserine aminotransferase −0.4 0.014
BCG 2545c FAS I Putative fatty acid synthase I −0.4 0.040
BCG 0717 RpoC DNA-directed RNA polymerase beta −0.4 0.014
BCG 0701 RplL 50S ribosomal protein L7/L12 −0.5 0.046
BCG 1668 RpsA 30S ribosomal protein S1 −0.5 0.042
BCG 0768 RpsH Probable 30S ribosomal protein S8 −0.5 0.043
BCG 2482c Tig Trigger factor −0.5 0.019
BCG 2261 AcpM Meromycolate extension acyl carrier −0.5 0.016

protein acpM
BCG 1896 Apa Alanine and proline rich secreted protein −0.5 0.028

−0.5 0.017
BCG 3935c BCG 3935c Conserved hypothetical protein −0.5 0.033
BCG 0002 DnaN DNA polymerase III subunit beta 0.3 0.010

−0.6 0.036
BCG 1650 TrpB Tryptophan synthase subunit beta −0.6 0.05
BCG 2315c HtpG Probable chaperone protein htpG −0.7 0.008
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−0.3 0.016
BCG 1154 DesA2 Possible acyl-[acyl-carrier protein] −0.7 0.044

desaturase desA2
BCG 1579c Pks5 Putative polyketide synthase pks5 −0.9 0.011
BCG 3573c IlvX Acetohydroxyacid synthase ilvX −0.9 0.012
BCG 3850 BCG 3850 Conserved hypothetical protein −0.9 0.009
BCG 3768c Asd Aspartate-semialdehyde dehydrogenase −2.1 0.0004
BCG 2448 AhpD Alkyl hydroperoxide reductase D protein ahpD −2.1 0.037
BCG 1879c GuaB1 Inosine 5-monophosphate dehydrogenase −2.2 0.0001
BCG 0532 RegX3 Two component sensory transduction −2.3 0.003

protein regX3
BCG 2464c Rne Putative ribonuclease E −2.4 0.010
BCG 3747 BCG 3747 Conserved hypothetical protein −2.5 0.01
BCG 0229 BCG 0229 Conserved hypothetical protein −2.6 0.017
BCG 2865c ProS Prolyl-tRNA synthetase −2.6 0.009
BCG 2969c FadD22 Fatty-acid-CoA ligase fadD22 −2.6 0.009
BCG 0253 BCG 0253 Conserved hypothetical protein −2.8 0.046
BCG 1470 RibG Putative bifunctional riboflavin biosynthesis −2.9 0.041

protein RIBG
BCG 2653c BCG 2653c Conserved hypothetical protein −3.6 0.003

5.3.3 Differentially regulated Metabolic Pathways

General stress response

Response to stress is crucial for the bacterial survival and bacteria have de-
veloped a number of mechanisms to evade or cope with stress factors, such as
reactive nitrogen and reactive oxygen species, low nutrient conditions, or expo-
sure to radiation.

In cultures containing TMC207 several proteins typically associated with
stress responses were found significantly upregulated (Fig. 5.2). The heat shock
protein HrpA suppresses aggregation of proteins by associating with ribosomes
and cell membrane [Tabira et al., 2000]. ATP binding protein (chain b) clpB
is involved in re-solubilization of aggregated proteins [Doyle & Wickner, 2009].
Chaperone protein DnaK has functions in refolding of misfolded proteins and
folding of newly synthesized proteinsa and endopeptidase GrpE functions to-
gether with DnaJ as a co-chaperone for DnaK [Bukau & Horwich, 1998]. ClpB
and DnaK appear to act synergistically wherein DnaK may assist ClpB dur-
ing the initials stages of protein unfolding by presenting unstructured regions
of the polypeptide to ClpB, by modulating the ATPase activity of ClpB, or
by helping refold proteins following their extrusion from ClpB [Doyle & Wick-
ner, 2009]. During the course of treatment heat shock protein HtpG, with a
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Figure 5.2: TMC207-induced expression changes of proteins involved in general stress re-
sponse.

poorly understood function, becomes less downregulated. HtpG is incapable
of folding newly synthesized proteins alone, but is essential for the complete
refolding process in Escherichia coli. HtpG may function as a holdase immedi-
ately following polypeptide extrusion from ClpB by maintaining a protein in a
conformation suitable for DnaK-dependent refolding [Thomas & Baneyx, 2000].
These findings indicate that mycobacteria under TMC207-induced stress may
opt to preserve protein intactness or refold proteins instead of de novo protein
synthesis.

M. tuberculosis has evolved multiple ways to detoxify reactive nitrogen and
reactive oxygen species. Strong downregulation was observed for alkyl hydroper-
oxide reductase D protein (AhpD), whereas catalase-peroxidase KatG, which
detoxifies superoxide and peroxynitrite, was mildly upregulated. AhpD acts
by reducing the alkyl hydroperoxide reductase (AhpC), a peroxidase and per-
oxynitrate reductase involved in antioxidant defense mechanisms [Bryk et al.,
2000,Bryk et al., 2002]. Apparently, TMC207 does not elicit a significant ox-
idative stress in the mycobacterial cell.
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Figure 5.3: TMC207-induced expression changes of proteins involved in DNA replication
and nucleotide synthesis.

DNA replication and nucleotide synthesis

Several proteins involved in nucleotide or DNA metabolism were found signif-
icantly downregulated. Inosin 5-monophosphate dehydrogenase (GuaB1) and
bifunctional riboflavin biosynthesis protein RIBG, both enzymes involved in
nucleotide synthesis, were strongly downregulated (Fig. 5.3). For DNA Poly-
merase III (DnaN), a key enzyme in DNA replication, regulation was more
complex, with moderate increase of expression after one day and a stronger
decraese at day 2. This observed downregulation of DNA biosynthetic path-
ways most likely is a way to conserve the cells energy and resources when ATP
synthesis is blocked by TMC207.

Protein biosynthesis

Protein synthesis is a major energy sink in mycobacterial metabolism [Cox &
Cook, 2007]. Protein biosynthesis involves both production of mRNA and ribo-
somal synthesis of proteins. In TMC207-treated bacteria downregulation was
observed for subunits alpha and beta of DNA-directed RNA polymerase (Rpo),
a key enzyme in transcription (Fig. 4). Moreover, ribosomal components, such
as the 50S ribosomal protein L7/12 (RplL), 30S ribosomal protein S1 (RpsA)
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Figure 5.4: TMC207-induced expression changes of proteins involved in protein biosynthesis.

and S8 (RpsH) were significantly downregulated. Downregulation of the prolyl-
tRNA synthetase (ProS) indicates that less energy is spent for loading of amino
acids to tRNAs. RpIL, RpsA, RpsH and ProS are implicated in translation of
mRNA to protein. Decreased Rne expression probably is a means to prevent
degradation of mRNA (Fig. 4), the cell may save energy by extending mRNA
life time. When newly synthesized polypeptides emerge from the ribosomal
exit tunnel the ribosome-associated trigger factor is the first chaperone they en-
counter [Baram et al., 2005,Ferbitz et al., 2004,Kramer et al., 2002,Schlünzen et
al., 2005]. The downregulation of protein biosynthesis in response to antibiotic
treatment is most likely a way to conserve the cell’s energy and resources.

Energy and intermediary metabolism

Bacteria can generate ATP either by substrate level phosphorylation of fer-
mentable carbon sources or by oxidative phosphorylation [Cox & Cook, 2007].
Whereas several other bacteria can provide sufficient energy for growth by sub-
strate level phosphorylation and increased glycolytic flux, ATP synthase was
shown to be essential for growth on both fermentable and non-fermentable car-
bon sources inM. smegmatis [Tran & Cook, 2005]. We investigated if blocking of
ATP synthase activity leads to shifts in cellular energy metabolism. In glycoly-
sis, phosphoglycerate kinase (Pgk) was found upregulated (Fig. 5.5). Pgk catal-
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Figure 5.5: TMC207-induced expression changes involved in energy and intermediary
metabolism.

yses one of the ATP-forming steps of glycolysis, transferring a phosphate group
from 1,3-biphosphoglycerate to ADP. Glycolysis is linked to the pentose phos-
phate pathway by transaldolase and transketolase, which convert 5-carbon sugar
phosphates of the pentose phosphate pathway, suitable for nucleotide synthesis,
into six-carbon units (fructose-6-phosphate) or 3-carbon units (glyceraldehyde
3-phosphate) that can enter glycolysis for ATP synthesis. Transaldolase (Tal)
was mildly upregulated (Fig. 5.5), possibly reflecting decreased cellular require-
ments for nucleotide components and increased demand for ATP.

Under aerobic conditions, pyruvate is oxidatively decarboxylated by pyru-
vate dehydrogenase to form acetyl CoA, which enters the tricarboxylic acid
(TCA) cycle. Dihydrolipoamide dehydrogenase (Lpd), one of the enzymes of
the pyruvate dehydrogenase complex was upregulated (Fig. 5.5), possible in-
dicating higher flux through this enzyme complex. This view is supported by
downregulation of acetohydroxyacid synthase (IlvX) (Fig. 5.5), which catalyzes
a competing reaction, the conversion of pyruvate to 2-acetolactate and CO2.

Several proteins of the TCA cycle were upregulated upon TMC207 exposure:
aconitase (Acn), isocitrate dehydrogenase (Icd2) and succinate dehydrogenase
(SucD) (Fig. 5.5). Moreover, pronounced upregulation of adenylosuccinate
lyase (PurB) (Fig. 5.5), which converts adenylosuccinate to AMP and fumarate
[Aragón & Lowenstein, 1980,Tornheim & Lowenstein, 1975,Young et al., 1996],
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may increase levels of this TCA cycle intermediate. The TCA cycle may also
partly operate in reverse, e.g. succinate dehydrogenase potentially may act as
fumarate reductase, thus constituting an electron sink for redox balance.

These observed metabolic changes may indicate that the mycobacteria at-
tempt to increase substrate-level ATP production and/or to increase pressure
on the respiratory chain by enhanced production of reducing equivalents.

Fatty acids present an alternative source of energy widely used by mycobac-
teria. β-oxidation converts fatty acids into acetyl CoA, which can be fed in
the TCA cycle, yielding NADH/FADH2 as substrates for the respiratory chain.
Several components of fatty acid β-oxidation (FadB, FadE5, FadA2 and FadA4)
were upregulated during exposure to TMC207 (Fig. 5.5). Mycobacteria may
respond to blockage of respiratory ATP production by mobilization of cellular
energy storage systems.

Utilization of lipids as carbon source requires the carbon-conserving glyoxy-
late shunt. Isocitrate lyase (Icl), which catalyzes conversion of isocitrate to suc-
cinate and glyoxylate, the first reaction of this pathway branching from the TCA
cycle, was significantly upregulated. Regulation of malate synthase (GlcB), cat-
alyzing the second step of the glyoxylate shunt, the condensation of glyoxylate
with acetyl CoA to malate, was clearly less pronounced (Fig. 5.5). These data
may indicate a switch in metabolism to utilize lipids as carbon source. However,
alternatively, the higher demand for isocitrate lyase may be due to the role of
this enzyme in the methylcitrate cycle, metabolizing odd-chain fatty acids. In-
creased β-oxidation may yield high concentrations of propionyl-CoA, which can
enter the methylcitrate cycle [Upton & McKinney, 2007]).

Lipid biosynthesis

Mycobacteria have an unusual cell wall in which mycolic acids, a special type
of very long chain lipids, play a critical role in its structure and function. Lipid
biosynthesis in mycobacteria is a highly complex system, involving both type I
and type II fatty acid synthase enzymes, and accordingly mycobacteria employ
a broad array of enzymes for this task.

Downregulation was observed for the single multifunctional FAS I, which
carries out de novo biosynthesis of long chain fatty acyl-CoAs from acetyl-CoA
(Fig. 5.6). The multiple component synthase FAS II then elongates C16 acyl-
CoA to produce very long chain meromycolates. Acyl carrier protein M (AcpM),
a central component of the FAS II multi-enzyme complex, was shown to be less
expressed in presence of TMC207 (Fig. 5.6). Moreover, downregulation was
detected for fatty-acid-CoA ligase fadD22, involved in the biosynthesis of the
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Figure 5.6: TMC207-induced expression of proteins involved in lipid metabolism.

cell envelope component phenolic glycol lipids (PG) [Siméone et al., 2010], and
for the aerobic desaturase desA2 (Fig. 5.6). This differential expression may
indicate a general decrease in fatty acid biosynthesis activity.

However, we observed upregulation for FadD32, an enzyme involved in the
final step of mycolic acid synthesis, condensation of a meromycolate chains
with long chain Acyl-CoA primers generated by FAS I [Trivedi et al., 2004].
The type II polyketide mycocerosic acid synthase (Mas), which synthesizes the
mycocerosic acid units for PGLs [Dubey et al., 2002,Mathur & Kolattukudy,
1992, Rainwater & Kolattukudy, 1985] was upregulated (Fig. 5.6). The type
II polyketide Pks 5 on the other hand, which is highly similar to Mas, was
downregulated.

Taken together, the changes in fatty acid biosynthesis in response to TMC207
treatment are complex. Although key components of Fas I and FASII are down-
regulated, we cannot exclude that several reactions of lipid biosynthesis are
accelerated in TMC207 treated cells.

Conserved hypothetical proteins

More than 25% of the M. tuberculosis proteome accounts for conserved hypo-
thetical proteins of unknown function. Several conserved hypothetical proteins
were differentially up- or downregulated, in particular BCG 0229, BCG 0253,
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Figure 5.7: TMC207-iinduced expression changes of conserved hypothetical proteins.

BCG 1527, BCG 2653c, BCG 2696, BCG 3747, BCG 3931 and BCG 3935c
displayed exceptionally high regulation factors (Fig. 5.7). An ortholog of
BCG 2653c, Rv2626c, is present in M. tuberculosis and is thought to have a
function in the dormancy regulon, a set of 48 genes crucial for survival under
non-replicating persistent conditions. It is likely that the conserved hypotheti-
cal proteins have important functions related to cellular (ATP) homeostasis and
definitely require further studies to define their roles in mycobacterial (energy)
metabolism.

5.4 Discussion

Taken together, we found that M. bovis BCG responds to TMC207 treatment
by downregulation of DNA replication, nucleotide and protein synthesis. The
mycobacteria may slow down these biosynthesis pathways in order to save ATP
and conserve cellular energy charge. Concordantly, proteins associated with
stress response and protein refolding were upregulated, indicating a shift from
de novo synthesis to re-usage and recycling of existing proteins. Components of
energy metabolism were upregulated, suggesting enhanced attempts to increase
cellular ATP production. The metabolic response determined here may allow
the mycobacteria to survive in the presence of the drug for several days and may
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in part explain the delayed onset of bactericidal action observed for TMC207
[Rustomjee et al., 2008].

Protein biosynthesis has been found downregulated in response to treatment
with other antibacterials as well, such as isoniazid and ethambutol [Wang &
Marcotte, 2008]. These drugs inhibit mycolic acid biosynthesis by targeting
enoyl-ACP reductase InhA of the FAS II system [Vilchèze et al., 2006] and
arabinosyl transferase (EmbABC) [Takayama & Kilburn, 1989], repectively.

However, in contrast to TMC207, both isoniazid and ethambutol caused
pronounced upregulation of mycolic acid biosynthesis, in particular components
of the FAS II system [Hughes et al., 2006, Jia et al., 2005,Wang & Marcotte,
2008]. This response most is likely as a consequence of a regulatory feedback
mechanism to to compensate for the inhibitory effect of these drugs [Wang
& Marcotte, 2008]. Moreover, in contrast to TMC207, isoniazid significantly
induced the alkyl hydroperoxidase system [Wang & Marcotte, 2008].

Pyrazinamide is a first line antibiotic that acts on energy metabolism [Zhang
et al., 2003]. To our knowledge there are no studies available on the metabolic
response to pyrazinamide, it would be interesting to investigate if TMC207
and pyrazinamide, with a similar mechanism of action, share a related tran-
scriptomic/proteomic signature. Treatment with 5-Cl-pyrazinamide resulted
in a downregulation of protein biosynthesis and upregulation of TCA cycle
components [Wang & Marcotte, 2008], similar to the response observed here
for TMC207. However, there are indications that the mechanism of action
of 5-Cl-pyrazinamide and pyrazinamide may not be identical [Boshoff et al.,
2002,Zimhony et al., 2000].

Downregulation of protein and mycolic acid biosynthesis has also been ob-
served during shift to slow growth rate [Beste et al., 2007], nutrient starva-
tion [Betts et al., 2002], an oxygen depleted dormancy model [Voskuil et al.,
2004] and environmental acidification [Fisher et al., 2002]. However, these stress
situations also induced downregulation of components of the TCA cycle [Beste
et al., 2007,Betts et al., 2002], glyoxylate shunt [Beste et al., 2007,Betts et al.,
2002] and alkyl hydroperoxidase system [Fisher et al., 2002], in contrast to the
response to TMC207 treatment determined here.

In a mouse model of tuberculosis infection components of β-oxidation and
the glyoxylate/methylcitrate pathway were found upregulated [Shi et al., 2010].
In contrast to what is observed in this mouse model, TMC207 did not induce
downregulation of TCA cycle components [Shi et al., 2010].

Phagosomal uptake resulted in induction of the general stress response [Ro-
hde et al., 2007], the glyoxylate shunt or methylcitrate cycle (isocitrate lyase)
[Dubnau et al., 2002,Graham & Clark-Curtiss, 1999,Rohde et al., 2007,Schnap-
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pinger et al., 2003], and the β-oxidation pathway [Rohde et al., 2007, Schnap-
pinger et al., 2003], similar to the response observed here for TMC207. In
conclusion, stress by TMC207 largely seems to mimic phagosomal uptake.

Insight in the metabolic response to antibacterials may reveal points of phys-
iological vulnerability. Upregulation of isocitrate lyase, with either a function
in glyoxylate shunt or in the methylcitrate cycle, suggests that the significance
of this enzyme is enhanced in the presence of TMC207. Icl has previously been
validated as drug target, in particular for dormant or latent mycobacteria, and
small molecule inhibitors for this enzyme are known [Muñoz-Eĺıas & McKin-
ney, 2005] . It might be promising to test co-administration of Icl inhibitors
with TMC207, which may act synergistically. Similarly, inhibitors of proteins
involved in the cellular stress response, such as heat shock protein HrpA and
chaperone protein DnaK, or compounds interfering with argininosuccinate lyase
function may be tested for synergy with TMC207.
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