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92 Chapter 7. General discussion and outlook

Tuberculosis causes approximately 2 million deaths per year and an esti-
mated one third of the world population is thought to be infected with a dormant
or latent form of Mycobacterium tuberculosis [Dye & Williams, 2010,Russel et
al., 2010]. Infections with multidrug-resistant and extensively drug-resistant
mycobacterial strains as well as co-infection with HIV pose a global health chal-
lenge [Gandhi et al., 2010,Mandavilli, 2007,World Health Organization, 2010].
At present, treatment of TB involves administration of a cocktail of first-line an-
tibiotics for at least six months: isoniazid, rifampin, pyrazinamide, and etham-
butol are administered for the first two months, followed by an additional four
months of treatment with isoniazid and rifampin [Mitchison, 2005]. In case of
mutlti-drug resistant tuberculosis, the antibacterial chemotherapy is extended
to 12-24 months. This long treatment duration and concomitant low treatment
compliance contributes directly to the emergence of multidrug- and extensively
drug-resistant strains of M. tuberculosis, thus further limiting the efficacy of
standard therapy [Check, 2007,Dye, 2009]. To improve current TB treatment
new antituberculosis drugs should meet a number of criteria. The candidate
drug should be suitable for: 1. shortening treatment duration; 2. treatment of
multidrug-resistant and extensively drug-resistant TB; 3. reducing pill burden;
4. lower dosing frequency; and 5. co-administered with HIV medications [Koul
et al., 2011].

Energy metabolism has emerged as a new target for development of new an-
timycobacterial drugs [Bald & Koul, 2010,Zhang et al., 2003]. The diarylquino-
line TMC207 is highly active on drug-sensitive and multidrug-resistant repli-
cating as well as on dormant mycobacteria [Andries et al., 2005, Koul et al.,
2008,Lounis et al., 2006,Rao et al., 2008]. Moreover, TMC207 is a highly promis-
ing candidate for shortening the duration of tuberculosis treatment [Ibrahim et
al., 2007, Lounis et al., 2006]. In phase II clinical trials addition of TMC207
to standard therapy antituberculosis regimen strongly accelerated conversion to
a negative sputum as compared to placebo [Diacon et al., 2009] according to
the semi-automated mycobacteria growth indicator tube (MGIT) system. By
specifically interacting with subunit c of ATP synthase, TMC207 blocks ATP
synthesis in mycobacteria [Koul et al., 2007]. ATP synthase is evolutionarily
strongly conserved among prokaryotes and eukaryotes and in humans ATP syn-
thase is essential for survival, as it supplies cells with the bulk of their ATP via
oxidative phosphorylation [von Ballmoos et al., 2008]. For the development of
new anti-bacterial drugs, usually bacterial targets without homologue in human
metabolism are regarded as the most promising candidates. Typical inhibitors
of ATP synthase, such as dicyclohexyl-carbodiimide, oligomycin and venturi-
cidin, which block ATP synthase action by interaction with subunit c, are not
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selective and inhibit ATP synthase not only in bacteria but also in mitochon-
dria [Amacher, 2005, Matsuno-Yagi & Hatefi, 1993a, Matsuno-Yagi & Hatefi,
1993b,Wallace & Starkov, 2000]. This lack of selectivity and resulting toxicity
prevents their clinical usage. Short-term administration of TMC207 was found
to be safe and well tolerated without serious side effects in a phase I clinical
study with healthy volunteers [Andries et al., 2005]. Also, in the first stages of
phase 2 clinical trials, administration of TMC207 to patients with multi-drug
resistant tuberculosis gave an acceptable side-effect profile over a longer period
of time [Diacon et al., 2009]. Results from this thesis demonstrate a 20, 000-fold
lower TMC207 sensitivity for human mitochondrial ATP synthase as compared
to mycobacterial ATP synthase (Chapter 2). This high selectivity index for
TMC207 indicates that the compound is highly specific and unlikely to induce
target-based toxicity in mammalian cells. Our results thus provide a ratio-
nale for the clinical safety observed for this compound. The data presented in
Chapter 2 suggest that TMC207 may be the first highly selective ATP synthase
inhibitor with the potential to treat a bacterial infection. Furthermore, ATP
synthase, although highly conserved between prokaryotes and eukaryotes, may
still qualify as an attractive antibiotic target.

Transposon mutagensis analysis suggested that ATP synthase is an essen-
tial enzyme for growth in M. tuberculosis [Sassetti et al., 2003] and for growth
on fermentable and nonfermentable carbon sources in M. smegmatis [Tran &
Cook, 2005]. However, it is not known whether the observed essentiality stems
from a need for ATP synthase to synthesize ATP or to maintain the proton
motive force by hydrolysis of ATP. A number of known inhibitors of ATP syn-
thase, such as sodium azide and aurovertin, strongly discriminate between the
enzyme in ATP synthesis mode or in the ATP hydrolysis mode [Syroeshkin et
al., 1995, Bald et al., 1998, Johnson et al., 2009]. To understand diarylquino-
line action and selectivity, insight in the mode of action of mycobacterial ATP
synthase is important. ATP synthase from fast-growing saprophytic strains
(generation time < 3 h) does not seem able to efficiently invert its function to
pump protons across the membrane, as only a very low ATP hydrolysis activity
is displayed by Mycobacterium phlei [Higashi et al., 1975] and TMC207 had no
significant effect on the proton motive force in M. smegmatis [Koul et al., 2008].
The most relevant pathogenic strains, like M. tuberculosis, Mycobacterium lep-
rae, Mycobacterium ulcerans as well as the vaccine strain Mycobacterium bovis
Bacillus Calmette-Guerin (BCG) are slow-growers with a generation time > 15
h and with significantly different energy requirements [Beste et al., 2009,Cook
et al., 2009]. In Chapter 3 we used M. bovis BCG, which shares > 99.9% DNA
sequence identity with M. tuberculosis and strongly resembles M. tuberculosis
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in terms of sensitivity to diarylquinolines [Mattow et al., 2001, Huitric et al.,
2007], as model system for biochemical studies on mycobacterial ATP synthase.
We set up an experimental system to investigate ATP synthase and the respi-
ratory chain in coupled inverted membrane vesicles from this model strain. We
show that inverted membrane vesicles from M. bovis BCG are active in ATP
synthesis, but ATP synthase displays no significant ATP hydrolysis activity and
does not set-up a proton motive force using ATP as a substrate. Treatment with
methanol as well as PMF activation unmasked the ATP hydrolysis activity, in-
dicating that the intrinsic subunit ε and inhibitory ADP are responsible for the
suppression of hydrolytic activity. The results in Chapter 3 indicate that ATP
synthase is needed for the synthesis of ATP, but not for the maintenance of the
proton motive force in mycobacteria. Thus, it seems that for the development
of new antimycobacterial drugs acting on ATP synthase, screening for ATP
synthesis inhibitors, but not for ATP hydrolysis blockers, can be regarded as a
promising strategy.

Docking studies predict a binding niche for TMC207 in ATP synthase, which
is mainly made up by subunit c, supplemented with residues from subunit a [de
Jonge et al., 2007,Upadhayaya et al., 2009]. Point mutations influencing my-
cobacterial sensitivity to TMC207 are located in the vicinity of the essential
acidic residue Glu61 in the central membrane-spanning region of subunit c [An-
dries et al., 2005,Petrella et al., 2006,Huitric et al., 2010]. TMC207 has been
proposed to interact via its protonated basic amino group with Glu61 in subunit
c [de Jonge et al., 2007,Upadhayaya et al., 2009]. In Chapter 4 no competition
between TMC207 and protons for a common binding site is observed, suggest-
ing that protonated TMC207 may block conformational changes associated with
proton flow and thereby interfere with proton transfer. TMC207 binding can be
described with a one-site binding mode with electrostatic interactions mediating
drug target interaction. Our results are consistent with and provide experimen-
tal support for the binding model based on docking studies, where TMC207 pre-
vents rotation of subunit c by mimicking the function of arginine186 in subunit
a [de Jonge et al., 2007]. Furthermore, independent of environmental conditions
such as the local pH and the proton motive force, TMC207 can efficiently bind
to its target. These properties, combined with the essentiality of the target,
may explain how TMC207 can act as a highly potent antibacterial drug.

TMC207 diplays a delayed bactericidal effect, with the onset of bacterial
killing 3-4 days after drug addition [Lounis et al., 2006]. This delayed killing dis-
tinguishes TMC207 from most other antibacterials. In this work, the metabolic
response to TMC207 was investigated with a proteomics approach using M. bo-
vis BCG as model strain (Chapter 5). The observed downregulation of biosyn-
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thetic pathways, in particular of the protein synthesis machinery reveals how
the bacteria remodel their metabolism, thus saving energy, and may in part
explain why the mycobacteria can survive for several days in presence of the
drug.

Mycobacterial ATP synthase has been solubilized and purified in the past
[Higashi et al., 1975], but these studies used a fast growing model strain,
M. phlei. Biochemical data on ATP synthase from slow-growing strains, the
causative agents of diseases such as tuberculosis and leprosy, are scarce. In
this thesis, we detergent-solubilized and isolated ATP synthase from the slow-
growing strain M. bovis BCG. Our results indicate an unsual subunit composi-
tion of this enzyme, consistent with predictions from genomic data.

Outlook

In vivo experiments using mouse models indicated that diarylquinolines have
bactericidal activity exceeding the effect of current first-line antibiotics [An-
dries et al., 2005,Lounis et al., 2006]. Diarylquinolines, in particular when ap-
plied in combination therapy with the first-line antibiotic pyrazinamide, have a
strong potential for shortening the duration of tuberculosis treatment [Ibrahim
et al., 2007, Lounis et al., 2006]. The sub-cellular membrane assay described
in Chapter 3 together with the proteomics approach used in Chapter 5 may
help to elucidate the physiological basis for this observed synergy. Moreover,
this assay system using membranes from slow-growing mycobacteria may be
used in multiple-target screening for identification and characterization of new
respiratory pathway inhibitors.

Based on the structure of diarylquinolines, novel quinoline derivatives with
significant in vitro bactericidal activity on M. tuberculosis have been synthe-
sized [Lilienkampf et al., 2009,Upadhayaya et al., 2009]. The biochemical assays
and binding studies to investigate the mode of binding between TMC207 and
mycobacterial ATP synthase presented in Chapter 4 may here provide input for
design of new compound derivatives. The ability to act independent of physio-
logical conditions, e.g. pH and proton motive force, as found for TMC207 consti-
tutes a very important property for an anti-tuberculosis drug, as mycobacteria
during infections are found in a variety of physiological micro-environmnents.

Elucidating the metabolic response of mycobacteria to TMC207, described
in Chapter 5, revealed a number of enzymes and patwhays that are differentially
up- or downregulated. Drugs acting on these pathways may act synergistically
with TMC207 and thus be promising for combination regimens.
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Availability of ATP synthase from slow growing mycobacteria in detergent-
solubilized, isolated form, as reported in Chapter 6, may help elucidating special
adaptations of this enzyme, such as the properties and function of the unusual
stator subunit δ or the regulating subunit ε. The purified enzyme may also be
used for drug target interaction studies, e.g. to understand the high affinity and
selectivity of diarylquinoline binding to ATP synthase. Conversely, TMC207 as
an inhibitor may be used as a new probe to investigate the mechanism of ATP
synthase.

Diarylquinolines, with lead compound TMC207, are expected to be intro-
duced in the regimen for treatment of multi-drug resistant tuberculosis within
the next 1-3 years. Characterizing and understanding diarylquinoline mecha-
nism of action may help to find more drug classes with new mechanism acting
on new targets, which is urgently needed to combat drug resistant infectious
diseases.
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