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Abstract

Drug-resistant strains of Mycobacterium tuberculosis, the causative agent of
tuberculosis, pose a serious health challenge, urging development of new an-
tibacterial drugs. Mycobacterial ATP synthase has recently been validated as
target of the diarylquinolines, a new class of candidate drugs against tubercu-
losis. Here we report isolation of ATP synthase from the slow growing model
strain Mycobacterium bovis BCG. The isolated detergent-solubilised enzyme
displays low ATP hydrolysis activity and is sensitive to N,N ′-dicyclohexyl-
carbodiimide. Availability of isolated ATP synthase may help to investigate
interaction between diarylquinolines and ATP synthase. Moreover, the isolated
enzyme may be used to shed light on the unusual subunit composition of my-
cobacterial ATP synthase as suggested based on genomic data.

6.1 Introduction

Tuberculosis is an airborne infection caused by Mycobacterium tuberculosis. It
is estimated that one third of the world’s population is latently infected with
M. tuberculosis, more than 10 million new cases and nearly 2 million deaths
are reported annually [Dye & Williams, 2010,Russel et al., 2010]. Resistance of
mycobacterial strains to currently used antibacterials urgently calls for develop-
ment of new antibiotics with mechanism of action different from presently used
drugs [Check, 2007,Dye, 2009].

Energy metabolism has emerged as a new target-pathway for development of
new antimycobacterial drugs [Bald & Koul, 2010,Zhang et al., 2003]. Substrate-
level phosphorylation of fermentable carbon sources can be the sole energy
source in many bacteria, such as Escherichia coli and Bacillus subtilis [Friedl et
al., 1983, Santana et al., 1994]. However, in mycobacteria fermentation appar-
ently cannot provide sufficient energy for growth [Tran & Cook, 2005], leaving
ATP synthase with the role to provide the bulk of cellular ATP. In this way,
mycobacterial ATP synthase has attracted interest as target of a new class of an-
tibacterial drugs, the diarylquinolines [Andries et al., 2005,Koul et al., 2007,Bald
& Koul, 2010]. Diarylquinolines are strongly bactericidal on drug-resistant M.
tuberculosis, the lead compound TMC207 considerably improved standard reg-
imen in phase IIb clinical trials [Lounis et al., 2006, Diacon et al., 2009]. Di-
arylquinolines bind to mycobacterial ATP synthase with very high affinity (IC50

∼ 5 nM) [Koul et al., 2007] and remarkable selectivity (SI ∼ 20, 000 as com-
pared with human ATP synthase) [Haagsma et al., 2009]. The molecular basis
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for these surprising properties are not well understood, in part due to lack of an
over-expression or purification protocol for ATP synthase from M. tuberculosis
or related slow growing mycobacteria.

ATP synthase can use the energy of protons flowing along a transmembrane
electrochemical potential gradient for synthesis of ATP (for review see [Boyer,
1997,Junge et al., 1997]. The enzyme consists of a membrane-embedded portion
F0, responsible for proton flow across the membrane, with the subunit composi-
tion a1b2c10−15, and a soluble portion F1, which houses the nucleotide binding
sites and is composed of subunits a3β3γδε.

Although in some bacteria, ATP synthase can invert its function to pump
protons across the membrane for maintenance of the proton motive force (PMF),
in mycobacteria the main function of ATP synthase appears to be the produc-
tion of ATP [Haagsma et al., 2010]. Mycobacteria can survive in environments
with low nutrient availability and low pH values [Zhang et al., 2003], conse-
quently mycobacterial ATP synthase may display special adaptations to cope
with these challenging environmental conditions. In order to understand func-
tion and properties of mycobacterial ATP synthase, availability of the enzyme
in detergent-solubilised and isolated state is of importance.

In this study, a procedure for detergent solubilisation and isolation of the
ATP synthase from M. bovis BCG, a non-pathogenic mycobacterial model
strain, is described.

6.2 Materials and methods

6.2.1 Bacterial strains and growth conditions

Mycobacterium bovis BCG Copenhagen was kindly provided by B.J. Appelmelk,
Department of Molecular Cell Biology & Immunology, VU University Medical
Center Amsterdam, The Netherlands. Replicating cultures of 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 to the late
exponential phase.

6.2.2 Preparation of inverted membrane vesicles

Inverted membrane vesicles (IMVs) of M. bovis BCG were prepared as de-
scribed previously [Haagsma et al., 2010] with the modifications described be-
low. Briefly, cells were pelleted by centrifugation at 6, 000 g for 20 min and



84 Chapter 6. Isolation of ATP synthase. . .

washed once with Phosphate-buffered saline (PBS, pH 7.4). Five grams of cells
(wet weight) were resuspended in 10 mL of 10 mM HEPES-KOH (pH 7.5), 5
mM MgCl2 and 10% glycerol including protease inhibitors (complete, EDTA
free; protease inhibitor cocktail tablets from Roche). Lysozyme (10 mg mL−1),
1500 units of deoxyribonuclease I (Invitrogen) and 12 mM MgCl2 were added
and cells were incubated with stirring at 37 ◦C for 1 h. The cells were broken by
three passages through a precooled French pressure cell at 20, 000 psi (Thermo
Electron, 40K). The lysate was centrifuged at 6, 000 g and 4 ◦C for 20 min to
remove unbroken cells. Two additional centrifugation steps at 6, 000 g and 4 ◦C
for 20 min were carried out to remove additional cell wall components. The su-
pernatant was centrifuged at 370, 000 g and 4 ◦C for 1 h and the pellet of IMVs
was resuspended in an appropriate volume of 10 mM HEPES-KOH (pH 7.5), 5
mM MgCl2 and 10% glycerol.

The intactness of ATP synthase in all preparations of the inverted mem-
brane vesicles were routinely analyzed by performing an ATP synthesis assay
as described by [Haagsma et al., 2010].

6.2.3 Membrane protein extraction and purification by
anion-exchange and size-exclusion chromatography

To extract the proteins from the cytoplasmatic membrane, inverted membrane
vesicles obtained from 3 grams of M. bovis BCG were homogenized in 3 mL of 10
mM HEPES-KOH (pH 7.5), 5 mM MgCl2, 10% glycerol and 1.2% n-Dodecyl-
β-D-Maltopyranoside (DDM) (Affymetrix) including protease inhibitors (com-
plete, EDTA free; protease inhibitor cocktail tablets from Roche). After 1 h
of incubation at 4 ◦C with constant stirring, the homogenization mixture was
diluted 12-fold to 0.1% DDM with 10 mM HEPES-KOH (pH 7.5), 5 mM MgCl2
and 10% glycerol, followed by ultracentrifugation at 100, 000 g for 20 min to
remove nonsolubilized material.

The solubilized material was applied to a Resource Q column (1 mL, GE
Healthcare) equilibrated with 10 mM HEPES-KOH (pH 7.0), 50 mM NaCl, 2
mM MgCl2 and 0.03% DDM at a flow-rate of 0.8 mL min−1. Proteins were
eluted with a linear NaCl gradient (50 mM - 1 M) in 30 min. The fractions eluted
at 295 − 418 mM NaCl were combined and precipitated with 70% ammonium
sulphate. The pellet was resuspended in 600µL of 10 mM HEPES-KOH (pH
7.0), 50 mM NaCl, 2 mM MgCl2 and 0.03% DDM and applied to a Superdex
200 10/300 GL gel filtration column equilibrated with 10 mM HEPES-KOH
(pH 7.0), 50 mM NaCl, 2 mM MgCl2 and 0.03% DDM at a flow-rate of 0.5
mL min−1. Eluted proteins were concentrated by TCA-precipitation. Proteins
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were resuspended in sample buffer and resolved on sodium dodecyl sulphate
(SDS)-polyacrylamide gel (PAGE) and polypeptides were visualized by staining
with Coomassie brilliant blue.

6.2.4 Mass spectrometry

Selected protein bands from the Coomassie brilliant blue-stained gel were ex-
cised, in-gel trypsinized and analysed by mass spectrometry on an ABI 5700
MALDI TOF/TOF instrument according to [Sauri et al., 2009].

6.3 Results and discussion

As no over-expression system is available for mycobacterial ATP synthase we
here present an experimental procedure for isolation of mycobacterial ATP syn-
thase by detergent extraction and column chromatography. As model bacterium
we chose M. bovis BCG, a non-pathogenic strain, which strongly resembles M.
tuberculosis in terms of growth rate and sensitivity to diarylquinolines. M. bo-
vis BCG in late exponential phase was pelleted by centrifugation and lysed by
passages through a French press, the membrane fraction was collected by cen-
trifugation. Typically 50−100 mg membrane proteins were obtained from ∼ 3 g
cells at a concentration of 10− 20 mg mL−1. Proteins were solubilised from the
membranes with an extraction efficiency of ∼ 85% after treatment with 1.2%
DDM (1 h, 4 ◦C). As shown in table 6.1, the extracted proteins displayed ATP
hydrolysis activity, which was to ∼ 5% sensitive to DCCD. The proteins were
applied to a Resource Q anion-exchange column, eluted with a sodium chloride
gradient, and subsequently subjected to a Superdex 200 size-exclusion column.
The protein fraction with an estimated molecular mass of ∼ 550 kDa, consistent
with the mass reported for the ATP synthase holoenzyme [Boyer, 1997], was
further analysed. This fraction contained about 100µg protein and showed low,
but detectable ATP hydrolysis activity (2.94 nmol min−1 mg−1). The enhanced
DCCD-sensitivity (∼ 83%) (Table 6.1) indicates that ATP hydrolysis is indeed
caused by ATP synthase activity and that the complex is functionally coupled.

To confirm presence of ATP synthase, fractions eluted from size exclusion
chromatography were analysed by gel electrophoresis. The fraction with molec-
ular mass of 550 kDa showed a double band of proteins with a molecular mass of
50−60 kDa, typical for the main ATP synthase subunits α and β (Fig. 6.1, lane
3). The bands were excised from the gel and analyzed by mass spectrometry
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Table 6.1: Isolation of ATP synthase from M. bovis BCG.

Step Protein Specific activity DCCD-sensitive activity
(mg) (nmol min−1 mg−1) (nmol min−1 mg−1)

DDM (1.2%) 4.87 13.19 0.64 (5%)
extraction
ResourceQ 0.58 3.66 2.41 (66%)
Superdex 200 0.14 2.94 2.45 (83%)

ATP hydrolysis activities were measured at 37 ◦C by, inorganic phosphate release as described

by [Haagsma et al., 2010].

Table 6.2: Activation of ATP hydrolysis in membrane vesicles from Mycobacterium bovis

BCG and Mycobacterium smegmatis.

Gene Description Total ion score Total ion Mr

confindence interval

(%) (kDa)a

Band 1 Band 2 Band 1 Band 2

atpA ATP synthase 159 25 100 98.6 59.48
alpha chain

atpD ATP synthase 10 - 74.4 - 53.18
beta chain

atpH ATP synthase 9 20 67.3 96.2 48.83
delta chain

a Molecular weight in kDa of the respective protein.

for identification. We detected subunits α, β, and δ of the mycobacterial ATP
synthase complex (Table 6.2), suggesting that this fraction contains ATP syn-
thase. Whereas subunit α and β typically have a molecular mass of 50−60 kDa,
subunit δ in most organisms is considerably smaller 20− 25 kDa [Boyer, 1997].
However, information from the M. tuberculosis genome predicts a substantially
larger subunit δ, with a molecular mass of 49 kDa (UniProtKB accession no.
A1KI95). Apparently, in M. tuberculosis and related mycobacteria subunit δ

constitutes a fusion protein of the subunit δ as found in other bacteria and the
subunit b (UniProtKB accession no. A1KI95). Our result is thus consistent
with M. bovis BCG ATP synthase displaying an unsual subunit composition.
Previously, subunit δ was identified in proteome studies of mycobacterial mem-
branes [Xiong et al., 2005,Målen et al., 2008, Zheng et al., 2007, Zheng et al.,
2011], however, these authors did not comment on the unusual size of the sub-
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Figure 6.1: SDS-PAGE separation of Mycobacterium bovis BCG membrane protein fractions
after size exclusion chromatography. Lane 1: Precision Plus ProteinTM Standard, lane 2-7;
fractions after size-exclusion chromatography (Superdex 200), lane 9: purified ATP synthase
from Bacillus PS3.

unit.

In conclusion, we have detergent-solubilised and isolated the ATP synthase
from the slow growing mycobacterium M. bovis BCG. The isolated enzyme
displays low, byt detectable ATP hydrolysis activity and is susceptible to DCCD,
indicating protein functionality. In contrast to the situation in mycobacterial
membranes, where ATP hydrolysis activity is not detectable [Haagsma et al.,
2010], for the solubilized, enriched enzyme the specific activity is sufficiently
high. Moreover, ATP synthase in detergent solubilized state may be less prone
to inactivation by by inhibitory ADP.

Our results are in line with genomic information, predicting a non-standard
subunit composition of this enzyme. The availability of isolated mycobacterial
ATP synthase may help in characterizing its function as target of the new drug
class diarylquinolines. Moreover, further characterization of mycobacterial ATP
synthase may reveal if unusual properties of this enzyme reflect adaptations
to the environment in which the bacteria reside during infection, such as low
nutrient availability or low pH conditions.
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