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The subunit € of bacterial F,F, ATP synthases plays an important regulatory role in coupling and catalysis via conformational
transitions of its C-terminal domain. Here we present the first low-resolution solution structure of € of Mycobacterium tubercu-
losis (Mte) F,F, ATP synthase and the nuclear magnetic resonance (NMR) structure of its C-terminal segment (Mt€ ,y;_;,,). Mte
is significantly shorter (61.6 A) than forms of the subunit in other bacteria, reflecting a shorter C-terminal sequence, proposed to
be important in coupling processes via the catalytic 3 subunit. The C-terminal segment displays an a-helical structure and a
highly positive surface charge due to the presence of arginine residues. Using NMR spectroscopy, fluorescence spectroscopy, and
mutagenesis, we demonstrate that the new tuberculosis (TB) drug candidate TMC207, proposed to bind to the proton translo-
cating c-ring, also binds to Mte. A model for the interaction of TMC207 with both € and the c-ring is presented, suggesting that
TMC207 forms a wedge between the two rotating subunits by interacting with the residues W15 and F50 of € and the c-ring, re-
spectively. T19 and R37 of € provide the necessary polar interactions with the drug molecule. This new model of the mechanism

of TMC207 provides the basis for the design of new drugs targeting the F,F, ATP synthase in M. tuberculosis.

ith one-third of humankind infected subclinically, an inci-

dence of nine million new cases of active tuberculosis dis-
ease (TB), and two million deaths per year, Mycobacterium tuber-
culosis remains the most important bacterial pathogen in the
world (1). The increased prevalence of coinfections with HIV and
the infection with multidrug-resistant as well as extensively drug-
resistant mycobacterial strains are contributing to the worsening
impact of this disease (2). New drugs for TB, which should have a
new mechanism of action to be active against drug-resistant TB,
are urgently needed. Furthermore, they should be active against
the dormant form of the pathogen to enable shortening of the
lengthy regimens currently in use (3). TMC207, the first member
of a promising new class of antimycobacterial drugs, the dia-
rylquinolines, is in early clinical development (4). The compound
is active against drug-resistant M. tuberculosis and—importantly—
also bactericidal for the phenotypically drug-resistant dormant
form of the bacillus (5). TMC207 was identified in a phenotypic
whole-cell screen. Target deconvolution studies revealed that the
candidate interferes with the enzyme machinery responsible for
the synthesis of the biological fuel ATP (5-7). Chemical inhibition
of ATP synthesis by diarylquinoline strongly decreased the cellular
ATP level, leading to death in not only replicating but also non-
replicating persistent mycobacteria (5, 6). The diarylquinoline
TMC207 represents the first pharmacological proof that myco-
bacterial ATP synthesis can be a target of intervention (8). Fur-
thermore, it demonstrates that ATP synthase is essential for the
viability of growing as well as nongrowing dormant mycobacteria.
These findings were additionally supported by physiological stud-
ies of a deletion mutant of atpD, encoding the 3 subunit of F,F,
ATP synthase in M. smegmatis (9). Critically, the excellent efficacy
of TMC207 in a proof-of-concept study validates this target clin-
ically. Of note, the drug displays pronounced target selectivity,

168 aac.asm.org

Antimicrobial Agents and Chemotherapy p. 168-176

with an extremely low effect on ATP synthesis in the human en-
zyme (10).

The target of TMC207, the mycobacterial F,F, ATP synthase
(5), consists of the ATP-synthesizing F, and the proton-translo-
cating Fg, part (subunits a,b,¢y_;5 [11]). The proton transfer in the
Fq sector is linked via the central stalk subunits y and € to the
a5B5-catalytic hexamer of F, (11, 12). This coupling event is
achieved by binding of the N-terminal domain of € to the rotating
subunit y and the c-ring (Fig. 1A), as well as the interactions of the
C termini of both € and y with the nucleotide-binding subunits o
and B, which form the catalytic interfaces (12, 13).

In bacteria and plants, subunit € consists of an N-terminal
B-barrel and a C-terminal segment, composed of two a-helices
(14-16). As shown in the isolated (15) as well as in the F,;-bound
(17) complex, these two C-terminal a-helices can either be folded
in a hairpin form and sitting on top of the N-terminal domain
(NTD) (Fig. 1A and B), called the compact state (€_), or extended
(g [17]). In such an extended state, € interacts with the same five
subunits, al, a2, B1, B3, and v, as the inhibitor protein of the
mitochondrial F,F, ATP synthase (18), causing enzymatic inhi-
bition. The €. and €, states are described to be dependent on nu-
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FIG 1 Proposed model of the E. coli F|F, ATP synthase enzyme complex. The structures of a (green), B (orange), and -y (yellow) subunits (Protein Data Bank
[PDB] ID: 1D8S), the € subunit (blue) (PDB ID: 1BSN), the N-terminal domain (NTD) of the 8,_, 5, subunit (magenta) (PDB ID: 1ABV), the model of the c-ring
(brown) with subunit a (gray) (PDB ID: 1C17), and the subunit b dimer model (cyan) were fitted. The subunit b model was created by fitting the NMR solution
structures of b;_s, (45), bsy_g, (PDB ID: 2KHK), and b, ,,_, 5, (46) and the crystallographic structure of b,_;,, (PDB ID: 1L2P). The mesh in subunit b indicates
the region for which the structure is not known. Model with ECe in the extended (A) (17) and compact (B) conformations are shown. The N-terminal domain
(NTD), helix 1, helix 2, and hook regions are indicated for ECe. (C) Amino acid sequence alignment of ECe and Mte. The secondary structure of ECe is based on

the NMR solution structure determined by Wilkens and Capaldi (15).

cleotide binding to the C-terminal helices of € (16, 19) and the
membrane potential (20). For some bacteria the €_ state can be
stabilized by binding of ATP, thus favoring active complexes when
cellular ATP is abundant (21).

Functional ATP synthase is critical for the viability of patho-
genic bacteria such as M. tuberculosis. Based on the physiological
role of € regulation in the ATP synthase, which is connected to the
C-terminal segment of this subunit, bacteria show variations in
length and composition of the amino acid sequence of this C ter-
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minus. This is also revealed by the shorter C-terminal region of the
M. tuberculosis € compared to the Escherichia coli form (Fig. 1C),
described to be responsible for enzymatic activity (17), coupling
(12), and modulation of nucleotide specificity in the catalytic sites
(21).

So far no structural details are available for mycobacterial F,F
ATP synthase, its subunits, or the interaction site of the TB drug
TMC207 inside the enzyme. In this study, we have employed a
complementary approach of solution X-ray scattering and nuclear
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magnetic resonance (NMR) spectroscopy to determine the solu-
tion structures of M. tuberculosis subunit € and its C-terminal
domain, respectively. Importantly, we describe for the first time
that TMC207 does interact with the N-terminal domain of €. We
propose a new model, in which TMC207 binds like a wedge in the
interface of € and subunit ¢ and blocks the rotary mechanism of
the c-ring with the central stalk subunits of F,.

MATERIALS AND METHODS

Production and purification of Mte and its mutant proteins Mte-T19A
and Mte-R37G. The gene atpC, which codes for subunit € of the F,F, ATP
synthase from the strain M. tuberculosis H37Rv, was amplified by PCR in
two steps. Restriction sites Ncol and Sacl, which were used for cloning,
were introduced by the following PCR primers: Forward atpC, 5'-GAGT
TGTCCCATGGCCGAATTGAAC-3'; Reverse atpC, 5'-TCATCGAGCT
CTTAGTCAATCGCGC-3'. In order to abolish restriction site Ncol,
which is present in an atpC DNA sequence, the following pair of internal
primers introducing a silent mutation was constructed: IF-Ncol, 5'-GAT
GACGCAATGGTGCGGGTC-3'; IR-Ncol, 5'-GACCCGCACCATTGC
GTCATC-3'. In the first step, PCR products were obtained in two inde-
pendent reaction mixtures containing the primer pairs Forward atpC-IR-
Ncol and IF-Ncol-Reverse atpC. The genomic DNA from the strain M.
tuberculosis HR37v was used as the template. In the second PCR step, these
products were used together as a template in a final reaction using primer
pair Forward atpC—Reverse atpC. The mutated atpC genes coding for
Mte-R37G and -T19A were obtained by PCR in vitro mutagenesis using
cloned gene atpC as a template and the internal primer pairs IF-R37G
(5"-CATCCTGCCAGGACACATTCCGT-3')-IR-R37G (5'-ACGGAAT
GTGTCCTGGCAGGATG-3") and IF-T19A (5'-CATCTGGTCGGGTG
CAGCGAAGT-3")-IR-T19A (5'-ACTTCGCTGCACCCGACCAGATG-
3'), respectively.

The purified PCR products were digested with restriction enzymes
Ncol and Sacl and ligated into the vector pET9d, (22). The DNA con-
structs were transformed into Escherichia coli cells [strain BL21(DE3)]
and grown on kanamycin-containing Luria-Bertani (LB) agar plates. To
express the cloned genes, liquid culture was shaken in LB medium con-
taining kanamycin (30 wg ml™") for about 4 h at 37°C until an optical
density at 600 nm (ODy,) of 0.6 to 0.7 was reached, and then expression
was induced with isopropyl-B-p-thiogalactoside (IPTG) to a final concen-
tration of 1 mM. The cells were lysed on ice by sonication in buffer A (50
mM Tris-HCI, pH 8.5, 200 mM NaCl, 10% glycerol, 4 mM Pefabloc SC
[BIOMOL]). The precipitated material was separated by centrifugation at
10,000 X g for 35 min. The supernatant was passed over a Ni-nitrilotri-
acetic acid (Ni-NTA) resin column to isolate Mte. The His-tagged protein
was allowed to bind to the matrix for 1.5 h at 4°C and eluted with an
imidazole gradient (50 to 400 mM) in buffer A. Fractions containing Mte
or the mutant €-R37G were identified by SDS-PAGE, collected, and di-
luted to a final concentration of 100 mM NaCl. Filtered samples (0.45-pm
pore size; Millipore) containing € or its mutant protein were applied to
anion-exchange Resource Q chromatography, which was previously
equilibrated with 50 mM Tris-HCI, 100 mM NaCl, pH 8.5. Whereas mo-
nomeric Mt€ does not bind to the column matrix, the oligomeric forms of
€ together with impurities bind to the column. Eluted Mte was concen-
trated by using Centricon YM-3 (3-kDa molecular mass cutoff) spin con-
centrators (Millipore), and aliquots of 1 ml were subjected to gel filtration
chromatography using a Superdex 75 HR 10/30 column (Amersham Bio-
sciences), which was previously equilibrated with a buffer of 50 mM Tris-
HCI (pH 8.5), 200 mM NaCl, 10% glycerol. The fractions containing
subunit € and the mutant proteins €-T19A and €-R37G were collected and
concentrated to the required concentrations.

Peptide synthesis of €,y;_;,,. The peptide €,,5_,,, from M. tubercu-
losis (strain H37R,,), composed of the amino acid sequence ;,;DPRIAAR
GRARLRAVGAI,,,, was synthesized and purified by reversed-phase
high-pressure liquid chromatography at the Division of Chemical Biology
and Biotechnology, School of Biological Sciences, Nanyang Technological
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University, Singapore. The purity of the peptide was confirmed by elec-
trospray ionization (ESI) mass spectrometry.

CD spectroscopy of Mte and mutant proteins Mte-T19A and Mte-
R37G as well as Mte 5 ,,,. Steady-state CD spectra were measured in
far-UV light (185 to 260 nm) using a Chirascan spectropolarimeter
(Applied Photophysics) as described previously (23). Circular dichr-
oism (CD) spectroscopy of Mte, Mte-T19A, and Mte-R37G (1.0 mg/
ml) and the peptide €, 5_;,, (2.0 mg/ml) was performed in buffer A (50
mM Tris-HCI, pH 8.5, 200 mM NaCl, 10% glycerol) and buffer B (25
mM phosphate, pH 6.5, 50% TFE [4-chlorobutanol and 2,2,2-trifluo-
roethanol]), respectively. The spectrum for the buffer was subtracted
from the spectrum of the protein, and the data were analyzed as de-
scribed recently (24).

X-ray scattering experiments and data analysis of subunit €. Small-
angle X-ray scattering data for Mte were collected on the X33 SAXS cam-
era of the EMBL Hamburg located on a bending magnet (sector D) on the
storage ring DORIS III of the Deutsches Elektronen Synchrotron (25) The
scattering patterns from Mt€ were measured at protein concentrations of
3.0 and 6.0 mg/ml. Protein samples were prepared in 50 mM Tris-HCI
(pH 8.5),200 mM NaCl, 10% glycerol as a radical quencher. The data were
normalized to the intensity of the incident beam; the scattering of the
buffer was subtracted, and the difference curves were scaled for concen-
tration. All the data processing steps were performed using the program
package PRIMUS (26). The forward scattering, 1(0), and the radius of
gyration, Rg, were evaluated using the Guinier approximation (27). The
molecular mass of Mte was calculated by comparison with the forward
scattering from the reference solution of bovine serum albumin (BSA).
From this procedure a relative calibration factor for the molecular mass
can be calculated using the known molecular mass of BSA (66 kDa) and
the concentration of the reference solution. The shape of subunit € in
solution was built by the program GASBOR (28, 29). Ab initio shape
models for subunit € were obtained by superposition of 10 independent
GASBOR reconstructions.

NMR spectroscopy of Mte, 5 ;,0. Peptide €5 1, (2 mM) was dis-
solved in 25 mM phosphate buffer at pH 6.5 and 50% d,TFE (deuterated
2,2,2-trifluoroethanol). All spectra were obtained at 298 K on a 600-MHz
Avance Bruker NMR spectrometer, equipped with actively shielded cryo-
probe and pulse field gradients. Total correlation spectroscopy (TOCSY)
and nuclear Overhauser effect spectroscopy (NOESY) spectra of the pep-
tide were recorded with mixing times of 80 and 250 ms, respectively. DSS
(2,2-dimethyl-2-silapentane-5-sulfonate sodium salt) was used as an in-
ternal reference. All the data acquisition and processing were done by the
TopSpin (Bruker Biospin) program. The Sparky suite was used for spec-
trum visualization and peak picking. Standard procedures based on spin-
system identification and sequential assignment were adopted to identify
the resonances. Interproton distances were obtained from the NOESY
spectra by using the caliba script included in the CYANA 2.1 package (30).
Dihedral angle restraints were derived from TALOS. The predicted dihe-
dral angle constraints were used for structure calculation, with a variation
of £30° from the average values. The CYANA 2.1 package was used to
generate the three-dimensional (3D) structure of the peptide. Several
rounds of structural calculation were performed. Angle and distance con-
straints were adjusted until no NOE violations occurred. In total, 100
structures were calculated and an ensemble of 20 structures with lowest
total energy was chosen for structural analysis.

Titration of Mte against drugs through NMR spectroscopy. To an-
alyze possible interactions of Mte with drugs (TMC207 or mefloquine/
HCI), a series of "H-""N HSQC (hetero-nuclear single quantum coher-
ence) spectra were recorded at 303 K for a fixed concentration of Mte
(250 wM) and with increasing concentrations of the drugs, respec-
tively (up to 2.0 equivalents). Mte was prepared in 50 mM sodium
phosphate (pH 6.5) buffer containing 200 mM NaCl and 10% glycerol.
The protein was incubated for 30 min with the drug at each level of
concentration. Any changes in the chemical shift were monitored on
the HSQC spectra.
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Tryptophan fluorescence spectroscopy of Mte, Mte-T19A, and
Mte-R37G in the presence of the antibiotic TMC207. A Varian Cary
Eclipse spectrofluorometer was used, and all experiments were carried out
at 20°C. The samples were excited at 295 nm, and the emission spectrum
was recorded from 310 to 430 nm with excitation and emission band-
passes set to 5 nm and a scan rate of 30 nm/min. For titration of the
tryptophan fluorescence of Mte as well as the mutant proteins Mre-T19A
and Mte-R37G with compound TMC207, the peak emission wavelength
was 339 nm. Before use, subunit € or the mutant forms Mte-T19A and
Mte-R37G and defined concentrations of compound TMC207 were incu-
bated in a buffer of 50 mM Tris-HCI (pH 8.5), 200 mM NaCl, 18% di-
methyl sulfoxide (DMSO), and 10% glycerol for 20 min. After measure-
ments, the raw fluorescence spectra were corrected for the buffer values.

Isothermal titration calorimetry of Mte and nucleotides. The bind-
ing affinities of Mte toward nucleotides ATP or ADP was examined by
isothermal titration calorimetry (ITC) in a MicroCal iTC200 microcalo-
rimeter (MicroCal, Northampton, United Kingdom). Both the protein
and the nucleotides were equilibrated in the same buffer (50 mM Tris-
HCI, 200 mM NaCl, 10% glycerol, pH 8.5), filtered, and degassed before
titration. The solution, containing either 1 mM ATP or 1 mM ADP and 1
mM Mg, was titrated in 1-pl injections against 10 M protein solution,
which was loaded in the sample cell. The experiment was performed as
described recently (31). The control experiment was done under the same
experimental conditions using 10 wM protein of subunit A from the ar-
chaeon Pyrococcus horikoshii OT3 in buffer, composed of 50 mM Tris-
HCI, pH 7.5. Data analysis was done as described recently (31).

Protein structure accession number. The Protein Data Bank acces-
sion code of the peptide Mt€,;_;,, is 2LX5.

RESULTS

Purification of recombinant subunit € and its secondary struc-
tural content. Recombinant subunit € of the M. tuberculosis
H37Rv F,F, ATP synthase was isolated to high quality and quan-
tity using Ni-NTA-affinity, ion, and size exclusion chromatogra-
phy (see Fig. S1A in the supplemental material). The molecular
mass of the recombinant protein was analyzed by matrix-assisted
laser desorption ionization (MALDI) mass spectrometry, reveal-
ing that the protein has a sequence-based predicted mass of 15.19
kDa. The proper secondary folding of the recombinant Mte was
studied by circular dichroism (CD) spectroscopy, resulting in a
secondary structural content of 21% a-helix and 58% [3-sheet (see
Fig. S1B in the supplemental material). In order to prove whether
the recombinant protein is able to bind to the a;B5y complex,
fluorescence correlation spectroscopy (FCS) experiments were
performed and are described in the supplemental material. The
autocorrelation curves of the fluorescently labeled Mte with in-
creased concentrations of o535y of the related thermophilic F,F
ATP synthase from Bacillus PS3 (see Fig. S2A in the supplemental
material) and the resulting concentration-dependent binding
curve are shown in the supplemental material (see Fig. S2B). The
increase of the mean diffusion time, 7, reflects the increase in the
mass of the diffusing particle, due to the formation of the Atto488-
e-a535y complex. A binding constant of 4.0 uM was determined
by nonlinear curve fit by the Hill equation.

Low-resolution structure of Mte in solution. The high purity
and mono-dispersity of the protein are nicely indicated by small-
angle X-ray scattering (SAXS) data, represented by the final com-
posite scattering curve in Fig. 2A. The radius of gyration, R, and
the maximum dimension, D,,,, of subunit € were 17.6 + 0.3 A
and 61.7 = 1 A, respectively (Fig. 2B). Comparison with the scat-
tering from the reference solutions of BSA yields an estimated
molecular mass of 15.7 kDa. The gross structure of Mte was re-
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stored ab initio from the scattering pattern in Fig. 2A using the
dummy residues modeling program GASBOR (26), which fitted
well to the experimental data in the entire scattering range (a typ-
ical fit displayed in Fig. 2A, red curve, has the discrepancy x> =
1.17). Ten independent reconstructions yielded reproducible
models, and the best model is displayed in Fig. 2C. Qualitative
analysis of the distance distribution function suggests that subunit
€ consists of a major portion, yielding a principal maximum in the
p(r) around 20 A (Fig. 2B), whereas the separated protuberance
domain gives rise to a shoulder from 42 A to 61.7 A. The protein
appears as a two-domain molecule with a large major domain of
about 39 by 27 A, whereby the elongated domain has a dimension
of about 20 by 11 A. The gross structure of the globular domain
resembles very much the shape of the N-terminal domain of the
solution NMR structure of the homolog € subunit of the E. coli
F,Fo ATP synthase, and this N-terminal barrel of ECe is well ac-
commodated within the globular domain of Mte (Fig. 2D). In
contrast, the elongated domain (20 A) of Mte is shorter than that
of the ECe subunit (30 A [32]), reflecting the loss of 15 amino acids
in the C terminus of Mte (Fig. 1C).

Solution structure of the C-terminal segment € ;_;,,. To get
a deeper insight into the very C-terminal region of M. tuberculosis
subunit €, the C-terminal segment ;,;DPRIAARGRARLRAVGAI
120 Was synthesized and the CD spectrum shows an a-helical con-
tent of 87% (see Fig. S3A in the supplemental material). In order
to determine the 3D structure of Mtg,y; |5, the primary se-
quences of €5 _,,, were sequentially assigned as per the standard
procedure by using a combination of TOCSY and NOESY spectra
(see Fig. S3B and C in the supplemental material). Secondary
structure prediction was done by using the PREDITOR online
program (33), which uses HA chemical shifts and reveals the pres-
ence of an a-helical structure (see Fig. S4A in the supplemental
material). Out of 100 structures generated, the 20 lowest-energy
structures were taken for further analysis. In total, an ensemble of
20 calculated structures resulted in an overall mean root square
deviation (RMSD) of 0.20 A for the backbone atoms and 1.09 A
for the heavy atoms (Fig. 3A). All these structures have energies
lower than —100 kcal mol ™', with no NOE violations and no
dihedral violations. The summary of the statistics for 20 structures
are shown in Table S1 in the supplemental material. Identified
cross peaks in the HN-HN and HA-NH regions are shown in Fig.
S4B in the supplemental material. From the assigned NOESY
spectrum HN-HN, Ha-HN (4, i + 3), Ha-HN (4, i + 4), and
Ha-HP (3, i + 3) connectivities were plotted and support a-heli-
cal formation in the structure. The calculated structure has a total
length of 27.46 A and displays an a-helical region between resi-
dues 104 and 119 (23.31 A; Fig. 3B). Molecular surface electro-
static potential of the peptide is shown in Fig. 3C, where positive
charge residues R109 and R113 were distributed on one side and
R111 aswell as R115 on the opposite side of the helix. The solution
structure of €,;_;,, was positioned inside the elongated domain
of the solution shape of Mte. As revealed in Fig. 2D, Mt€,(5_;, fits
well into the extended domain, with an RMSD of 0.29 A.

Probing the interaction of nucleotides with Mte. In bacteria
and in chloroplasts the C terminus of € is described as a mobile
regulatory element that alters its conformation in response to nu-
cleotide conditions or the ion motive force (IMF) (2, 20). ATP
binding in € of thermophilic Bacillus PS3 and Bacillus subtilis
forces the C-terminal helices into a hairpin conformation, which
extends in the absence of the nucleotide, leading to an inhibited
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FIG 2 Small-angle X-ray scattering data of Mte. (A and B) Experimental scattering curves (A) and distance distribution functions (B) of Mte. (C) Low-resolution
structures of Mte. (D) Superimposition of the low-resolution solution structure of Mte with the N-terminal B-barrel structure of ECe (37) (brown) and the

Mte,5_1,0 (green) peptide structure.

ATP hydrolysis state (19). Here we performed isothermal titration
calorimetry (ITC) to investigate whether the M. tuberculosis sub-
unit € also binds nucleotides. As demonstrated in the injection
profile of Mte (see Fig. S5A and C in the supplemental material)
after baseline correction (top panel) with the profile of heat re-
lease/mole of injected ligand (bottom panel), the subunit binds
neither ATP nor ADP. As shown by a control experiment under
the same conditions, subunit A of the Pyrococcus horikoshii OT3
A A, ATP synthase binds MgATP and MgADP with K ; values of
3 wM and 2.1 pM, respectively (see Fig. S5B and D in the supple-
mental material), which is in good agreement with previous re-
sults (31).
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The drug TMC207 interacts with Mte. In all types of F,F,
ATP synthases the N-terminal domain of € binds to the rotating
subunit y and directly couples to the c-ring of the membrane-
embedded F-sector (12). The TB drug candidate TMC207 has
been proposed to bind to subunit ¢ by acting independently of the
proton motive force and would not compete with protons for a
common binding site, indicating that TMC207 may interfere with
conformational changes in the entire enzyme, like the rotation of
the c-ring (34). Based on these suggestions and the direct coupling
of both the ¢-ring and subunit € in the rotary events, we asked
whether TMC207 may interact also with M. tuberculosis subunit €.
In order to demonstrate e-TMC207 binding, NMR titration ex-
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FIG 3 NMR studies of the peptide Mt€,5_;,,.(A) Superimposition of the 20 lowest-energy NMR structures of Mt€,y;_;,, in line representation. (B) Average
NMR structures of Mt€,,5_,,, in cartoon representation. (C) Molecular surface electrostatic potential of peptide Mte,y;_,,, generated by Pymol, where the

positive potentials are drawn in blue and the negative in red.

periments were performed. '’N-labeled protein was used to ac-
quire the HSQC spectrum of Mte. The HSQC spectrum showed a
good dispersion of around 4 ppm at 303 K, with acquisition giving
a total of 126 peaks (Fig. 4A). When the '’N-labeled Mte was
titrated against increasing concentration of TMC207, seven peaks
showed distortion at a molar ratio of 1:1. These peaks, namely 5, 9,
15,16, 18, 24, and 105 (Fig. 4A), showed further dislocation on the
spectrum upon titration against a 1:2 molar ratio and some peaks
disappeared, giving an indication of the drug binding to €. The
predominant peaks, showing more distortions, are shown on the
top left corner of the spectrum as an insert in Fig. 4A. Peak number
105, which appears at 10 ppm, can be identified as the tryptophan
residue W15, based on the chemical shift index (35). Changes in
this resonance of the W15 peak upon the addition of TMC207
indicate its significant interaction. On the other hand, no peak
distortion was observed when Mte was titrated against the meflo-
quine hydrochloride at a molar ratio of 1:2 (see Fig. S6 in the
supplemental material), reflecting the specific interaction of
TMC207 with M. tuberculosis €. Mefloquine was used in the ex-
periment, as it has been shown to target the F, complex of the
F,Fo ATP synthase of Streptococcus pneumoniae (36).

Since the NMR titration experiment of Mte with TMC207 has
shown that the only tryptophan residue (W15) of € undergoes a
shift in the HSQC spectra after addition of the compound, we used
intrinsic tryptophan fluorescence spectroscopy to confirm and to
quantitatively evaluate the binding of TMC207 to Mte. The cor-
rected tryptophan fluorescence spectrum of M€ reveals the emis-
sion maximum at 339 nm (Fig. 4B). The intensity dropped by 34%
and the maximum of the peak shifted to a longer wavelength,
indicating an alteration in the close proximity of W15 after addi-
tion of TMC207. To quantitate the spectra, the binding of
TMC207 to € was measured using fluorescence quenching at 339
nm. As shown in the titration curve of Fig. 4C, a binding constant
of 19.1 uM could be determined.

A plausible model for the interaction of the TMC207 molecule
with both € and the c-ring was generated (Fig. 4D). The crucial
residues, which are on the interface between € and the ¢-ring, were
identified in the E. coli structure and were changed to their respec-
tive residues in the M. tuberculosis sequence, after which the
TMC207 molecule was modeled in the interface of € and the c-ring
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(Fig. 4D, right). The model shows that the TMC207 molecule
forms a wedge between the two subunits by interacting with the
residues W15 and F50 of € and the c-ring, respectively. Two other
residues, T19 and R37 of €, which are within 5 A of the TMC207
molecule and are shown in the presented data to be important in
TMC207-¢ binding (see below), might give the necessary polar
interaction to the drug molecule.

To confirm the binding model, residues T19 and R37 of Mte
were replaced by alanine and glycine residues, respectively, which
were allocated in the corresponding positions of ECe (Fig. 1C).
Tryptophan titrations of the R37G mutant proteins revealed thata
significant drop and shift of the tryptophan spectrum could be
achieved only at a concentration of 48 WM TMC207, which was
identical for the Mte-T19A mutant form (not shown). These data
indicate that binding of TMC207 to MteT19A or Mt€R37G is
strongly affected by these mutations and support the importance
of the residues T19 and R37 in TMC207 binding (see Fig. S1D in
the supplemental material).

DISCUSSION

The presented NMR structure of the M. tuberculosis C-terminal
€103_120 Shows an a-helical stretch between the residues P104 and
A119. When superimposed into the low-resolution structure of
the Mte this a-helical structure fits well in the extended domain of
Mte (RMSD of 0.297A [Fig. 2D]). Compared to the e-inhibited
state, €., in the ECF; ATPase (Fig. 5), which blocks both hydrolysis
and synthesis of ATP (17), Mte, with its shorter C-terminal do-
main, will not reach the upper region of the a- interface close to
the adenine-binding pocket and the N-terminal and rotating part
of y (17). The surface potential of Mte,;_,,, reveals a highly pos-
itive surface charge due to the presence of arginine residues, with
R109 and R113 situated on one sideand R111 and R115 located on
the opposite side (Fig. 3C). The two unique residues R111 and
R113 onboth sides of the Mte C-terminal helix give the helix a very
positive surface, enabling this region to interact strongly with the
C terminus of one of the catalytic subunits and thereby regulate
catalytic processes. As demonstrated recently, the very C terminus
of Mte in ATP synthases of slow- and fast-growing mycobacteria is
responsible for blocking of ATP hydrolysis, preventing excess ATP
consumption under low oxygen tensions (37). These studies also
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FIG 4 Spectroscopic titration studies of Mte with TMC207. (A) 2D "H-'°"N-HSQC spectra of M€ in the absence (red) and presence (green) of 2 equivalents of
drug (TMC207). The HSQC spectra were acquired at 303 K with 250 uM protein dissolved in 50 mM sodium phosphate (pH 6.5) buffer containing 200 mM NaCl
and 10% glycerol. The peaks showing chemical shift change upon addition of the drug are shown in the respective insets. (B) Intrinsic tryptophan fluorescence
titration of Mte in the absence (solid line) and presence (broken line) of TMC207. Excitation was at 295 nm. (C) Fluorescence titration of Mte with TMC207.
Excitation was at 295 nm, and the emission was measured at 339 nm. (D) Model of the ECF, ATPase structure (17) with the ¢c-ring (PDB ID: 1C17) and part of
subunita (PDBID: 1C17) (left) and a plausible model showing the interaction of TMC207 (green) with the € subunit (blue) and ¢-ring (beige) (right). The model
shows the nonhomologous residues between Mte and E. coli € and ¢ subunits, changed to M. tuberculosis residues, shown in gray and magenta stick representation.
The crucial residues that might interact with the TMC207 molecule are shown in magenta stick representation for Mte and the c-ring. The TMC207 molecule is

proposed to interact with W15 of Mt € and F50 of the c-ring.

demonstrated that suppression of hydrolytic activity appeared to
be more pronounced in the slow-growing mycobacteria, reflect-
ing an adaptation to environments with a low energy supply
and/or decreased oxygen tension, such as that found in TB lesions
in the lungs (38). Mycobacteria require oxygen for growth; how-
ever, they are capable of persisting in a quiescent form under an-
aerobic conditions. Similar ATP hydrolysis inhibition processes
are reported for the obligate aerobic bacteria Paracoccus denitrifi-
cans (39) and Micrococcus luteus (40), whose ATP synthases show
variations in the inhibitory subunits, which are represented by the
PdE (41) and the MI3 subunit (42). Based on the specificity of the
C-terminal segment of Mte and the variability of the C termini of
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bacterial € as well as the diversity of inhibitory proteins in F,F,
ATP synthases described above, the C-terminal domain of Mte
becomes a promising epitope for compounds to bind and to reg-
ulate the synthesis of ATP but also to stimulate ATP hydrolysis.
In bacterial F,F, ATP synthases, the rotor of the F; motor and
the rotor of the Fy motor are generally considered to be com-
prised, respectively, of the y-€ subunit pair and the c-ring (35).
The interface between subunits ¢ and € is formed by the loop
region of the hairpin-structured ¢ subunit and the bottom of the
N-terminal B-barrel of € (12). Proton transport via the subunit a-c
interface triggers rotation of the oligomeric ¢-ring that is coupled
to rotation of the y-€ pair, which finally drives the synthesis in the
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FIG 5 High-resolution model of € with complex a3/83 from E. coli. The recently determined crystal structure of the E. coli F, ATPase (17) revealed the coupling
and inhibitory subunit € in an extended state (left), in which the second loop and helix of the C-terminal segment of € contact a1, a2, B1, 83, and vy, with helix
2 inserting into the central rotary cavity of the a;3;-hexamer (right). The structure on the right is shown rotated by 35° for better viewing.

a5B35-hexamer. Based on docking studies TMC207 has been pre-
dicted to bind at the a-c interface (5). Previously, the compound
was proposed to block rotary movements of subunit ¢ by interfer-
ing with conformational changes of subunit ¢ during ATP cataly-
sis, by competing with the protons for binding to ¢, or translocat-
ing across the membrane into the cytoplasm (43). Haagsma and
colleagues have demonstrated that TMC207 does not directly
compete with protons for a common binding site (34) and con-
cluded that the protonated TMC207 may interfere with confor-
mational changes in the F F, ATP synthase. Based on docking
studies the TMC207 molecule has been predicted to bind to the
hydrophobic part of subunit ¢ (5), which has been confirmed by
recent binding studies using surface plasmon resonance spectros-
copy using single subunit C from M. tuberculosis (5). The pre-
sented NMR titration experiments of Mte with TMC207 and me-
floquine hydrochloride demonstrate that TMC207 does in
addition specifically bind to the Mte subunit. The calculated bind-
ing constant K; of 19.1 wM as well as the very weak TMC207
interaction of mutants Mte-T19A and Mte-R37G supports the
specific interaction of the drug with the regulatory € subunit. The
data also identify W15 and R87 as interacting residues (Fig. 4C).
Based on the results described above and the elongated character
of TMC207 (13.3 A by 8.55 A), we propose that the drug TMC207
affects the catalysis of ATP formation by binding to both subunit
c and €, which together form a part of the rotary elements of the
two motors Fg and F,. As shown in Fig. 4D, TMC207 is predicted
to work like a wedge which hinders the rotary movement of the
c-ring as a consequence of proton translocation and conforma-
tional alteration in the membrane-integrated helices of ¢. As a
further consequence, subunit € is unable to regulate the efficiency
of coupling, to influence the catalytic pathway, or to modulate
nucleotide specificity in the catalytic sites (21). This new model
would explain why TMC207 does not compete with protons for a
common binding site (34).

In conclusion, the structural details of Mte add to nature’s
evolutionary strategy of varied key structural domains, along with
the regulatory and inhibitory subunit € of bacterial F,F, ATP
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synthases, or functionally homologue proteins, as described for
IF1 (18), Pd& (44), and the M. luteus & subunit (42). The altera-
tions of the C-terminal segment of Mt€ may present a new target,
to design new leads with improved antibacterial activities. In ad-
dition, the new insight into the interaction of TMC207 in the c-€
interface not only sheds light on the binding site of the drug but
also adds to the mechanistic understanding of how the compound
may act as an antibacterial in the M. tuberculosis F,Fo ATP syn-
thase. This forms a new platform to fine-tune the effect of
TMC207 or to develop new compounds whose chemical as well as
3D traits will improve the effect of the wedge-shaped inhibitor and
thereby the blocking of coupling events in the recently discovered
TB drug target ATP synthase (5).
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