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ABSTRACT: Mycobacterium tuberculosis cytochrome bd quinol oxidase
(cyt bd), the alternative terminal oxidase of the respiratory chain, has been
identified as playing a key role during chronic infection and presents a
putative target for the development of novel antitubercular agents. Here,
we report confirmation of successful heterologous expression of M.
tuberculosis cytochrome bd. The heterologous M. tuberculosis cytochrome
bd expression system was used to identify a chemical series of inhibitors
based on the 2-aryl-quinolone pharmacophore. Cytochrome bd inhibitors
displayed modest efficacy in M. tuberculosis growth suppression assays
together with a bacteriostatic phenotype in time-kill curve assays.
Significantly, however, inhibitor combinations containing our front-runner
cyt bd inhibitor CK-2-63 with either cyt bcc-aa3 inhibitors (e.g., Q203)
and/or adenosine triphosphate (ATP) synthase inhibitors (e.g., bedaqui-
line) displayed enhanced efficacy with respect to the reduction of mycobacterium oxygen consumption, growth suppression, and in
vitro sterilization kinetics. In vivo combinations of Q203 and CK-2-63 resulted in a modest lowering of lung burden compared to
treatment with Q203 alone. The reduced efficacy in the in vivo experiments compared to in vitro experiments was shown to be a
result of high plasma protein binding and a low unbound drug exposure at the target site. While further development is required to
improve the tractability of cyt bd inhibitors for clinical evaluation, these data support the approach of using small-molecule inhibitors
to target multiple components of the branched respiratory chain of M. tuberculosis as a combination strategy to improve therapeutic
and pharmacokinetic/pharmacodynamic (PK/PD) indices related to efficacy.
KEYWORDS: tuberculosis, cytochrome bd oxidase, bedaquiline, Q203

During the COVID-19 pandemic, the number of deaths
caused by tuberculosis (TB) increased for the first time

in 10 years, hampering efforts to achieve the WHO TB aims by
2050.1 While TB prevalence and associated mortality are
generally declining, increases in cases of multidrug-resistant
(MDR) and extensively drug-resistant (XDR) TB threaten to
undermine progress toward reducing the global burden of this
disease.2 The waning efficacy of current therapeutic agents
necessitates the development of new drugs, acting against
unique targets, which circumvent current resistance mecha-
nisms. Targeting key components of the respiratory chain of
Mycobacterium tuberculosis have been shown to be effective in
sterilizing both replicating and dormant M. tuberculosis.
Bedaquiline (TMC207, BDQ), the first new TB drug in 50
years and the first drug to specifically target the electron
transport chain (ETC) of M. tuberculosis, was hoped to combat
increasing resistance to front-line drugs such as isoniazid

(INH) and rifampicin (RIF).3−9 This racemic diarylquinoline
compound was approved by the FDA for use against
multidrug-resistant pulmonary tuberculosis in 2012; however,
clinical resistance was reported by 2015.10 Since then, many
other inhibitors of the electron transport chain (ETC) have
been discovered: these include squaramides targeting the
adenosine triphosphate (ATP) synthase,11,12 phenothiazines
and quinolinyl pyrimidines targeting ndh/ndhA,9 and various
inhibitors targeting cytochrome bcc such as imidazopyridines
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[e.g., AWE40213], 4-(1H)-quinolones [e.g., SCR091114], and
2-pyridinylmethylsulfinylbenzimidazoles [e.g., lansoprazole15].
One of the more advanced candidates is Q203 (telacebec),
targeting the cytochrome bcc complex of the ETC, as shown in
Figure 1. In Phase 2 clinical studies, increasing doses of
telacebec have been reported to be associated with greater
reductions in viable mycobacterial sputum load.16

The ETC of M. tuberculosis has multiple branches that
introduce functional redundancy and thereby allow the
bacteria to evade inhibition of individual components. Figure
1 is a simplified schematic of two branches of the ETC, both
terminating in the consumption of oxygen, and current
chemotherapies on the market or in clinical trials. The
terminal oxidase cytochrome bd quinol oxidase (cyt bd) is a
putative target from the anaerobic chain. Initially, cyt bd was
identified as essential for viability in deep sequencing studies;25

however, in recent studies, deletion of cyt bd did not prevent in
vitro growth26,27 but did hypersensitize Mycobacterium to
respiratory inhibitors of cyt bcc26,28,29 and F1Fo-ATP
synthase.27 The cyt bd complex is expressed predominantly
under microaerobic growth conditions and is characterized by
its unusually high affinity for oxygen (Escherichia coliKm[O2] =
5 nM).30 Present in many prokaryotes including M. tuber-
culosis,31Salmonella typhimurium,32Klebsiella pneumoniae,33 and
Listeria monocytogenes,34 cyt bd catalyzes the four-electron
reduction of molecular O2 to water. This activity results in the
addition to the transmembrane electrochemical gradient that

may be harnessed by the cell for a variety of other purposes,
most importantly driving ATP synthase.35,36 Although
catalyzing similar chemistry, cyt bd exhibits no sequence or
structural homology to the widely distributed heme-copper
oxidase (HCO) family and is absent in eukaryotes providing an
attractive target for treatment.37−39 Cytochrome bd is believed
to play a significant role in M. tuberculosis adaptation to hostile
conditions, with observations that cyt bd upregulation has an
important role during the transition from acute to chronic
disease in vivo, exposure to nitric oxide (NO), and hypoxia.40,41

Furthermore, cytochrome bd oxidase upregulation can
effectively substitute for impaired cytochrome bcc-aa3 super-
complex function during chronic infection, supporting a role
for this alternative oxidase in slow growing and/or non-
replicating M. tuberculosis.42,43

M. tuberculosis cytochrome bd oxidase is a membrane-
integrated complex encoded by cydA and cydB of the cydABDC
operon.38,44cydDC encodes a glutathione transporter, demon-
strating sequence homology with ATP-binding ABC trans-
porter proteins thought to be essential for cytochrome bd
oxidase activity.45,46 Previously, several structures of cyt bd
have been elucidated from Geobacillus thermodenitrificans 47

and E. coli.48,49 Recently, the structure of M. tuberculosis cyt bd
has been reported, which showed greater changes to the Q-
loop than predicted from the sequence analysis.50 Although
belonging to the short Q-loop family (e.g., G. thermodeni-
trificans), the PDB structure 7NKZ suggests a Q-loop structure

Figure 1. Simplified schematic of the inhibitors of the electron transport chain of M. tuberculosis. Electrons (black arrows) are shuttled through the
electron transport chain by the reduction and oxidation of menaquinone molecules until the terminal oxygen acceptor is reached. There are several
proteins that can be inhibited before this by compounds such as succinate dehydrogenases [e.g., miconazole,17 triclosan,18 and 3-nitropropionate19]
and NADH dehydrogenases [clofazimine20]. The terminal oxygen acceptor of the aerobic chain is the cytochrome bcc-aa3 supercomplex that can be
inhibited by compounds such as AWE40213 (referred to as compound 17 in Moraski et al., 2013 and named in the patent WO2017103615A1),
Q203,21 and lansoprazole.15 The terminal oxygen acceptor of the anaerobic chain is cytochrome bd oxidase and can be inhibited by the compound
aurachin D. During the electron transport chain, several enzymes facilitate the transport of protons from the cytoplasm to the periplasm, generating
the proton motive force (dashed arrow) required for ATP synthase to generate ATP, inhibited by compounds such as bedaquiline,22

squaramides,11,12 and TBAJ-587.23,24 The structures of these chemicals are shown in Figure S5.
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closer to the long Q-loop family (e.g., E. coli). The catalysis of
this complex relies on shuttling electrons between the three
heme prosthetic groups, all found within the CydA subunit, in
a catalytic cycle mechanism that prevents the formation of
reactive O2 species.36,47−49,51,52 The role of CydB in the
enzyme’s catalysis is unclear. However, in Staphylococci species,
the CydB subunit has been shown to protect cells from
respiratory inhibitors such as cyanide.53

In this study, we report the first heterologous expression of
functionally active M. tuberculosis cyt bd and describe initial
steady-state kinetics of this important enzyme. Further, we
identify and characterize the first-in-class cyt bd inhibitors
(patent WO2017103615A1) and describe their associated M.
tuberculosis growth inhibitory pharmacodynamics. Significantly,
we demonstrate the ability of the lead compound cyt bd
inhibitor CK-2-63 to potentiate and synergize the growth
inhibition and bactericidal activity of known ETC inhibitors
including Q203 and BDQ. These data, together with in vivo
pharmacokinetic (PK) and efficacy data, are discussed in the
context of continuing efforts to target the respiratory chain of
M. tuberculosis toward the development of new antitubercular
agents and drug combinations against drug-resistant and
persistent M. tuberculosis.

■ RESULTS
Development of a Heterologous M. tuberculosis cyt

bd Expression Platform. The 5.9 kbp cydABDC operon
encoding M. tuberculosis cyt bd was successfully cloned into the
pUC19 expression vector and subsequently transformed to the
E. coli terminal oxidase knockout strain ML16 (see Methods).
Untransformed ML16 harvested cells were yellow/cream.
Transforming these cells with cyt bd (TML16) resulted in
red/brown harvested cells (Figure S1A), indicating over-
expression of heme-containing protein(s). SDS-PAGE electro-
phoresis shows the presence of proteins corresponding to the
size of the CydA and CydB domains within transformed cells.

These bands are absent or fainter in untransformed cells
(Figure S1B).
All the purified cytochrome bd enzyme used in subsequent

assays was purified from TML16 cells. Following optimization
of protein expression, it was determined that the maximal
substrate turnover was observed at pH 7.5, while the presence
of detergents during purification did not significantly improve
the catalytic activity of the membrane preparations (Figure
S2).
The difference spectra of wild-type E. coli (BL21 (DE3)

pLysS) identifies distinctive peaks at 558, 595, and 627 nm,
which correspond to the presence of cytochromes b558, b595,
and d627 of cytochrome bd in cells grown aerobically (Figure
2A) or in O2-limited (Figure 2B) conditions. In the difference
spectra of the cytochrome bo3/bd-I knockout strain ML16
(Figure 2C,D), the peak at ∼630 nm corresponding to
cytochrome d is absent, while peaks corresponding to heme b
peaks from other heme-containing proteins are present. The
difference spectra of the mutant strain transformed with the M.
tuberculosisbd encoding plasmid (TML16) show restoration of
heme d with a peak observable at ∼630 nm (Figure 2E,F).
Significantly, while growth in O2-limited conditions results in
decreased cell density, the M. tuberculosisbd yield under these
conditions is greater, as demonstrated by doubling of the ratio
of cytochrome d:cytochrome b content for both wild-type and
TML16 strains.
Initial steady-state kinetic assays were performed with

cytochrome bd to determine that a catalytically functional
coenzyme had been generated. Spectrophotometrically deter-
mined kinetic parameters for cyt bd in the presence of the
molecules decylubiquinol (dQH2), ubiquinol-1 (Q1H2), or
ubiquinol-2 (Q2H2) (Table S1) revealed an order of substrate
preference being established as dQH2 > Q1H2 > Q2H2. Vmax
values for the three substrates were similar (5−90 μmol·min−1·
mg−1) and data generated for dQH2 and Q1H2 obey simple
monophasic kinetics to which a Michaelis−Menten function54

was applied (Figure 3A,B). However, data for Q2H2 exhibits

Figure 2. Transformation of E. coli cells with the pTMA plasmid encoding cyt bd results in restoration of the heme d peak. Difference spectra
(reduced minus oxidized) of wild-type E. coli BL21 (DE3) LysS strain recorded after growth in aerobic (a) and (b) O2-limited conditions, ML16
double knockout strain in aerobic (c) and (d) O2-limited conditions, and the transformed TML16 strain, recorded after growth in (e) aerobic and
(f) O2-limited conditions. Wavelengths corresponding to a heme d peak are underlined in red, showing successful cyt bd overexpression.
Measurements were taken at room temperature using sodium dithionite as the reductant and potassium hexacyanoferrate(III) as the oxidant.
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more complex kinetics: the catalytic activity initially increases
as the substrate concentration increases until ∼50 μM Q2H2
when an inhibitory effect is observed and the cyt bd activity
decreases significantly. Subsequently, these data required
fitting with a modified ping−pong bi−bi function to determine
Km and Vmax values (Table S1 and Figure 3C).
Identification of M. tuberculosis Cytochrome bd

Inhibitors. A focused library of 2-aryl-quinolone compounds

from a previous project to target the electron transport chain of
Plasmodium falciparum was selected for screening against cyt
bd (Table S2). The compounds demonstrating cyt bd activity
spanned five quinolone subtemplates (Templates 1−5).
Template 1 pyridyl oxygen-linked quinolones55 demonstrated
variable cyt bd and M. tuberculosis inhibition with CK-3-22
showing the greatest promise for further investigation from this
group. Higher ClogP seemed to confer potency within this

Figure 3. Steady-state kinetics of quinol: M. tuberculosis cyt bd activity with varying artificial quinol substrates. Steady-state kinetics of M.
tuberculosis cyt bd (TML16) were measured spectrophotometrically at 283 nm (closed circles). ML16 lacking cyt bd (open circles) was tested as a
negative background. (a) Oxidation of decylubiquinol (dQH2), apparent Km (μM), and specific catalytic activity (μmol·min−1·mg−1) values
calculated as 21.52 ± 3.57 and 5.1 ± 0.29, respectively. (b) Oxidation of ubiquinol-1 (Q1H2) by M. tuberculosis cyt bd, apparent Km (μM), and
specific catalytic activity (μmol·min−1·mg−1) values were calculated to be 51.55 ± 8.9 and 5.26 ± 0.52, respectively. (c) Oxidation of ubiquinol-2
(Q2H2) by M. tuberculosis cyt bd, apparent Km (μM), and specific catalytic activity (μmol·min−1·mg−1) values were calculated to be 65.21 ± 15.31
and 8.65 ± 2.5, respectively. Data points are the mean initial rates of experimental duplicates obtained at each quinol concentration indicated. Data
for the oxidation of dQH2 and Q1H2 were fitted to a Michaelis−Menten function using rectangular hyperbola, and data for the oxidation of Q2H2
were fitted to a modified ping−pong bi−bi function (Origin 8.5 software).

Figure 4. Time-dependent antitubercular activity of selected 2-aryl-quinolone-based cyt bd inhibitors in liquid media compared to first-line drugs
streptomycin and ethambutol. H37Rv was treated with fixed concentrations (5xIC90) of each cyt bd inhibitor and two front-line M. tuberculosis
drugs as positive controls (ethambutol and streptomycin). At each time point, cells were harvested, resuspended in fresh media, and allowed to
grow on solid media in the absence of treatment (n = 3). All cyt bd compounds failed to elicit bacteriocidal effects. Selected compounds are shown
here to give representation to each template group.
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template. All Template 2-arylamine quinolones55 tested were
observed to have cyt bd activity in the 250 nM to 1.5 μM range
with potent antitubercular activity providing a sound basis for
further development of the template. Template 3 quinolones56

containing bisaryl side chains that are either carbon or oxygen-
linked provided the most potent cyt bd inhibitors, e.g., CK-2-
63 (Tables S2 and S3). However, M. tuberculosis inhibition
while present is not at the same level demonstrated by

Template 2, e.g., MTD-403 (Tables S2 and S3). PG-203, an
analogue of CK-2-63 with the quinolone side chain at the 3-
position as opposed to the 2-position was found to have potent
cyt bd activity but M. tuberculosis growth inhibition was lost
(Table S2). Template 4 quinolones57 have no linker between
the aryl groups within the side chain and varying degrees of
pyridyl functionality. All compounds within the template
demonstrated good cyt bd activity but limited M. tuberculosis

Figure 5. Comparing binding of the lead inhibitor with the known cytochrome bd inhibitor aurachin D in silico. GOLD 5.2 was used to dock
aurachin D or CK-2-63 within the M. tuberculosis cyt bd structure PDB 7NKZ.50 (a) CydA domain is shown in blue and the CydB domain is shown
in green. The three heme cofactors are shown in yellow sticks. The natural substrate menaquinone was present in this structure during
crystallography, shown here in orange sticks. (b) Lead compound CK-2-63 (purple sticks) is overlaid with the natural substrate menaquinone
(orange sticks). Using the APBS electrostatics plugin, the charges of the surface amino acids are shown. One of the heme b prosthetic groups in
yellow is visible through a solvent-accessible channel. (c) Similar to panel (b), the cyt bd inhibitor aurachin D (pink sticks) is shown to interact in
the same cleft as menaquinone and CK-2-63. (d) Interactions between CK-2-63 (purple sticks), the amino acids of the CydA domain (green
sticks), and the heme prosthetic group (yellow sticks) are shown. π−π interactions are shown by orange dashed lines, cation−pi bond by blue
dashed lines, and hydrogen bonds by red dashed lines. All amino acids labeled interact with CK-2-63 with the dashed lines shown or by Van der
Waals interactions (not shown). (e) Similar to panel (d), the interactions between aurachin D (pink sticks), the amino acids of the CydA domain
(green sticks), and the heme prosthetic group (yellow sticks) are shown.
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growth inhibition. Template 5 quinolones58 have either a
pyrazole or triazole present within the side chain. The general
trend within this template was modest-poor (μM) cyt bd
inhibitory activity and limited M. tuberculosis growth inhibition.
The steady-state mechanism of cytochrome bd inhibition for

a selected group of inhibitors (CK-2-63, SL-2-25, MTD-403,
PG-203) was further investigated by measuring the inhibition
of the enzyme under varying substrate (dQH2 5−98 μM) and
inhibitor concentrations. Data were first fitted to a Michaelis−
Menten rectangular hyperbola to calculate Km and Vmax
(converted to specific catalytic activity) parameters. The data
were then transformed to linear Lineweaver−Burk plots
(Figure S3). The inhibitory kinetic parameters and the mode
of compound inhibition for the four quinolone-based
inhibitors are shown in Table S3 and include competitive,
uncompetitive, and mixed-inhibition modalities.
Cyt bd Inhibitors Suppress Growth Proliferation and

Display a Bacteriostatic Phenotype. Compounds display-
ing inhibition of M. tuberculosis cyt bd and >50% growth
suppression of M. tuberculosis H37Rv at 5 μM in a single-point
assay were subjected to full IC50 determinations under aerobic
and O2-limited (Wayne assay) growth conditions (see
Materials and Methods). As detailed in Table S2, all
compounds demonstrated M. tuberculosis growth suppression,
and IC50 values under aerobic conditions ranged from 0.27 μM
(MTD-403, Template 2) to 3.70 μM (CK-2-63, Template 3).
Example dose−response graphs are shown in Figure S4. Under
O2-limiting conditions, all compounds retained their ability to
inhibit growth and notably several of these, e.g., CK-2-63

(Template 3) and RKA-310 (Template 2), displayed enhanced
potency.
To determine whether growth suppression was due to a

bactericidal or bacteriostatic mechanism, time-kill curve studies
were performed at 5xIC90 with a selection of inhibitors (as
determined from growth suppression assays). Under the
conditions of the assay, untreated M. tuberculosis grew at a
rate (Kgrowth) of 0.0639 h−1, while the positive controls with
known inhibitors streptomycin and ethambutol displayed
bactericidal phenotypes with net killing rates (Kkill) of 0.17
and 0.44 h−1, respectively (Figure 4 and Table S4). Cyt bd
inhibitors CK-3-22 (Template 1) showed little to no time-
dependent reduction in CFU mL−1, while MTD-403, RKA-310
(Template 2), LT-9 (Template 3), and CK-2-63 (Template 3)
displayed net bacteriostatic population phenotypes (Figure 4).
Counter screening of selected compounds against bovine

cytochrome bcc was performed to identify potential mitochon-
drial toxicity complications. The data (Table S5) revealed that
several compounds have nanomolar activities against bovine
cytochrome bcc. In vitro counter screening of compounds
against the immortalized HepG2 cell line showed no
appreciable toxicity below 50−100 μM (Table S5). CK-2-63
was chosen as the study’s front-runner of the series, given the
favorable in vitro therapeutic index against the cyt bd target.

M. tuberculosis cyt bd Inhibitors Predicted to Bind in
the Menaquinone Binding Pocket. Using the structure of
cytochrome bd from the recent cryo-EM structure,50 the
bindings of the inhibitors aurachin D and CK-2-63 were
modeled (Figure 5). Aurachin D is a small molecule known to
inhibit several proteins of the ETC with some preference for

Figure 6. M. tuberculosis electron transport chain inhibitors reduce the rate of oxygen consumption in M. smegmatis. The rate of oxygen
consumption was measured on a Hansatech Oxytherm+ system using high optical density (OD) M. smegmatis samples (1 mL; CFU: 7.5 × 106). 10
mM glucose was added, the change in the concentration measured (O2 nmol mL−1), and used as the 100% oxygen consumption rate before the
addition of increasing concentrations of an inhibitor (representative graphs shown here). Panels (b)−(d) were fitted with the Hill function. (a)
Arrows represent the time where additions were made: GLC (glucose, 10 mM), OLG (Oligomycin, 15 μM), FCCP (15 μM), ANT (antimycin A,
15 μM), and ROT (rotenone, 15 μM). (b) Lead compound CK-2-63 was able to inhibit oxygen consumption even in aerobic conditions when
added in increments over a 60 min period (20−200 μM). (c, d) Sequential addition of Q203 (10−110 nM) or BDQ (1−56 nM) inhibited oxygen
consumption in the absence (black) and presence (red) of 3.5 μM CK-2-63.
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cytochrome bd. The ligands were docked using a previously
studied genetic algorithm.59 Docking solutions found were
very similar to each other in terms of the location of binding,
conformation of ligand, and docking score (PLP score 89.65 ±
2.4).
Both ligands bind in the menaquinone binding pocket

located near the Q-loop and one of the heme b prosthetic
groups necessary for catalysis. This critical binding site likely
suggests these compounds act as noncompetitive or mixed
inhibitors for the natural substrate menaquinone. Indeed,
kinetics observed with our recombinant enzyme suggested that
CK-2-63 exhibited mixed inhibition at 4 nM (Figure S4 and
Table S3). Using the APBS electrostatic plugin, the surface
charge of the proteins within this binding site were visualized.
Although the solvent-accessible channel to the heme b
prosthetic group is highly negatively charged, the binding site
is fairly neutral (Figure 5B,C).60 Many amino acids were found
to interact with aurachin D and CK-2-63 such as Met392,
Arg8, and the heme b prosthetic group via a propionate group.
However, most residues were unique to each inhibitor
molecule. Both compounds make π−π interactions with
Trp9 using their aromatic rings at the end of the molecule
in closest proximity to the heme prosthetic group. Interest-
ingly, CK-2-63 also makes a cation−π interaction with Arg8
(3.7 Å), while aurachin D makes a hydrogen bond with ILE13
(3.3 Å). Both compounds also make numerous Van der Waals
interactions across the whole length of the molecules.
Dual Targeting of cyt bd and cyt bcc or ATP Synthase

Results in Enhanced Inhibitory Profiles. We next explored
the pharmacodynamic effect of inhibiting multiple components
of the ETC with small-molecule inhibitors, including the
described cyt bd inhibitors, using several different approaches
to measure functional cellular bioenergetics, growth, and
viability.
The first approach that was investigated assessed the oxygen

(O2) consumption rate (OCR) of Mycobacterium smegmatis
and the effect of various ETC inhibitors such as antimycin A

(ANT) or mycobacteria-specific compounds such as Q203,
bedaquiline, and CK-2-63 (Figure 6). The rate of O2
consumption was calculated by measuring the rate of glucose
consumption in the electrode chamber for 2 min prior to the
addition of the inhibitor, representing 100% O2 consumption.
As sequential additions of the inhibitor were added, the rate of
O2 consumption decreased. The O2 consumption of M.
smegmatis performed as expected with known inhibitors as
shown in the Seahorse assay (Figure 6A). Briefly, basal
respiration is established using glucose as the carbon source,
oligomycin (OLG) inhibits ATP-linked respiration (complex
V), FCCP is a protonophore that collapses the inner
membrane gradient causing an increase in O2 consumption
to the maximal respiratory rate, and finally the addition of
antimycin A (ANT) and rotenone (ROT) inhibit complexes
III and I, respectively, inhibiting the ETC fully. CK-2-63 was
able to partially inhibit O2 consumption, though only at very
high concentrations (Figure 6B). In contrast, Q203 and BDQ
were able to inhibit O2 consumption at low concentrations,
with BDQ eliminating oxygen consumption over the course of
the assay (1 h). Significantly, the addition of a fixed
concentration (3.5 μM) of CK-2-63 increased the inhibitory
effect of Q203 and BDQ across a range of concentrations
(Figure 6C,D).
Mycobacterial growth indicator tubes (MGIT) were used to

determine the capability of ETC inhibitors, alone or in
combination, to suppress the growth of M. tuberculosis. MGIT
tubes are widely used for the detection and recovery of M.
tuberculosis from patient samples and measure M. tuberculosis
growth indirectly via fluorescence measurement of dissolved
O2.

61 Fluorescence measurements can be taken continuously
during M. tuberculosis growth, and the time taken (days) to
reach maximum growth (a reading of over 14 au) is referred to
as the time to positivity (TtP). Addition of ETC inhibitors as
monotherapies resulted in modest increases in the TtP of M.
tuberculosis relative to untreated controls, from 10 days for the
cyt bd inhibitor CK-2-63, to increases of 10−12 days for cyt

Figure 7. Combination therapy approaches lead to increases in time to positivity (TTP). The time to positivity (TtP) was measured for several
ETC inhibitors alone and in combination at equipotent (5xIC90) concentrations. Growth suppression ofM. tuberculosis increases the TtP (>44 days
indicates maximum measurable suppression of growth). Inhibitors included Q203 (Q, cytochrome bcc-aa3 inhibitor), AWE402 (A, cytochrome bcc-
aa3 inhibitor), CK-2-63 (C, cytochrome bd inhibitor), and bedaquiline (B, ATP synthase inhibitor). All conditions were performed with technical
and biological duplicates and ordered by TtP. Controls are shown in black, drugs in isolation in red, dual combinations in blue, triple combinations
in purple, and the quadruple combinations in green.
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bcc-aa3 inhibitors Q203 and AWE40213 and the complex V
inhibitor BDQ (Figure 7). However, combination therapies of
CK-2-63 with inhibitors of other ETC components led to large
increases in TtP, up to the maximum measurable period of 44
days when combined with Q203. Moreover, multicomponent
triple combination therapies, consisting of cyt bcc, ATP
synthase, and cyt bd inhibitors led to maximum measurable
increases in TtP, matching the isoniazid positive control.

Despite the impressive bacteriocidal qualities of isoniazid in
the in vitro experiments leading it to become the common
positive control in such experiments, single drug treatments in
clinical settings lead to resistant strains due to the presence of
persister populations.62

To determine whether combining ETC inhibitors resulted in
enhanced sterilization rates of M. tuberculosis, we conducted
time-kill studies. Treatment of M. tuberculosis with the cyt bd

Figure 8. CK-2-63 combination therapies lead to sterilization in time-kill experiments. Similar to Figure 4, H37Rv was treated with BDQ (MIC90 =
0.05 μM), Q203 (MIC90 = 0.02 μM), and/or CK-2-63 (MIC90 = 5 μM) for up to 21 days in liquid culture before addition to solid culture in the
absence of inhibitors (n = 3). Suboptimal concentrations of bedaquiline result in regrowth of M. tuberculosis. Treatment with bedaquiline or Q203
failed to greatly reduce CFU mL−1. Sterilization by low concentrations of bedaquiline or Q203 is achieved by the addition of the lead cyt bd
inhibitor CK-2-63.

Figure 9. Assessment of combination therapy of ETC inhibitors using acute and chronic in vivo mouse models of TB infection. Mtb H37Rv
bacterial burdens were determined from BALB/c mice using (a) acute or (b) chronic infection models. Treatment arms included RIF (red bars),
INH (dark blue bars), Q203 (green bars), CK (light blue bars), Q+CK (blue-green bars), and untreated (gray bars) for 1 month. The mean
bacterial burden in the untreated mice at the initiation of treatment (day 0) is shown with a dashed line. Numerical values in the regimens indicate
doses in mg kg−1. qd indicates once daily dosing Mon−Fri. qod indicates dosing on Mon, Wed, and Fri only. In the acute model (a), all treatments,
except for CK monotherapy, showed statistically significant (p < 0.05) reductions in bacterial burden compared to the untreated group. Q+CK20
(indicated with asterisk) was statistically significantly more active than Q alone (p = 0.0044). In the chronic model (b), statistically significant
differences were observed only between untreated mice and mice treated with INH or RIF (p = 0.0004 and p < 0.0001, respectively). (c) Mice
infected with Mtb CDC1551 (left) or the cydA transposon mutant (right) in the acute model were treated with 10 mg kg−1 of RIF, INH, or Q203
for 1 month. The mean bacterial burden in the untreated mice at day 0 is shown with dashed lines. Compared to untreated mice, there were
significant reductions in bacterial burden after treatment with all three drugs in mice infected with CDC1551 (p < 0.0001, p < 0.0001, and p =
0.0007). In mice infected with the transposon mutant, there were significant reductions only in mice treated with INH and Q203 (p = 0.0008 and
0.0001, respectively) but not in mice treated with RIF. There was no significant difference in the bacterial burden in untreated mice infected with
either strain. However, in mice treated with Q203, the bacterial burden was significantly lower for the cydA mutant than the wild-type strain (p <
0.0001). Bars show the mean of data (n = 4) and the error bars show the standard deviation. Group means were compared by one-way ANOVA
with Dunnett’s post-test correction for multiple comparisons.
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inhibitor CK-2-63 alone, up to 35 μM had little to no
sterilizing effect, while treatment with the cyt bcc-aa3 inhibitor
Q203 (400 nM) resulted in a modest (0.6 log reduction)
sterilization (Figure 8A). However, significantly, a combination
of CK-2-63 and Q203 resulted in a substantial increase in the
sterilization rate of M. tuberculosis, exceeding the rate of kill
with streptomycin when combined at higher (35 μM)
concentrations of CK-2-63. Time-kill curves of BDQ alone
or in combination with CK-2-63 were also performed.
Similarly, as seen with Q203, when CK-2-63 was combined
with BDQ, especially at suboptimal concentrations of BDQ,
significant enhancement of M. tuberculosis sterilization was
observed (Figure 8B).
Determination of In Vivo Antitubercular Efficacy

Enhancement by Combination Therapies Containing
the cyt bd Inhibitor CK-2-63. Two inbred mouse models of
TB disease that mimic acute and chronic infection were used
for the evaluation of antitubercular efficacy enhancement by
combination therapies containing the cyt bd inhibitor CK-2-63.
The aim of this approach was to assess target vulnerability
during specific phases of infection where bacteria are enriched
for those either actively replicating (i.e., acute TB) or slow/
nonreplicating bacilli (i.e., chronic TB). As expected in the
acute TB model, untreated controls succumbed to the
infection or required euthanasia during the fourth week post-
infection with the M. tuberculosis H37Rv strain (second week
of the treatment period). Treatment with 10 mg kg−1 once
daily (QD) exhibited isoniazid (INH) bactericidal activity,
reducing the lung M. tuberculosis burden below the burden
present at the start of the treatment, while 10 mg kg−1 of
rifampicin (RIF) or Q203 daily allowed a net increase in M.
tuberculosis burden during the treatment period but not to the
extent observed in untreated controls, and each of these
treatments prevented death (Figure 9A). However, treatment
with CK-2-63 10 mg kg−1 administered daily or up to 100 mg
kg−1 administered thrice weekly (QOD) failed to significantly
reduce the growth of M. tuberculosis in the lungs and all mice
treated with CK-2-63 died or required euthanasia in a time

frame similar to untreated mice. Treatment with combinations
of Q203 and CK-2-63 resulted in modestly lower lung burden
than treatment with Q203 alone, although only the Q203 plus
CK-2-63 20 mg kg−1 QOD arm was statistically significantly
different from Q203 alone (p = 0.0043), calculated by one-way
analysis of variance (ANOVA) with Dunnett’s post-test
(Figure 9A). In the chronic TB disease model of infection
with M. tuberculosis H37Rv, while both RIF and INH
treatment resulted in a reduction of M. tuberculosis burden in
the lungs, treatment with Q203 10 mg kg−1 or with CK-2-63
up to 100 mg kg−1 (QOD), or Q203 and CK-2-63 in
combination, failed to significantly reduce M. tuberculosis
burden in the lungs (Figure 9B). In a further acute mouse
model study using mice infected with either the CDC1551
wild-type M. tuberculosis strain or an isogenic M. tuberculosis
mutant with an inactivating transposon insertion in cydA,63

treatment with INH 10 mg kg−1 QD was bactericidal and RIF
10 mg kg−1 QD largely bacteriostatic against both the
CDC1551 parent strain and the cydA transposon insertion
mutant. However, treatment with Q203 10 mg kg−1 QD
resulted in substantial bactericidal activity superior to INH in
the lungs of mice infected with the cydA mutant but was not
even bacteriostatic in mice infected with the wild-type
CDC1551 strain, thus confirming the marked susceptibility
of M. tuberculosis to Q203 in the absence of a functional cyt bd.
In vivo murine pharmacokinetic (PK) studies were carried

out for CK-2-63 (Figure 10). The PK of CK-2-63 after
intravenous (i.v.) and oral (p.o.) administration in mice
showed that the concentrations of CK-2-63 decreased rapidly
following i.v. administration. Cmax was reached 24−48 h after
p.o. administration of CK-2-63, indicating slow absorption and
bile recycling. The area under the plasma concentration−time
curves (AUCs) of CK-2-63 increased nonlinearly with the p.o.
dose between 20 and 100 mg kg−1, although this observation is
confounded by the feeding status (Table S6). Increases in
steady-state CK-2-63 exposures were also less than dose-
proportional in the whole blood of M. tuberculosis-infected
mice receiving 20, 60, or 100 mg kg−1 QOD. Bioavailability

Figure 10. Pharmacokinetics of CK-2-63 in mice. (a) Plasma exposure to CK-2-63 after single dose via oral (100, 20 mg kg−1) or IV (3 mg kg−1)
administration. The predicted exposure to the plasma unbound fraction is also shown in red triangles that assumed a best case scenario of 99.7%
plasma protein binding. (b) Whole blood exposure at steady state after increasing doses administered orally (10 mg kg−1 once daily (QD), or 20,
60, 100 mg kg−1 administered every other day (QOD)). Points show the median of data [(a) n = 2, (b) n = 3] and the error bars show the range of
data.
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(F) was approximated to be 39.4% (based on 3 mg kg−1 IV
dose and 20 mg kg−1 oral dose). Plasma protein binding of
CK-2-63 was determined to be high (>99.9% for 1 μM CK-2-
63 and 99.7% for 10 μM CK-2-63) for both mouse and human
plasma, as determined using QTrap 4500 MS-based detection
system (see Methods). These data indicated that during the in
vivo murine PK and PK/PD studies, the concentrations of
unbound CK-2-63 are significantly lower than the measured
total CK-2-63 concentrations (Figure 10).
To further investigate the effect of the high plasma binding

of CK-2-63, the MGIT combination experiments detailed
above were repeated in the presence of 10% (v/v) human
serum and compared with fetal bovine serum (FBS), 7H9 TB
media, or phosphate buffered saline (PBS) controls (Figure
11). In the presence of media only (7H9 control), or following
addition of FBS or PBS, combination of CK-2-63 and Q203 or
the triple combination of CK-2-63, Q203, and BDQ resulted in
large increases in TtP, up to the maximum measurable period
of 44 days (Figure 11). However, following the addition of
10% (v/v) human serum, all treatments exhibited lower times
to positivity, including the previously successful dual and triple
combinations (Figure 11). There was no change between the
controls lacking drug treatment but with different supplements,
including 10% (v/v) human serum.

■ DISCUSSION
We report the first biophysical characterization of recombinant
M. tuberculosis cytochrome bd quinol oxidase. Restoration of
the cytochromes b and d peaks at 596 and 630 nm by the
introduction of the pTMA plasmid confirms successful
expression, folding, and incorporation of b and d type hemes
for the encoded protein (Figure 2). The spectrum of our
recombinant protein is comparable to other cyt bd protein
spectra present in the literature, including for the recombinant
M. tuberculosis cyt bd protein recently used to produce cryo-
EM structures.50 Further confirmation of the catalytic activity
of bd was demonstrated by steady-state kinetic analyses
performed using membrane preparations (Table S1). Data,
with the exception of Q2H2, fit to Michaelis−Menten
hyperbola and indicate a preference for dQH2 as the substrate

(Figure 3). Km values for the three substrates tested are
comparable to affinities observed for other well-characterized
organisms, e.g., E. coli, Azotobacter vinelandii, Cyanobacterium,
and Synechocystis.64−66 The reasons for the preference for
dQH2 over Q1H2 and Q2H2 are not clear but are likely a
function of substrate solubility and the structural constraints of
the binding pocket. In other similar redox proteins such as
photosystem II and respiratory complex I, the stabilizing
binding energy is provided by hydrophobic interactions
between the alkenyl/aliphatic tail of the quinone and the
protein pocket.67−69 Different quinone molecules have differ-
ing degrees of mobility in the aliphatic tail, leading to
differential binding and hydrophilicity in solution. The cause
for the high affinity of M. tuberculosis cyt bd (19.25 μM)
compared to E. coli (85 μM) is also uncertain but may be
related to the differing sizes of the Q-loops of these
enzymes.70−72 Indeed, despite belonging to the short Q-loop
family, recent cryo-EM structures found that cyt bd from M.
smegmatis 73 and M. tuberculosis 50 had Q-loops more similar in
structure to the previously identified long Q-loop E. coli
structure. Interestingly, both structures do not contain
accessory units as found in other organisms, such as CydX
or CydS, and the Q-loop contains a structurally important
cysteine bridge. In addition, during the course of their
experiments, both teams attempted to produce structures
bound to the inhibitor aurachin D that resulted in poor
densities in the Q-loop, suggesting the highly flexible nature of
this region. The non-Michaelis−Menten kinetics demonstrated
for Q2H2 at first glance appears atypical but there is a
precedent for this observation in the studies of E. coli
cytochrome bd. Matsumoto et al. reported that structural
studies identify that the 6-diprenyl and 3-methoxy groups of
Q2H2 are the cause of substrate inhibition at high
concentrations in E. coli and likely impart the same inhibitory
effect at the active site of M. tuberculosis cyt bd.74

Further screening of our in-house library55−58,75 successfully
identified several distinct templates demonstrating varying
degrees of activity against recombinant M. tuberculosis cyt bd
(Table S1). While Templates 4 and 5 demonstrated reasonable
potency against the recombinant enzyme, the effects of these

Figure 11. Addition of human serum reduces the efficacy of CK-2-63 in liquid culture. MGIT tubes were supplemented with 10% v/v fetal bovine
serum (FBS), human serum, 7H9 (TB) medium, or phosphate buffered saline (PBS) in technical duplicate. Q corresponds to Q203, C corresponds
to CK-2-63, B corresponds to bedaquiline, and INH to the positive control isoniazid. The dashed line represents the length of time required in
clinical settings to be determined as negative for an active TB infection. The time to positivity observed was decreased for many treatments in the
presence of human serum, including for the previously successful Q203 and CK-2-63 combination with or without bedaquiline.
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compounds against M. tuberculosis were limited and as such we
suggest that these linkerless pyridyl and pyrazole compounds
are not suitable templates for further development. From the
remaining three templates identified, it was discovered that
bisaryl side chains conferred greater potency against cyt bd
than the 2-arylamine compounds of Template 2 but
diminished efficacy against M. tuberculosis. Template 2
compounds are also more potent against cyt bd than the
pyridyl oxygen-linked quinolones of Template 1. In both cases,
the reasons for these observations are likely a consequence of
the increased steric bulk and lipophilicity of the compounds in
Templates 1 and 3. The described templates exemplified by the
front-runner inhibitor CK-2-63 represent the first-in-class cyt
bd inhibitors (patent WO2017103615A1) that display
tractable features for onward development. In a recent study,
a putative M. tuberculosis cyt bd inhibitor ND-011992 has been
described that is also based on the quinazoline core.76,77 ND-
011992 and the 2-aryl-quinolone inhibitors described in this
study expand the panel of cyt bd inhibitors from the classic
quinol analogue aurachin D.78 However, while aurachin D has
been observed to inhibit cyt bd from Mycobacterium spp.,79

the observation that the mycobacterial membrane is
impermeable to aurachin D,79,80 as well as the reported lack
of selective toxicity,81,82 severely limits the developability of
aurachin D compared to ND-011992 and the 2-aryl-quinolone
inhibitors described herein. Further putative cytochrome bd
inhibitors have recently been described; however, the evidence
supporting inhibition and selectivity of cyt bd is currently
limited: these compounds include MQL-H2,83N-(4-(tert-
butyl)phenethyl)thieno[3,2-d]pyrimidin-4-amine,84 and the
4-quinolinone antibacterial compounds listed in the Janssen
Sciences patents WO 2021/063914 A1 and WO 2021/063915
A1. We also note that chemotypes similar to those presented
here have previously been reported in the literature, such as
SCR0911,14 and it will be of interest in future studies to
determine whether there are further quinolone-based inhib-
itors that have selectivity for cyt bd or indeed that have
multiple targets owing to the privileged quinolone core, e.g., ref
85.
The cellular bioenergetic consequence of cyt bd inhibition

by the front-runner inhibitor CK-2-63 was assessed by
measurement of O2 consumption in M. smegmatis. Baseline
respiration parameters were confirmed using classic respiratory
chain inhibitors (Seahorse assay, Figure 6A). The cyt bd
inhibitor CK-2-63 was shown to partially inhibit O2
consumption, though only at very high concentrations (Figure
6B). In contrast, the cyt bcc-aa3 complex inhibitor Q203 and
the ATP synthase inhibitor BDQ were shown to elicit a
concentration-dependent inhibition of O2 consumption up to
the maximum basal respiration range. Significantly, the
combination of a fixed concentration (3.5 μM) of CK-2-63
resulted in the potentiation of the inhibitory effect of both
Q203 and BDQ across their respective concentration ranges
(Figure 6C,D). Similarly, the putative cyt bd inhibitor ND-
011992 was also recently described to enhance the inhibition
of respiration of Q203 in Mycobacterium bovis.77 These
observations provide support that given the inherent
redundancy of the mycobacterial respiratory chain, targeting
multiple components of both terminal branches with small-
molecule inhibitors results in enhanced inhibition at the
functional level of respiration.
The pharmacological effect of inhibiting cyt bd was next

explored by determining the effect on M. tuberculosis growth

suppression. Initial studies using the standard 5-day alamar
blue assay showed that the identified 2-aryl-quinolone
inhibitors suppressed growth with measured half-maximal
inhibitory concentration (IC50) values as low as 0.27 μM
(Table S5). Cognizant of the reported ability of M. tuberculosis
to metabolically mediate antibiotic persistence,86 MGIT
experiments were undertaken to monitor M. tuberculosis
growth for up to 44 days in the presence of inhibitors.
Notably, addition of CK-2-63 monotherapy resulted in modest
M. tuberculosis growth suppression measured as an increase in
the time to positivity (TtP) relative to untreated controls with
some combinations reaching comparable levels to the positive
control isoniazid (Figure 7). This observation is consistent
with previous molecular gene disruption studies showing that
cyt bd is nonessential for growth when grown under in vitro
laboratory conditions.26,27 Of interest, monotherapy with
equipotent concentrations of either the cyt bcc-aa3 complex
inhibitors Q203, lansoprazole, and AWE402 or the ATP
synthase inhibitor BDQ also failed to completely suppress
growth (Figure 7). Significantly, double combination therapies
of CK-2-63 with cyt bcc-aa3 inhibitors or with BDQ resulted in
large increases in TtP (Figure 7). Moreover, triple combination
therapies, consisting of cyt bcc, ATP synthase, and cyt bd
inhibitors led to maximum measurable increases in TtP (44
days), matching the isoniazid positive control.
To further investigate the pharmacodynamic (PD) effect of

inhibiting cyt bd, time-kill kinetic experiments were under-
taken. 2-Aryl-quinolone inhibitors, added at equipotent
concentrations (5× alamar blue 5-day growth suppression
assay IC90 value), displayed a net bacteriostatic phenotype
against M. tuberculosis (Figure 4). Similarly, Q203 also
displayed a net bacteriostatic phenotype (Figure 8), consistent
with the bacteriostatic phenotype that has been observed
following inhibition by Q203 and other cytochrome bcc-aa3
supercomplex inhibitors in previous studies.26,77,87,88 However,
significantly, combination treatment of M. tuberculosis with
CK-2-63 and Q203 resulted in a bactericidal phenotype
analogous to that seen for ethambutol and streptomycin
(Figure 8). In a recent study, combination therapy of Q203
with the putative cyt bd inhibitor ND-01192 was also shown to
result in a bactericidal phenotype against M. tuberculosis.77 The
switch from a bacteriostatic to a bactericidal phenotype when
Q203 and cyt bd inhibitors are combined further supports the
rationality of a combination strategy that targets both terminal
branches of the M. tuberculosis respiratory pathway. Fur-
thermore, CK-2-63 was also observed to enhance the
bactericidal activity of suboptimal concentrations of BDQ
(Figure 8). BDQ consistently (n = 3) showed a bactericidal
effect for 14 days followed by a rebound of Mtb growth, likely
due to metabolism changes as previously reported.89 The
addition of CK-2-63 prevented this rebound even at
suboptimal concentrations (Figure 8). Kill-curve kinetics for
BDQ were undertaken across the pharmacological range of
BDQ, allowing the determination of the exposure effect
relationship that can be parameterized to an Emax model, where
the EC50 is the concentration required to achieve half of the
maximal kill rate.90 These analyses indicate that a combination
of a fixed concentration of CK-2-63 (3.5 μM) results in a >3-
fold enhancement in the EC50 of BDQ (Figure S5). This
observation provides support that a cyt bd inhibitor
combination with BDQ has the potential to significantly
improve the pharmacokinetic/pharmacodynamic (PK/PD)
indices related to efficacy as well as increasing the therapeutic
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index, thereby giving rise to the potential of optimized dosing
that reduces the concentration-dependent side effects
associated with BDQ, such as prolonged QT intervals.91

The in vivo potential of a cyt bd inhibitor-based combination
treatment was assessed using both acute and chronic inbred
mouse models of TB infection. Combination treatment of CK-
2-63 with Q203, in either acute or chronic models failed to
significantly reduce M. tuberculosis in the lungs (Figure 9).
However, treatment with Q203 to mice infected with an M.
tuberculosis mutant in which cydA is inactivated by a
transposon insertion resulted in a reduction in the bacterial
burden in the lungs (Figure 9). While the in vivo PK
assessment of total systemic CK-2-63 exposure was ostensibly
favorable (i.e., Cmax 12.7 μg mL−1 at 100 mg kg−1, Figure 10
and Table S6), the high plasma protein binding (>99.9% for 1
μM and 99.7% for 10 μM CK-2-63) would suggest that the
available unbound drug concentration at the target site to be
considerably lower (Figure 10). This potential explanation, for
the lack of efficacy of CK-2-63 and Q203 combinations seen in
the in vivo models was investigated by repeating the MGIT
growth suppression assays in the presence of human serum.
Significantly, following the addition of 10% (v/v) human
serum, all treatments exhibited lower times to positivity,
including the previously successful dual and triple combina-
tions (Figure 11). These experiments support the interpreta-
tion that insufficient exposure of unbound CK-2-63 concen-
tration at the target site is most likely responsible for the lack
of in vivo efficacy. Poor solubility, high lipophilicity, and high
PPM are a feature of many newly developed ETC inhibitors
that mimic ubiquinone and addressing this shortcoming will be
critical for future drug development efforts if a cyt bd inhibitor-
based drug combination is to become a clinically tractable
therapeutic strategy.92−94

In conclusion, this study reports the first characterization of
cytochrome bd, the terminal oxidase of the branched
respiratory chain of M. tuberculosis. A new series of cyt bd 2-
aryl-quinolone inhibitors was identified displaying potent
(nM) enzymatic inhibitory activity with predicted binding to
a cleft in close proximity to the catalytically important Q-loop
and a heme prosthetic group. In vitro drug characterization
provides proof-of-concept evidence that combination treat-
ments consisting of inhibitors to both terminal branches of the
respiratory chain exhibit enhanced pharmacodynamic features
that warrant further consideration toward the development of
new combination strategies for the treatment of TB.

■ METHODS
Cloning and Heterologous Expression of M. tuber-

culosis cyt bd. The cydABDC operon was PCR amplified as a
5.9 kb fragment from M. tuberculosis genomic DNA using Pfx
DNA polymerase (Invitrogen). The forward and reverse
primers for this reaction were 5′-CCG GAG ATG ACA
GAT GAA TGT CGT CG-3′ (Fw) and 5′-GGC GTT ACG
TGC TGA TAT CGA TGA CTC AGG 3′ (Rev). The
resultant fragment was subcloned to pUC19 and the sequence
verified by automated DNA sequencing.
Heterologous Expression and Purification of M.

tuberculosis Cytochrome bd. To facilitate heterologous
expression, the pUC19-cydABDC construct (pTMA) was
transformed into the E. coli cytochrome bo3/bd-I knockout
strain ML16 (ΔrecA, ΔcydAB, ΔcyoABCDE::Cmr), generously
provided by (Prof. R. Gennis, University of Illinois). ML16 is a
derivative of E. coli C43 (DE3) (genotype F−ompT gal hsdSB

(rB-mB-) dcm lon λDE3).95 Successful transformants (TML16)
were cultured in selective semi-anaerobic conditions (O2-
limited); 375 mL of Luria-Bertani (LB) broth (Formedium,
U.K.) in 500 mL flasks containing 100 μg·mL−1 of ampicillin
and 2.5 μg·mL−1 of chloramphenicol, sealed with a rubber plug
with a head−space ratio of 0.5. Isopropyl-β-D-1-thiogalactopyr-
anoside (IPTG) was added at the time of culture inoculation
to 1 mM final concentration (Sigma-Aldrich). Cultures were
incubated at 37 °C in a shaking incubator at 200 rpm for 19 h.
As controls, untransformed BL21 (DE3) pLysS and
untransformed ML16 cells were cultured under the same
conditions.
Cells were harvested by centrifugation at 4000g for 10 min.

Membrane preparations were performed as per Fisher et al.
and resulted in highly viscous pellets.96 These were collected
and resuspended with the aid of a Potter homogenizer in 2 mL
of 50 mM potassium phosphate and 2 mM ethylenediaminete-
traacetic acid (EDTA) (pH 7.5) per liter of original culture
volume. Glycerol was added to a final concentration of 10%
(v/v) and the membrane suspensions stored at −80 °C.
Growth Analysis. Growth was monitored by measuring

the optical density (OD) at 600 nm using Thermo Spectronic
(Genesys, U.K.) over 60 h using the growth conditions
described above. As per Karakashev et al., resazurin (a redox
indicator) was added to the media to a final concentration of
0.0002% (w/v) to monitor the respiratory state of the cells
during growth.97

Initial Spectroscopic Analysis of M. tuberculosis cyt
bd. Initial spectra (500−700 nm) of freshly prepared
membrane preparations were recorded using a Cary 300 Bio
UV/visible spectrophotometer (Varian, U.K.). Assays of total
volume 700 μL were performed using 200 μL of crude
recombinant membranes suspended in 500 μL of 50 mM
potassium phosphate (KPi), 2 mM EDTA, pH 7.5 buffer. For
the generation of fully oxidized spectra, potassium
hexacyanoferrate(III) was added, while sodium dithionite
was added to produce reduced spectra. A difference spectrum
was generated by subtracting the oxidized spectrum from the
reduced spectrum.
Steady-State Assays and Inhibitor Studies of Re-

combinant M. tuberculosis cyt bd. Steady-state recombi-
nant M. tuberculosisbd decylubiquinol oxidase activity was
monitored spectrophotometrically at 283 nm in a 1 cm
pathlength quartz cuvette. Assays (final volume 700 μL) were
performed in an air-saturated reaction buffer consisting of 50
mM potassium phosphate (pH 7.5) and 2 mM EDTA. Crude
recombinant membranes were added to a final protein
concentration of ∼3 μg·mL−1. The reaction was initiated by
the addition of 50 μM quinol (either decylubiquinol,
ubiquinol-1, or ubiquinol-2) from a 15 mM stock solution
prepared as previously described.98 Initial rates of quinol
oxidation (decylubiquinol and ubiquinol-1) were fitted as the
Michaelis−Menten function, while a modified ping−pongbi−bi
mechanism was used for ubiquinol-2 oxidation as previously
described.74 All assays were performed at ambient temper-
atures. Inhibitors were added prior to reaction initiation and
DMSO maintained below 1%. IC50 values were calculated from
plots of log dose vs oxidation rate. The quinol oxidation rate
was fitted to a four-parameter logistic function using Origin 8.5
(OriginLab Corp.), the and specific catalytic activity (μmol·
min−1·mg−1) was calculated using ε283 = 8.1 mM−1·cm−1.
Modeling Inhibitors of Cytochrome bd. CK-2-63 and

aurachin D were built using Spartan18 (https://www.wavefun.
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com) and energy minimized using the Merck molecular
forcefield. GOLD 5.2 (CCDC Software)99 was used to dock
CK-2-63 and aurachin D, with the binding site of the Cryo-EM
structure of the cytochrome bd oxidase from M. tuberculosis
defined as any amino acid residue within 6 Å of menaquinone-
9. A genetic algorithm with ChemPLP as the fitness function59

was used to generate 10 binding modes per ligand. Protons
were added to the protein. Default settings were retained for
the “ligand flexibility” and “fitness and search” options;
however, “GA settings” were changed to 200%. Figures were
produced using PyMOL V1.3. Noncovalent contacts were
analyzed with ViewContacts software.100

Production of Quinolone-Based Cytochrome bd
Inhibitors. All compounds were from an in-house quino-
lone-based chemical library. The production of these
compounds are described previously.13,55−58,75

Concentration- and Time-Dependent Drug Suscept-
ibility Testing. For drug susceptibility testing, aerobic and
hypoxic cultures of M. tuberculosis strain H37Rv were cultured
as previously described.9 IC50 data for aerobic cultures were
determined using the microplate alamar blue assay (MABA)
derived by Hartkoorn et al., while the modified MABA method
described by Warman et al. was utilized for hypoxic
studies.9,101

Time-kill studies were carried out using mid-log phase M.
tuberculosis H37Rv cultures diluted to approximately 1 × 107
CFU mL−1 as previously described.9 Drugs were present at
final concentrations of 5xIC90, as determined from preceding
M. tuberculosis drug susceptibility assays. Colony-forming units
per milliliter were determined by plating to solid media and
plotted against time to determine time-kill kinetics.
The data from time-kill studies were analyzed using the

individual estimation method in ADAPT5, with a weighted
least-square solution of the data. The net M. tuberculosis
growth rate was determined by fitting individual control data.
The growth rate of the mycobacteria was then fixed and the
effect of different compounds in reducing the growth rate of
the mycobacteria was assessed using the following equation
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where N is the absolute number of mycobacteria in the
experiment, Kgrowth is a fixed growth rate of bacteria based on
control data, POPMAX is the capacity limiting factor of
mycobacteria, and Kkill is the effect of a drug on reducing the
growth rate of bacteria.
Statistical Analysis and Data Visualization. Concen-

tration-kill rate in vitro data were fitted using a four-parameter
sigmoidal model according to eq 1
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where Emax is the maximal kill rate that can be achieved, EC50 is
the concentration required to achieve 50% of the maximal kill
rate, and h is the hill slope that describes the steepness of the
concentration−effect relationship. This was analyzed using
Graphpad Prism 7.0.
Pharmacokinetic profiles were visualized using R 3.6.3 and

AUC calculated using a trapezoidal method. Cmax was reported
as the highest observed concentration. These analyses were not
attempted for blood profiles as they only capture trough
concentrations.

Toxicity Studies. Activities of M. tuberculosisbd inhibitors
against bovine cytochrome bc1 were determined spectrophoto-
metrically as a function of cytochrome c reduction as per
Biagini et al. using Keilin−Hartree particles.102,103 Inhibitors
were added prior to reaction initiation with 50 μM
decylubiquinol and IC50 values determined as per enzyme
inhibition studies. Cellular toxicities were determined as
previously described.9

Oxygen Consumption Assays. M. smegmatis (ATCC
19420) cultures were grown using 7H9 media (produced as
suggested by the manufacturer, Sigma-Aldrich) using a 1:100
inoculation every 3−4 days. Cells were incubated at 37 °C, 170
rpm. Cells were prepared for the assay by harvesting after 72 h
growth and centrifuging at 5000g for 15 min at 4 °C (JLA
16.250 rotor, Beckman Avanti J-25 Centrifuge). Centrifuged
cells were washed with filtered potassium phosphate (KPi)
buffer (K2HPO4 + KH2PO4, Sigma-Aldrich) and then
concentrated to an OD600 = 3 by centrifugation and
resuspension in fresh 7H9. Cells were stored at −20 °C until
required. 1 mL (CFU mL−1 = 7.5 × 106) assays were
conducted using a Hansatech Oxytherm+ oxygen electrode at
37 °C, 100% stirring. The 100% oxygen consumption rate was
found for each assay using the rate achieved after the addition
of 10 mM glucose. Once a steady oxygen rate was achieved,
ETC inhibitors were sequentially added every 3 min to achieve
these ranges: CK-2-63 (20−200 μM), BDQ (1−56 nM), and
Q203 (10−110 nM). Combinations were assessed using the
same ranges with the addition of CK-2-63 (3.5 μM) that was
administered at the same time as the first drug addition. Rates
were recorded from 2 min after each drug addition for 1 min.
The results were analyzed using Hansatech Oxytrace software.
Time-to-Positivity Determination. M. tuberculosis strain

H37Rv was cultured to mid-log phase as previously
described.9,61 BD MGIT (Mycobacteria Growth Indicator
Tubes) 4 mL tubes where used according to manufacturer
instructions (BD, U.K.). Briefly, tubes are inoculated with M.
tuberculosis cells for a final concentration of 1.3 × 105 CFU
mL−1. Using previously calculated IC50 values, compounds
were added to reach concentrations at 5 × IC50 values for all
compounds in isolation and in combinations. Tubes were
incubated at 37 °C for 56 days or until positivity was reached.
Positivity was measured using a MicroMGIT Fluorescence
Reader (BD, U.K.). The day at which a tube gave a positive
reading (≥14 afu) was determined as the time to positivity
(TTP). Isoniazid was used as a positive control, while M.
tuberculosis with and without DMSO were used as negative
controls. All tubes were made in duplicate and the results
averaged. The results were plotted using Prism 5 (GraphPad
software). For serum-binding experiments, FBS (Gibco),
Middlebrook 7H9 broth (BD diagnostics), and PBS (Gibco)
were sourced from relevant suppliers. Human serum was
obtained using blood donated by patients from the
haemochromatosis clinic at the Royal Hospital, Liverpool.
The blood was collected from patients using blood bags
containing no anticoagulant. For our experiments, serum was
pooled from approximately 10−15 patients.
Time-Kill Kinetics. M. tuberculosis H37Rv cultures at

OD600 = 0.3 were incubated with drugs at varying
concentrations. Cultures were aliquoted into 1.5 mL bijous,
treated with drugs at 5xIC90 for all compounds except Q203
(400 nM) and CK-2-63 (3.5 or 35 μM), and incubated at 37
°C for 0, 3, 5, 7, 10, 14, 17, or 21 days. After the determined
length of time, 1 mL aliquots were removed from each bijou
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and centrifuged at 14,000 rpm for 10 min. The supernatant
was removed and the pellet resuspended in fresh 7H9 media to
remove the extracellular drug. Serial dilutions were produced
for each condition from 100 (neat) to 10−8. The dilutions were
spotted onto 7H11 agar plates with three drops of 20 μL per
dilution. Plates were inverted and incubated at 37 °C until
countable colonies were observed.
Efficacy in Mouse Models of TB. Initially, the PK of CK-

2-63 was studied in female BALB/c mice following either
single dose intravenous administration (IV) via tail vein of 3
mg kg−1 CK-2-63 or oral gavage (PO) of 20 mg kg−1 CK-2-63
formulated as solutions in 80% PEG200 to fed mice, or single
dose PO administration of 100 mg kg−1 CK-2-63 formulated in
100% PEG200 to fasted mice, with food returned 4 h post-
dose. The IV formulation was filtered through a 0.22 μm filter
before dosing.
For further studies, mouse models were challenged with CK-

2-63, Q203, or the positive controls rifampicin or isoniazid.
Rifampicin and isoniazid were dissolved in distilled water every
week. Q203 was formulated in 20% (w/w) TPGS [D-α
tocopheryl poly(ethylene glycol) 1000 succinate] solution each
week. CK-2-63 was prepared in 80% PEG200/20% water (v/v)
each week. Dosing was once daily, by gavage, administered
either 5 days/wk (Mon−Fri) (QD) or 3 days/wk (Mon, Wed,
Fri) (QOD).
Blood samples were collected into tubes containing 0.5 M

K2EDTA as the anticoagulant, via serial bleeding from three
mice per time point, over the course of 32 h post-dose for IV
administration, 96 h post-dose for PO 20 mg kg−1, and 72 h
post-dose for PO 100 mg kg−1 routes, using two sets of mice
per route. Plasma was prepared via centrifugation (4 °C and
3000g) within 30 min of collection, quick frozen on dry ice,
and stored frozen (−70 °C) until analysis. Plasma concen-
trations were determined by liquid chromatography-mass
spectrometry (LC-MS)/MS analysis. Noncompartmental PK
analysis was performed with Phoenix WinNonlin 6.3 software
using composite data.
For the chronic mouse infection model, female BALB/c

mice were infected via the aerosol route with ∼2 log10 colony-
forming units (CFU) of M. tuberculosis H37Rv. Treatment
started 4 weeks later (day 0). Mice were sacrificed the day after
infection and on day 0 to determine the number of CFU
implanted and the number present at the start of the treatment,
respectively.
For the acute mouse infection model, female BALB/c mice

were infected via the aerosol route with ∼4 log10 CFU of one
of the following: M. tuberculosis H37Rv, M. tuberculosis
CDC1551, or an isogenic cydA loss-of-function mutant63 in
which the Himar1 transposon is inserted at nt682 in the cydA
(Rv1623c) gene in the CDC1551 background (Strain:
JHU1623c-682).63 Treatment started 3 days later (day 0).
CK-2-63 concentrations in whole blood were determined

predose and 5, 24, and 45 h after the first dose and after the
Wednesday dose during the 4th week of treatment in the
chronic infection model. The same three mice in each group
were sampled at each time point. Blood was sampled from the
tail vein and collected into tubes containing EDTA. Measure-
ment of CK-2-63 concentrations was determined by a
validated LC/MS method at Alliance Pharma (a contract
research organization based in Wiltshire, U.K.). Efficacy was
assessed by quantifying lung CFU after 4 weeks of treatment.
At each time point, mice were sacrificed, lungs were removed
aseptically, and the right lung was homogenized. Serial 10-fold

dilutions of the lung homogenates were plated on 7H11 agar
supplemented with 0.4% activated charcoal. Final CFU counts
were determined after 6 weeks of incubation.
Animal studies were carried out in adherence to all relevant

US national guidelines for working with animals. Johns
Hopkins University is registered with the USDA to conduct
animal research. The work relating to antitubercular in vivo
efficacy was approved by the Animal Care and Use Committee
of Johns Hopkins University.
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