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The cytochrome bcc:aas oxidase is the target of telacebec, a clinically
advanced drug developed for Mycobacterium tuberculosis. However, telacebec
is inactive against Mycobacterium abscessus, an opportunistic pathogen
increasingly linked to chronic pulmonary infections and notoriously known for
intrinsic resistance to numerous antibiotics. Here, we report the 2.6 A cryo-
electron microscopy structure of the M. abscessus bcc.aaz cytochrome oxidase
supercomplex, revealing key pathways and the evolution of the mycobacterial
QcrB menaquinol-binding cavity. Structure-guided mutagenesis identified
polymorphisms that modulate telacebec binding and potency in both M.
abscessus and Mycobacterium smegmatis. Leveraging these insights, we
designed ND-011458, a QcrB inhibitor with potent activity against M. abscessus
and being bactericidal in combination with Clofazimine. The 2.26 A inhibitor-
bound structure elucidates its binding mode and provides a framework for the
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design of next-generation inhibitors for M. abscessus pulmonary diseases.

Cytochrome bcc.aas oxidases (cyt-bcc.aas) are central components of
the mycobacterial electron transport chain (ETC), catalysing the
terminal reduction of oxygen to water and driving oxidative phos-
phorylation via the F-ATP synthase'. As inefficient fermenters, myco-
bacteria derive most of their ATP from oxidative phosphorylation,
rendering the ETC a particularly attractive target space”. The bcc.aas
supercomplex merges the functionalities of mitochondrial cyto-
chrome bc; (complex IlI), cytochrome aas; (complex 1V), and a cyto-
chrome c-like module, and shows substantial architectural divergence
from human and Gram-negative counterparts®, a property that can be
exploited to minimize host toxicity and improve target specificity.
Electron transfer is initiated by menaquinol (MQH,) binding to the
QcrB Qo site; the first electron proceeds to the FeS cluster and then
through a defined cascade of heme and copper cofactors to the cata-
lytic site where O, is reduced to water, while the second electron feeds
heme b, and heme by, to complete the Q-cycle, regenerating MQH,’.

Targeting QcrB has proven effective in Mycobacterium tuberculosis
(Mtb), with the clinical-stage compound telacebec (Q203) displaying
high potency®, efficacy in a human phase 2 clinical trial” and activity
against other mycobacterial species®’®. However, Q203 is inactive
against Mycobacterium abscessus (Mab), a rapidly growing non-
tuberculous mycobacterium increasingly associated with pulmonary
disease in most countries" ™, due to naturally occurring QcrB
polymorphisms™. While the structure of the Mycobacterium
smegmatis** and Mtb bccaas cytochrome oxidase®® has been
resolved, enabling comparative insights into mycobacterial respira-
tory complexes, no structure for Mab is available. This has precluded
atomistic understanding of Q203 inactivity in this species and limited
structure-guided design of new inhibitors.

Here, we report the expression, purification, and cryo-electron
microscopy structure of a functional Mab bcc:aa; cytochrome oxidase
supercomplex at 2.6A resolution. Structure-guided mutagenesis
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identified residues that modulates Q203 potency in Mab, supporting
the QcrB Q, site as a tractable pocket for structure-guided inhibitor
design. Leveraging these insights, we identified ND-011458, a QcrB
inhibitor with potent growth inhibitory activity against Mab. The 2.3 A
inhibitor-bound structure elucidates its binding mode and provides a
framework for rational optimization. Combining ND-011458 with clo-
fazimine (CFZ), a redox-active compound activated by NADH dehy-
drogenase II', enhanced Mab growth inhibition and killing activity,
opening an avenue for an efficient dual-drug combination.

Results and Discussion

Purification and structure determination of the Mab cyt-bcc:aas
oxidase

The ORBIT (Oligonucleotide-mediated Recombineering followed by
Bxbl Integrase Targeting) system"” was adapted in Mab for the suc-
cessful integration of a C-terminal genomic FLAG tag to the QcrB
domain of the cyt-bcc:aas oxidase for anti-FLAG purification (Fig. 1A).
SDS-PAGE (Fig. 1B) and MALDI analysis (Supplementary Tables 1-5)
of the eluted supercomplex confirms the first successful production
of a recombinant Mab subsp. abscessus cyt-bcc.aas oxidase, the
presence of subunits QcrA-C, CtaC, CtaD, CtaE, CtaF, Ctal, CtaJ, and
the accessory unit LpqE. The stable and intact supercomplex formed
a single band at the 873.4 kDa region in native PAGE (Fig. 1C). Heme
absorbance spectra analysis revealed the presence of hemes a, b and
¢, confirming an uninterrupted electron transfer pathway (Fig. 1D).

(A) (B)

Oxidase activity of the purified enzyme is preserved in the 2,3-
dimethyl-**naphthohydroquinone (DMNQ) oxidoreductase activity
assay where a 40% reduction in oxygen levels was observed (Fig. 1E).
The purified supercomplex was subsequently concentrated and
applied to a glow-discharged holey copper grid and analyzed by single-
particle cryo-EM (Supplementary Fig. 1A, B). 6,845 movies were col-
lected and subsequently curated with the following thresholds: CTF fit
resolution Min: 3.597 A; Max: 7 A and Astigmatism Min: 0.47 A; Max:
500 A resulting in the acceptance of 5,541 exposures for downstream
processing. The accepted exposures yielded 249,718 particles that
were refined to reach an overall resolution of 3.2A (Supplementary
Fig. 1C, D). The employment of 3D classification and further refine-
ments improved the overall resolution to 2.6 A (Supplementary Fig. 1C,
D) and permitted de novo modelling of the supercomplex into a
composite map (Supplementary Fig. 1E). The cryo-EM map statistics
and model statistics are presented in Supplementary Tables 6, 7).

High-resolution structure of the dimeric Mab cyt-bcc:aas
supercomplex

The 2.6 A resolution structure of the Mab subsp. abscessus cyt-bcc:aas
oxidase is characterized by the presence of a C2 symmetrical homo-
dimer formed by the cyt-bcc and cyt-aa; domains with a linear dimeric
cyt-aas-[cyt-becl,-cyt-aas arrangement (Fig. 2A). The dimeric cyt-bcc
core, which orchestrates the Q-cycle, houses subunits QcrA, QcrB and
QcrC. QcrA comprises of three transmembrane helices (TMHs) and a
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Fig. 1| Characterization of purified Mab subsp. abscessus cyt-bcc:aas. A Western
blot analysis confirms expression of QcrB C-terminal genomic FLAG tag in
recombinant Mab strain derived from ORBIT-promoted gene alteration (Lane 4)
with positive (+, Mtb cyt-bcc:aas with QerB C-terminal FLAG tag, Lane 3) and
negative (-, Mab WT, Lane 2) controls. Data is derived from a single experiment. The
experiment was (B) 12% SDS gel profile of purified supercomplex. The bands for
QcrB, QcrA, QerC and LpgE were further confirmed through matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (MS) (see
Tables 1 to 5 in the supplemental material). Data is a representative fromn = 3

Time (seconds)

replicates. C Native gel profile indicates a stable homogenous complex via the
formation of a single band for the purified M. abscessus cyt-bcc:aas. Data is derived
from a single experiment. D Difference spectrum of purified M. abscessus cyt-
bcc:aas after reduction with Na,S,04. The spectrum registered peaks for heme a
(442 nm, 602 nm), heme b (435 nm, 564 nm), and heme ¢ (522 nm, 552 nm).

E Characterization of the purified enzyme in an oxygen consumption assay. In the
presence of 2,3-dimethyl*naphthohydroquinone, the purified supercomplex
rapidly reduced oxygen levels by approximately 50%, as shown by the profile after
subtracting background activity. Source data are provided as a Source Data file.
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Fig. 2 | Architecture of M. abscessus cyt-bcc:aas supercomplex. A Dimeric cryo-
EM structure of the resolved M. abscessus cyt-bcc:aas oxidase. The cyt-bcc subunits
in the structure consist of QcrC (green and turquoise), QcrA (yellow), and QcrB
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(light yellow) and LpqE (light pink). B Structural subunits and accessory units of the
M. abscessus cyt-bcc:aas; supercomplex.

periplasmic domain carrying a [2Fe-2S] cluster (Fig. 2B, Supplementary
Figs. 2, 3). QcrB comprises of eight TMHs, a low-potential heme b
within the periplasmic region, and a high-potential heme by within the
cytoplasmic region (Fig. 2B). QcrC consists of a periplasmatic domain
with two heme-containing cytochrome ¢ domains, referred to as cyt-¢
and cytc;, followed by a single transmembrane-spanning o-
helix (Fig. 2B).

The flanking cyt-aa; domains, which belong to the heme-copper
oxidase family, catalyse oxygen reduction and are composed of
subunits CtaC, CtaD, CtaE, CtaF, Ctal, and CtaJ (Fig. 2A, B, Supple-
mentary Fig. 2). The SC architecture is stabilised by accessory sub-
units LpgE and PRSAF1 (prokaryotic respiratory supercomplex
association factor 1). The unique association of the superoxide dis-
mutase SodC at the periplasmic domain of cyt-bcc, proposed to
enable detoxification of reactive oxygen species (ROS) generated by
cyt-bec, is also seen in Mab at 7.5 A resolution (Fig. 2A). The density of
the SodC was cropped from ChimeraX and added separately to the
2.6 A cryo-EM map to highlight the presence and association of the
dismutase to the Mab cyt-bcc:aas oxidase™. The catalytically active
subunits that contain their cofactors within the cyt-aa; domain are
CtaC and CtaD. CtaC is a transmembrane protein with the covalently
bound Cu, (Fig. 2B) that receives electrons from the cyt-bcc domain.
CtaD with the co-factors heme a, heme as and Cug in the central
cavity adopts a barrel-like arrangement comprising of 12 TMHs
(Fig. 2B, Supplementary Figs. 2, 3).

Mab cyt-bcc:aas’s canonical electron- and proton pathways

The canonical electron pathway observed in Mtb (PDB: 8HCR, 7E1V,
7EIW and 7E1X) and M. smegmatis (PDB: 6ADQ, 6HWH, 7RHS5, and
7RH7) is conserved in the Mab cyt-bcc:aas oxidase. The redox potential
guided spatial mycobacterial organisation of the cofactors generates a
redox potential gradient in the supercomplex, for efficient electron
transfer and protection against short-circuits in the multifunctional
supramolecular assembly (Fig. 3A). The distinct coulombic densities
for MQH,/menaquinone (MQ), at the Q, sites and Q; sites, (Supple-
mentary Fig. 4), illuminated the bifurcated electron pathway and
highlighted the strong interaction with neighbouring residues in the
vicinity (Fig. 3B). The current resolution does not allow for the clear
distinction between MQH, and MQ thus requiring the need to rely on
the spatial arrangement at the active sites to predict the most likely
candidate observed. Under physiological conditions, efficient transfer

of electrons is hindered when the distance extends beyond 14 A®. In
the Q, site, the edge-to-edge distance from the electron carrier to
heme b, is 19 A which exceeds the 14 A limit for efficient physiological
electron transfer. Furthermore, recent cryo-EM studies found Q203 to
bind deeper within the Q, site, suggesting that the endogenous elec-
tron donor MKH, occupies a deeper position within the pocket for
efficient electron transfer>?°. This implies that the density observed in
the Q, site would most likely correspond to an oxidized product
leaving the active site. On the other hand, the density for the electron
carrier at the Q; site, is 9 A away from heme by, allowing for efficient
electron transfer. This suggests that the density observed in the Q; site
would most likely correspond to either MQ or partially reduced semi-
MQ. MQ molecules were also resolved in interfaces between the QcrC
membrane domain and QcrB suggesting a potential role maintaining
the structural integrity of the enzyme™. The binding of the substrate
MQH, 14 A away from the [2Fe-2S] cluster allows for a rapid transfer of
the first electron to the cofactor, which then follows the increasing
redox potential gradient towards the final acceptor: [2Fe-2S] <cyt-¢
<cyt-c; < Cupy <Heme a <Heme a3 < O, (Fig. 3B). The second electron
from the semiquinone is transferred to the low potential heme b
located 19 A away (Fig. 3C). The electron from heme b, is transferred
via L222 to the high potential heme by, (14 A distance), to a bound MQ
at the Q; site to allow for the generation of MQH, and establishment of
the Q-cycle (Fig. 3C).

The understanding of the Q-cycle within the Mab cyt-bcc domain
was further enhanced through the visualization of the proton uptake
and release pathways. The proton entry site begins from a cardiolipin
molecule located at the entrance of a cavity between the cyt-bcc and
cyt-aa; domain (Fig. 3D). A network of water molecules connects the
entrance subunit QcrB residue K262, where the proton from the
chargeable residue is acquired by E46 and is transferred to the bound
menaquinone through a water molecule mediated H-bond (Fig. 3D).
The structure revealed two proton release pathways similar to those
seen in Corynebacterium glutamicum®. The first proton exit pathway is
aligned with protonatable QcrB amino acids D311, R315, D304, and
QcrC residue E272, located in the vicinity of a water channel and
allowing proton translocation via a Grotthuss transport mechanism?
and an QcrA and QcrB interface to the periplasmic region (Fig. 3D). The
second proton exit pathway begins with the protonatable D396 and
extends to the periplasmic region via a network of water mole-
cules (Fig. 3D).
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H'-translocation towards the binuclear centre occurs via a
Grotthuss mechanism

The H-conducting D-pathway is formed by the CtaD residues N104,
D115, N122, G181, T182 and E266. In contrast, the K-pathway is formed
by CtaC residue E99, as well as the CtaD amino acids S279, T337 and
K340 (Fig. 3E). The pathways formed by hydrophilic residues revealed
the presence of water molecules in the immediate vicinity illustrating a
proton-transported based on the Grotthuss mechanism towards the
binuclear centre (BNC) formed by Cug and Fe (Heme a3) (Fig. 3E). The
BNC is in proximity to a dioxygen molecule located in a hydrophobic
pocket formed by CtaD non-polar amino acid (W151, W260, V267 and
L91). The dioxygen in Mab occupies an equivalent position as descri-
bed in the C. glutamicum SC structure (PDB:7QHO%), giving further
confidence to the assignment.

The transport of dioxygen to the BNC is hypothesised to occur
via a hydrophobic Y-shaped oxygen diffusion pathway which has
close resemblance to the T. thermophilus cytochrome ¢ oxidase®.
The pathway has two entrances formed by T182/A223 and L517/F530
(Fig. 3F). The channels extending from both the entrances converge
at F274 and continue via 1270 and L91 to reach the heme a; reaction
center for the reduction of oxygen to water (Fig. 3F). The catalytic
domain, which reduces oxygen to water, is also involved in the
translocation of electrons to the electropositive membrane side. The
exit route for the protons from the D-pathway, previously described
in the C. glutamicum oxidase structure (PDB:7QHO?), was captured
in the Mab cyt-bcc.aas oxidase. Residue E266, which serves as the
gating residue, acquires protons from the D-pathway and passes
them to R459 via the guanidino group (Fig. 3G). The presence of a
water network highlights the utilisation of the Grotthuss mechanism
for efficient sequential proton transfer to D390, and the exiting
proton leaves the domain via an exit formed by R460 and CtaC
residue E279 (Fig. 3G).

Residues responsible for Q203 inactivity in Mab

The recently resolved Q203-bound- and apo Mtb cyt-bcc.aas structures
revealed the residues within the substrate-binding pocket being
involved in inhibitor-binding and undergoing movements® (Fig. 4A-C).

In particular the QcrB residues S304, T313, E314 and A317 interacting
with the imidazo[1,2-a]pyridine (IP) moiety undergo major movements
due to Q203-binding (Fig. 4C). Importantly, the cavity formed by the
Mtb residues S304, E314 and A317 is smaller in the presented Mab
structure, where E314 and A317 are substituted by the Mab residues
D311 and L314 (Fig. 4B). The superimposition of the Mtb Q203-binding
conformation in the Mab structure (r.m.s.d 0.4 A) shows that D311 is
angled approximately 130° anti-clockwise away from the nitrogen at
position 2 compared to Mtb E314 (Fig. 4D). This causes the residue to
be within a 1.9 A proximity to the nitrogen suggesting possible steric
hinderance. Even a 1A shift during Q203-binding observed for Mtb
E314, would not be sufficient to avoid steric interactions in the Mab
D311 residue (Fig. 4D).

To test, whether substitutions of an E to D and A to L in the Mab
subsp. abscessus enzyme cause the loss of Q203 potency, the Mab
residues D311 and L314 were mutated to the Mtb variants to obtain the
Mab cyt-bcc.aas oxidase double mutant Mab D311E/L314A (Supple-
mentary Table 8). To rule out that the mutations may alter the overall
oxygen consumption, a qualitative Methylene blue assay was per-
formed (Supplementary Fig. 5A). As demonstrated in Fig. 5A, the
D311E/L314A mutant was susceptible to Q203 at nanomolar range in
growth inhibition and whole cell ATP akin to the quadruple G179S/
D311E/L314A/C393A mutant, described to retain Q203-sensitivity
based on the natural polymorphisms'. The effect of the Mab D311E/
L314A variant on whole cell respiration was determined using the
Seahorse XFe96 platform, where Q203 induced the characteristic
initial spike in the oxygen consumption rate (OCR) like the profile
observed in Mtb (Supplementary Fig. 5B, C). In contrast, no oxygen
consumption effect could be observed in the WT Mab, which under-
scores the critical role of D311 and L314 in preventing Q203-binding to
the Mab cyt-bcc:aas oxidase (Supplementary Fig. 5SD). To confirm that
the drug sensitivity is mainly related to the D311E/L314A substitutions
and to narrow down the residue most relevant for Q203-binding, the
single mutants G179S, D311E and C393A were designed. The efficacy of
Q203 remained unchanged in the G179S and C393A distal mutants in
both the growth inhibition and whole cell ATP synthesis assays,
reflecting that G179 and C393 are not related to Q203’s inactivity
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Fig. 4 | Structural investigation of the Q203-binding pocket in QcrB.

A Superimposition of the Mtb apo (blue, PDB: 7E1V), Mtb Q203-bound (turquoise,
PDB: 7EIW) and Mab apo (orange) QcrB subunits reveals a conserved architectural
arrangement. B Investigating the Q203-binding pocket surfaces of the Mtb apo
(blue, PDB: 7E1V), Mtb Q203-bound (turquoise, PDB: 7E1IW) and Mab apo structures
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unable to restore the activity of Q203 completely in comparison to the D311E/
L314A and G179S/D311E/L314A/C393A mutants. All data are presented as mean
values + SD from n = 3 biological replicates. Source data are provided as a Source
Data file.

(Fig. 5B). In comparison, the D311E mutant sensitized the strain in part
towards Q203 (Fig. 5B). However, the inhibitory effect of Q203 against
the D311E mutant was not as drastic compared to the Mab D311E/L314A
double mutant, indicating that the reduction in the Mab cyt-bcc.aas
cavity volume (Fig. 4B) caused by L314 plays a key role in disrupting
inhibitor-binding. The close distance (1.5 A) of L314 from the ethyl at

position 2 of the IP moiety revealed in Fig. 4D illustrates the steric
hinderance experienced by the drug.

Interestingly, the corresponding residue in Mycobacterium smeg-
matis is isoleucine, compared to the Mab 1314 and the Mtb alanine,
which correlates with Q203 being 100-times less effective against M.
smegmatis than Mtb'. Generating and characterizing a Mab cyt-bcc:aas
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Fig. 6 | Structure-based drug design and characterization of putative

M. abscessus cyt-bcc:aas inhibitors. A Design of Q203 analog with modification at
position 1. B Growth inhibitory activity of ND-011458 (red circle) and Q203 (grey
triangle) in Mab subsp. abscessus (R). ND-011458 exhibited activity against subsp.
abscessus resembling the profile of Q203 in the D311E/L314A and G179S/D311E/
L314A/C393A, while Q203 were inactive. Data are presented as mean values + SD
from n = 3 biological replicates. C ATP depletion activity of ND-011458 (red circle)
and Q203 (grey triangle) in Mab subsp. abscessus (S). ND-011458 depleted whole
cell ATP levels in Mab subsp. abscessus (S) resembling the profile of Q203 in the
D311E/L314A and G179S/D311E/L314A/C393A mutants. Data are presented as mean

Time/ seconds

values + SD from n = 3 biological replicates. D Real-time monitoring of respiration
in the presence of ND-011458 (50 uM, Maroon circle; 20 uM, red cross), Q203 (grey
triangle) and DMSO (Black square) using Seahorse XFe96 Extracellular flux analyzer
in Mab subsp. abscessus (S). ND-011458 was able to achieve the characteristic
respiratory burst observed for Q203 in Mtb due to the electron flux being
rerouted to cytochrome bd oxidase, which consumes oxygen at a higher

rate compared to the baseline. E ND-011458 (red line) inhibited respiration in

the purified recombinant Mab subsp. abscessus cyt-bcc.aas supercomplex com-
pared to the vehicle control, DMSO (black line). Source data are provided as a
Source Data file.

D311E/L3141 mutant resulted in a reduced Q203-effect in both whole
cell ATP formation (Fig. 5C) and oxygen consumption rates (Supple-
mentary Fig. 5E), when compared to the D311E/L314A mutant, indi-
cating the critical role of the Mtb alanine residue in Q203 inhibition
when compared to the isoleucine and leucine in M. smegmatis and
Mab, respectively.

Structure-based design of ND-011458, a Mab complex cyt-
bcc:aa; oxidase inhibitor

The steric hinderance associated with the ‘blockade’ effect caused by
Mab QcrB residue L314, which is not present in other pathogenic
mycobacterial species (Supplementary Fig. 6), inspired a hit identifi-
cation attempt where the ethyl group at position 2 in the imidazol[1,2-a]
pyridine (IP) core was shortened to a -methyl, leading to the generation
of the analogue ND-011458 (Fig. 6A; see Supplementary Information:
General synthesis routes to compounds). The analogue was validated in
a growth inhibitory assay where ND-011458 inhibited the growth and
ATP formation of the smooth (S) or rough (R) morphotypes of
Mab subsp. abscessus with an MICsq of 539 + 36 nM and 438 + 34 nM as
well as an ICso of 381 + 99 nM and 381 + 99 nM, respectively (Fig. 6B, C,
Supplementary Fig. 7, Supplementary Table 9). The effect of the ana-
logue on whole cell respiration in Mab subsp. abscessus mirrored a
profile of Q203 in Mtb (Fig. 6D) where an increase in oxygen con-
sumption rate (OCR) is observed upon the addition of the inhibitor*.
This phenomenon is attributed to the electron flux being rerouted to
cytochrome bd oxidase which consumes oxygen at a higher rate?*. The
specificity of ND-011458 for the Mab cyt-bcc:aas was determined next
with the recombinant Mab cyt-bcc:aas oxidase, where ND-011458

reduced respiration levels compared to the vehicle control (Fig. 6E).
Together with the subspecies Mab subsp. bolletii and Mab subsp.
massiliense, Mab subsp. abscessus belongs to the so-called Mab com-
plex, which show different drug susceptibilities”. Supplementary
Table 9 shows that the compound also displayed high efficacy against
M. bolletii and M. massiliense with MICsq of 312+64nM and
637 + 76 nM, respectively, indicating that the inhibitor is active against
the three subspecies of the Mab complex.

To confirm and visualize ND-011458-binding to the enzyme,
the cryo-EM structure of the ND-011458-bound Mab subsp. abscessus
cyt-bec:aa; oxidase was resolved at 2.26 A resolution (Fig. 7A-D; Sup-
plementary Fig. 8). The inhibitor density was observed in the
Q,-binding pockets of both monomeric units, with the absence of any
large-scale conformational changes to the overall oxidase structure
(Fig. 7A). The inhibitor density allowed for the imidazopyridine moiety,
amide linker region, and A-phenyl and B-piperidinyl moieties to be
resolved clearly while the end of the tail, which extends towards the
lipid bilayer, could not be resolved well due to weaker density in the
region (Fig. 7A). The IP moiety binds deep in the Q,-binding pocket,
being 7 A and 12.7 A away from the FeS-cluster and Heme by respec-
tively (Fig. 7B), adopting a binding conformation similar to menaqui-
nol forming multiple interactions with the QcrA and QcrB subunits.
The resolved inhibitor-enzyme complex structure revealed residues
close to ND-011458: F158, Y161, L168, G172, A176, L177, T181, L184,
M191, S301, Q302, P303, M307, T310, D311, L314 and M339 (Fig. 7A, C,
D). The binding conformation preserves the hydrogen bond interac-
tion between subunit QcrA residue H338 and the N1 nitrogen in the
imidazopyridine moiety, as seen for Q203. This interaction, which is
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Fig. 7 | ND-011458 bound Mab subsp. abscessus cyt-bcc:aas cryo-EM structure.
A Cryo-EM map revealed an apparent density of ND-011458 in the MQ binding
pocket interacting with several key residues, which adopt similar positions in both
the apo (blue) and inhibitor-bound (white) structures. B ND-011458 binds deeper in
the MQ binding pocket, blocking the entry of substrate MQs, thereby disrupting
rapid electron transfer to the Fe,S, cluster and Heme b,. C Key interactions
between the Imidazopyridine amide (IPA) core in the MQ binding pocket.

D Bridging water molecule connecting Y161 and the chloride moiety from the IPA
core. E Enhanced potency of ND-011458 in combination with Clofazimine (CFZ).
F Bactericidal activity of ND-011458 [10 uM] in combination with CFZ [8 pM] against

Log Concentration (uM)

M. abscessus CIP104536" (red diamond) over 4 days with dimethyl sulfoxide
(DMSO) serving as the vehicular control (black open circle) and CFZ alone (8 uM)
serving as the negative control (grey triangle). Bacterial viability was determined by
enumerating CFU on lysogeny broth (LB) agar plates on days 1, 2, and 4. The dotted
lines represent the limit of detection. ND-011458 in combination with CFZ was
bactericidal, reducing the bacterial load by approximately 1.5 log in 4 days, while
the CFZ control remained bacteriostatic. All experiments were performed in tri-
plicate and repeated at least once. The data are expressed as the means + standard
deviations of triplicates for each condition. Source data are provided as a Source
Data file.

also observed for ubiquinol, is proposed to coordinate the Q-cycle in
ClIl,”. The methyl group at position 2 of the IP moiety establishes
hydrophobic interactions with subunit QcrB residues A176 and L314
located 4 A and 3.5A away respectively, while the 6-chloro group,
being 3.5A away from the backbone carboxyl group of QcrB L168,
potentially forms a halogen bond (Fig. 7C, D). The amide linker was
found to preserve the key interaction with T310 located 3.7 A away,
which is crucial for the activity of Q203 in Mtb (Fig. 7B)". The A-phenyl
group, which is positioned similar to the MQ head group, established
-1t interaction with F158 allowing for an aromatic interaction between
the target and inhibitor and suggesting an effective blockade to pre-
vent the entry of substate molecules for the transfer of electrons to the
catalytic center (Fig. 7D). The high-resolution density map also
revealed the presence of a bridging water molecule between the IP
core and Y161, highlighting intricate networks required for the stability
of the inhibitor in the cavity (Fig. 7A, C, D).

To reduce the viability of Mab, the OXPHOS pathway has been
demonstrated to be a druggable complex with modulators such as
clofazimine (CFZ*), proposed to compete with the mycobacterial
specific electron acceptor menaquinone for its reduction by the NDH-2
complex’ and circumventing respiration by shuttling electrons from
NADH directly to oxygen or the F-ATP synthase inhibitors BDQ”, TBAJ-
876, TBAJ-5307%, GaMF1*° or SQ31f*.. The treatment of Mab infec-
tions typically requires a combination of drugs. Recently, it has been
demonstrated that Q203 or its analog TB47 does not potentiate the
efficacy of CFZ against Mab™. Here, we investigated the interaction of
ND-011458 with CFZ. As revealed in figure 8E, CFZ reduced the MICso
of ND-011458 in a concentration-dependent manner. The checker-
board assay demonstrates an additive growth reduction by the com-
bination of CFZ and ND-011458 (Fig. 7E; Supplementary Fig. 9A),
achieving a minimum fractional inhibitory concentration (FIC) index of

0.82 (Supplementary Table 10). Interestingly, the bactericidal anti-TB
agent CFZ is bacteriostatic in Mab. Given the additive relationship
between CFZ and ND-011458 (Fig. 7F), the ability of ND-011458 to
modulate the potency of CFZ was investigated in a kill kinetics study.
The potent combination elicited a strong response, resulting in a 1log
decrease in colony-forming units (CFU) counts within just 4 days of
treatment (Fig. 7F), making these dual inhibitors an attractive anti-Mab
combination.

The present study reports the successful host expression, iso-
lation, and purification of a functional Mab cyt-bcc.aas, enabling its
cryo-EM structure to be resolved at 2.6 A. The structure reveals the
electron, proton, and oxygen transfer pathways that drive oxygen
reduction and proton motive force generation, underscoring their
essential role in mycobacterial energy metabolism and their poten-
tial as novel antibacterial target space. Comparative structural ana-
lysis across Mtb, M. smegmatis, and Mab defined the evolution of the
QcrB substrate-binding cavity and identified residue L314 as the
primary determinant of Q203 potency in Mab. Guided by these
insights, we designed ND-011458, a QcrB inhibitor with high potency
against Mab growth. The 2.26 A inhibitor-bound structure confirms
the substrate-binding site as the compound target and reveals deep
penetration into the binding pocket near the FeS cluster and low-spin
heme b,, blocking electron transfer to both reaction centres and
disrupting oxygen reduction and MHQ, regeneration (Supplemen-
tary video). ND-011458 also enhanced Mab growth inhibition and
killing activity when combined with CFZ. This potent bactericidal
combination opens a new avenue for developing dual-inhibitor
regimens. Together, these findings provide a structural and
mechanistic framework for QcrB inhibitor design in the Mab complex
and establish a foundation for future campaigns targeting myco-
bacterial respiratory complexes.
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Methods

Generation of Mab with genomic cyt-bcc:aas-FLAG/6xHIS tag
The mycobacterial shuttle vector pKM444 was first electroporated
into wild-type (WT) Mab. The resulting Mab::pKM444 strain was
selected on 7H10 complemented with oleic-acid-dextrose-catalase
(OADC) plates, supplemented with 50 pg/mL kanamycin. Colonies
were expanded and grown to an optical density at 600 nm (OD¢qo) of
0.1 before induction with 1pg/mL anhydrotetracycline. The culture
was induced again at ODggo = 0.5 for 24 h to express the Che9c phage
RecT annealase and the Bxbl phage integrase. A modified payload
plasmid pKM 491 M was generated for this study from pKM 491 where
the Hygromycin cassette was swapped with a zeocin cassette”. The
induced strain was washed in 0.05% Tween 80 at room temperature
three times and finally resuspended to OD¢oo = 100, before being
coelectroporated with 200 ng of pKM 491M and 1pg of targeting
oligonucleotide 5" -CGA ACA ACG TGC CCT TGC CGC ACT GCG CGA
ACA CCA GGA CAG CAT CAT GGG TTC GCC AGA CGG CGA GCA CGG
TTT GTC TGG TCA ACC ACC GCG GTC TCA GTG GTG TAC GGT ACA
AAC CTG ACC CGG CGA CGA CCC GGG TCG GCA CGA CCC GGG AAG
GAA CCG GGC AAA TCA AGC ACA GCC CGG CGA CGA CC-3'. The
electroporated cells were recovered overnight in 7H9-albumin-
dextrose (ADS) culture broth medium. The recombinant strain was
selected on 7H10-OADC plates, supplemented with 50 pg/mL hygro-
mycin. The strain was validated by PCR with the forward primer 5’ -CAC
CAT TGA TGA CTC GAG TCT AGA GCA TG-3’ and the reverse primer 5’-
ATG ATG GTG GTG GTG GTG GTG GTG-3'. The expression of the FLAG
tag was validated by Western blotting.

Western blot validation of genomic FLAG tag

First, 1mL of the culture strain (ODggp=1) strain, containing the
FLAG genomic tag, was sonicated for 1 min at 30% power using
Bandelin Sonopuls (Bandelin, Berlin, Germany) for five cycles. The
sonicated sample was centrifuged at 12,000 rpm. The supernatant
was applied to a 12% SDS gel and transferred to a nitrocellulose
membrane using a semidry transfer apparatus according to the
manufacturer’s protocols (Carl Roth, Karlsruhe, Germany). After
blocking with 3% gelatin in a TBSN-Tween buffer (20 mM Tris-HCI
[pH 7.5], 500 mM NaCl, 0.02% NaN3, and 0.05% Tween 20) for 1 h at
room temperature, the membrane was washed with 1% gelatin in
TBSN-Tween for 3 x10 min. Afterward, the membranes were incu-
bated with a rabbit anti-FLAG HRP-conjugated antibodies against the
FLAG tag (Abcam, Cambridge, United Kingdom) diluted (1:2000)
with 1% gelatin TBSN-Tween 20 for 1 h at room temperature, followed
by three washing steps (15 min) with TBSN-Tween 20 buffer. The
antibodies were detected using SuperSignal West Pico Plus chemi-
luminescent substrate according to the manufacturer’s protocol
(Thermo Fisher Scientific, Waltham, MA).

Purification of Mab cyt-bcc:aa; oxidase

The strain containing the genomic tag was grown in 7H9-ADS-
glycerol medium until reaching an ODggo of 2.0 to 2.5. Cell pellets
were harvested and stored in —80 °C. Then, 10 g of cell pellets was
dissolved in 100 mL of buffer A (20 mM MOPS [pH 7.4], 100 mM
NaCl, 2 mM Pefabloc, 1 mM PMSF, 10% glycerol) and briefly sonicated
in ice to ensure complete resuspension. Cell lysis was achieved by
three passes through a microfluidizer (Microfluidics, Newton, MA) at
4°C and 1.2E+8Pa. The lysate was centrifuged at 18,000 xg for
20 min to remove cell debris and unlysed cells. The resulting
supernatant was centrifuged at 165,000 x g for 1 h in a PSOAT2 rotor
(Hitachi Himac Ultracentrifuge; Eppendorf Himac Technologies Co.,
Ltd., Japan). The membrane pellets from the previous step were
resuspended in buffer B (20 mM MOPS [pH 7.4], 100 mM NacCl, 2 mM
Pefabloc®¢, 1 mM phenylmethanesulfonyl fluoride (PMSF), 1% [wt/vol]
n-dodecyl-B-D-maltoside (DDM), 10% glycerol). The mixture was
stirred for 1 h at 4 °C on a rotating wheel. After solubilization with the

detergent, the mixture was centrifuged at 39,500 x g for 30 min at
4 °C. The supernatant was allowed to equilibrate with 1 mL of FLAG
beads for 1 h; the resin was then washed with buffer C (20 mM MOPS
[pH 7.4], 100 mM NaCl, 2 mM Pefabloc, 1 mM PMSF, 0.01% [wt/vol]
DDM). The protein was eluted with buffer D (20 mM MOPS [pH 7.4],
100 mM NaCl, 2mM Pefabloc, 1mM PMSF, 0.01% [vol/wt] DDM,
100 pg/mL 3xFLAG). Protein samples that were collected during the
course of the experiment were analyzed using 12% SDS-PAGE. Bands
of the SDS PAGE were verified by MALDI-TOF (SBS Biosciences
Research Centre, NTU).

MALDI-TOF Analysis

The Mass Spectrometry experiments were performed in the Mass
Spectrometry Core Facility in the School of Biological Sciences,
Nanyang Technological University. The peptide sample was mixed
with an equal amount of matrix solution containing 10 mg/mL R-
cyano-4-hydroxycinnamic acid in 0.1% trifluoroacetic acid (TFA)/
50% acetonitrile (ACN) and spotted onto a 384-well stainless steel
MALDI target plate (Applied Biosystems, Foster City, CA). An ABI
4800 Proteomics Analyzer MALDI TOF/TOF mass spectrometer
(Applied Biosystems) was used to analyze the spotted samples. Both
MS and MS/MS spectra were recorded in the combination mode and
submitted for database searching. For protein ID, combined MS and
MS/MS data were submitted via GPS Explorer (version 3.6, Applied
Biosystems) to Mascot server (version 2.0, Matrix Science) for
database searching. Mascot algorithm was then used for data
searching to identify proteins using the following parameters; mis-
sed cleavage of two; dynamic modifications were oxidation
(+15.995Da) (M), The static modifications was Carbamido-
methyl (+ 57 Da) (C).

Heme absorbance spectra of purified Mab cyt-bcc:aa;

The spectra were analyzed using an Amersham Biosciences Ultrospec
2100 Pro UV-Visible absorption spectrophotometer (Amersham, Pis-
cataway, NJ). The spectra were recorded over a wavelengths ranging
from 400 to 700 nm. The purified Mab cyt-bcc:aas at a concentration
of 1mg/mL was oxidized with 100 pM potassium ferricyanide. The
oxidized UV spectra were subsequently recorded. The sample was
reduced using 100 mM sodium dithionite. The reduced UV spectrum
was recorded promptly. The difference spectra were then obtained by
subtracting the absorbance value of the reduced state from that of the
oxidized state. The difference spectra were plotted using GraphPad
Prime 8.0 software™.

2,3-Dimethyl-1,4-naphthoquinol oxygen consumption assay

20 mM DMNQ (Enamine, Cincinnati, OH) was prepared in 1mL of
ethanol containing 6 mM HCI. The DMNQ solution was reduced with a
few grains of sodium borohydride (NaBH,) in an ice bath. Then, 10 pL
of 12 N HCl was used to quench the reaction. This reaction resulted in
the formation of DMNQH,. A serial 2-fold dilution of the 20 mM
DMNQH; solution, in absolute ethanol, was performed till a 2.5 mM
solution of DMNQH, was obtained to minimize the presence of NaBH,
in the final solution. The oxygen consumption assay was performed
based on published protocols®?. Briefly, a 1 mg/mL stock of the pur-
ified Mab cyt-bcc.aas oxidase was resuspended in 500 L of reaction
buffer (20 mM MOPS [pH 7.4], 100 mM NaCl, 0.01% DDM) to a final
concentration of 65nM and added into the reaction chamber. The
baseline was monitored using a Clark-type oxygen electrode (Oxy-
therm+, Hansatech, Pentney, United Kingdom) for 50s. 5puL of
2.5mM DMNQH, was then injected into the reaction chamber to
achieve a final DMNQH, concentration of 25 uM and initiate respira-
tion within the oxidase. The reaction chamber was immediately sealed,
and oxygen consumption was monitored till a plateau was achieved.
The oxygen consumption curves were plotted using GraphPad Prime
8.0 software®.
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Cryo-EM data collection and processing

The purified Mab cyt-bcc.aas was concentrated to 13 mg/mL. Portions
(4 pL) of the sample were applied to glow-discharged Quantifoil R1.2/
1.3 holey carbon grids. The grids were blotted for 2 s at 100% humidity
and 4 °C and plunge-frozen using a FEI Vitrobot Mark IV (Thermo
Fisher Scientific). Images were taken using an FEI Titan Krios electron
microscope operating at 300 kV with a K3 Summit detector (Gatan,
Pleasanton, CA) at a magnification of x130,000. Images were recorded
in super-resolution mode. Automated single-particle data acquisition
was performed using EPU software. A defocus range of 1.0 to 2.0 pm
was implemented. Movies were collected at 40 frames per stack with
an exposure time of 2.83 s. The total dose was set at 56 e /A% Motion
correction was performed using MotionCor2 and CTF estimation was
performed using CTFFind4***. The data processing was performed on
CryoSPARC**”, Structure refinement was done using COOT and Phe-
nix software®**,

In the case of Mab cyt-bcc:aas complexed with ND-011458, the
FLAG elution was incubated with 50 pM of ND-011458 (2.5% DMSO) for
30 mininice. The eluant was then concentrated to 8.2 mg/mL. The grid
freezing was performed as mentioned for the apo-protein. Images
were taken using an FEI Titan Krios electron microscope operating at
300 kV with a K3 Summit detector (Gatan, Pleasanton, CA) at a mag-
nification of x165,000. Images were recorded in super-resolution
mode. Automated single-particle data acquisition was performed
using EPU software. A defocus range of 0.5 to 1.5 pm was implemented.
Movies were collected at 40 frames per stack with an exposure time of
2.83s. The total dose was set at 60 e /A% Motion correction was per-
formed using MotionCor2 and CTF estimation was performed using
CTFFind4***. The data processing was performed on CryoSPARC**%,
Structure refinement was done using COOT and Phenix software®’.

Model building and refinement

The atomic model of the cytochrome cyt-bcc:aas oxidase was built in
using the automated protein structure homology-modelling server
SWISS-MODEL using the PDB model of the cytochrome cyt-bcc.aas
oxidase from M. smegmatis (6ADQ) as reference structure**°. There-
after, manual backbone tracing and docking of side chains in the
respective map densities was done before performing real-space
refinement in Phenix (version 1.20.14487)*. The refinement results
were used to manually inspect and corrected the structures accord-
ingly. The finalized model was validated by the MolProbity online
server”’. Map-to-model cross validation was performed in Phenix
(version 1.20.14487). FSCq s was used as cutoff to define resolution. The
water molecules present in the structures were modelled based on the
high-resolution cryo-EM structure of the Corynebacterium glutamicum
cyt-bec:aas supercomplex”. ND-011458 was modelled by modifying
Q203 from the ligand ID HUU. A summary of the model parameters
and the corresponding cryo-EM map statistics is found in Supple-
mentary Table 6-7. The finalized model was visualized using
ChimeraX'®.

Design and expression of Mab cyt-bcc:aaz mutants

The Mab qcrCAB operon including its native promoter (330 bp
upstream of the coding region) was synthesized by Bio Basic Asia
Pacific Pte. Ltd, Singapore and incorporated into the pMV306 vector to
yield the plasmid pMV306:Mab_gcrCAB". The resulting plasmids,
pMV306::Mab_qcrCAB, served as templates for downstream muta-
tions. Site directed mutagenesis were performed using the primers
listed in Supplementary Table 3. The Q5 High-Fidelity (New England
Biolabs) and KAPA HiFi HotStart PCR Kits (Roche Sequencing Solu-
tions) were used according to the manufacturer’s instructions. Suc-
cessful site directed mutagenesis of the target nucleotides was
confirmed by Sanger sequencing. The plasmids carrying desired
mutations was transformed into Mab AqgcrCAB (Abcc) strain by elec-
troporation. Colonies were selected on 7HIO agar plates

supplemented with 10% OADC, zeocin (20 pg/mL) and kanamycin
(50 pg/mL).

Minimum inhibitory concentration (MIC) determination

Mab subsp. abscessus CIP104536" R-variant, Mab subsp. abscessus
CIP104536" S-variant, Mab subsp. bolletii, and Mab subsp. massiliense
were grown to mid-log phase in Middlebrook 7H9 broth medium
supplemented with 0.5% glycerol, 0.05% Tween 80, and 10% ADS
supplement. The growth inhibition dose-response assay was per-
formed according to the method previously described". Briefly, 198 uL
of the mycobacterial cultures with the ODggo adjusted to 0.005 was
dispensed into each well on the 96-well flat bottom plate containing
2 uL of the drug compound. The assay plates were incubated at 32 °C
for 2 days. After the incubation, the cultures in all plates were all
manually resuspended and the ODgpo was measured using Synergy H1
multiplate reader (BioTek), and analysis was performed using Graph-
Pad Prism 7.04 software™.

Intracellular ATP quantification

Intracellular ATP levels were determined with BacTiter-Glo™ Microbial
Cell Viability Assay (Promega)*?. 198 L of the mycobacterial cultures
with the OD¢oo adjusted to 0.05 was dispensed into each well on the
96-well flat bottom plate containing 2 uL of the drug compound. The
assay plates were incubated at 32 °C for 1 day and measurement was
performed by mixing 50 pL of the mycobacterial culture with equal
amount of BacTiter-Glo™ reagent. Emitted luminescence was mea-
sured using Synergy H1 multiplate reader (BioTek) and data analysis
was performed using GraphPad Prism 7.04 software®,

Methylene Blue Assay

Oxygen consumption in whole bacteria was measured using methy-
lene blue as a detector. Mycobacterial cultures ODgo Were adjusted to
0.4 and 1.6 mL of each culture was dispensed into a two-millilitre
screw-cap glass vial. 3.2 uL of 0.5% methylene blue was added into each
vial for a final concentration of 0.001%. Vials were tightly sealed and
incubated at 32°C in an anaerobic chamber. The vials were removed
from the incubator on the second and third days for image recording.

Oxygen consumption assays using the Seahorse XFe96 analyzer
Measurement was performed using the Seahorse XFe96 analyzer
(Agilent Technologies, USA). In this assay, Laminin/Poly-D-lysine was
used as cell adhesive to attach the cells onto the plate. Laminin/Poly-D-
lysine was washed with sterile water after dispensing onto the bottom
of the assay plate. Mab cultures: CIP104536" wild-type, D311E/L314A,
D311E/L314l, F158Y/D311E/L314A and G179S/D311E/L314A/C393A) were
grown in 7H9-ADS-glycerol medium until it reaches log phase (ODggo:
0.4 to 0.6). Subsequently, the cells were washed twice in 10% 7H9-ADS
medium in phosphate-buffered saline (PBS) and adjusted to an ODggo
of 0.2. 50 L of the washed cultures were dispensed into each of the
coated wells of the assay plate and centrifuged at 3,800 rpm for
10 minutes. After which, 130 uL 10 % 7H9-ADS medium in PBS was
dispensed into each well. Q203 was diluted to concentrations of 1uM
and 50 uM in 10 % 7H9-ADS medium in PBS and loaded into the drug
port. Measurement was taken every cycle consisting of four minutes of
continuous reading followed by three minutes of continuous mixing.
The basal oxygen consumption rate was determined using three
readings before the introduction of Q203. Data was collected using
Wave 2.6.0.31 software and analyzed using GraphPad Prism
7.04 software™.

Bacteria Viability Experiment

Mab CIP104536" strain was grown in 7H9-ADS-glycerol medium until it
reached log phase (ODggo: 0.4 to 0.6). The cells were washed twice in
7H9-ADS medium and adjusted to an OD¢go of 0.005. Test compounds
and vehicular control were dispensed into 24-well plates, respectively,
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containing the adjusted Mab cultures. Dilutions of the respective
conditions were plated on Luria-Bertani (LB) plates and incubated at
32°C. Bacterial viability was determined by enumerating colony-
forming units (CFU) after plating on agar plates. The number of colo-
nies was counted after agar plates were incubated at 32 °C for 3-4 days.

Checkerboard assay

Twofold serial dilutions were performed to allow for 11 different con-
centrations of ND-011458 (20 pM to 0.1 pM) to be tested for interaction
with seven different concentrations of CFZ (2.4 uM to 0.03 uM). Each
96-well plate had a drug-free bacterial culture control well. Mab was
cultured in 7H9-ADS-glycerol medium and grown to mid-exponential
phase. Subsequently, the culture was washed and diluted to an ODggo
of 0.005 in 7H9-ADS medium. 200 pL of the adjusted culture was
dispensed into each well and incubated for 3 days at 32 °C. The ODggo
of the cultures was measured using a Synergy H1 multiplate reader
(BioTek), and analysis was performed using GraphPad Prism
7.04 software™.

The calculation of the fractional inhibitory concentration index
(FICI) was done to analyze the results. The FICl is calculated as (MIC of
drug A in combination / MIC of drug A alone) + (MIC of DARQ B in
combination / MIC of DARQ B alone). This calculation was done only
for wells that showed 50% inhibition of bacterial culture growth
compared to drug-free bacterial culture wells. A FICI of < 0.5 indicates
synergy, a FICI of > 0.5 to 4 indicates additivity (no interaction), and a
FICI of > 4 indicates antagonism*,

Statistics & Reproducibility

No statistical method was used to predetermine sample size. Data was
only excluded in the case of the cryo-EM experiment where particles
with lesser quality were excluded by iterative 2D and 3D classifications
as generally endorsed by cryo-EM studies. Randomization was per-
formed only in the cryo-EM study at the 3D reconstruction stage, as
generally demanded by cryo-EM studies, for the calculation of FSC
curves illustrated in the Supplementary Figs.; The investigators were
not blinded to allocation during experiments and outcome
assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All relevant data are contained within the article. Structural data that
supports the findings of this study are openly available from the Pro-
tein Data Bank (https://www.rcsb.org; PDB ID 9WCX, 9WCY) and the
EM Data Bank (https://www.ebi.ac.uk/emdb/; EMDB ID EMD-65878,
EMD-65879). Source data are provided with this paper.
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