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Supplementary Figure 1. Cryo-EM workflow. (A) Identification of M. abscessus cyt-bcc:aa3 particles in grid screening. (B) 2D-classification of picked particles in CryoSPARC. 

(C) Cryo-EM data processing workflow. The data processing pipeline was performed in cryoSPARC v3.3.1. 6,845 movies were collected and subjected to motion correction 

(MotionCor2) and CTF estimation (CtFind4). The processed micrographs were subsequently curated with the following thresholds: CTF fit resolution Min: 3,97 Å; Max: 7 Å and 

Astigmatism Min: 0.47 Å; Max: 500 Å resulting in the acceptance of 5,541 exposures for downstream processing. The M. smegmatis cyt-bcc:aa3  oxidase structure (PDB: 6ADQ) 

was imported into cryoSPARC and used to generate templates for template-based picking yielding 956,580 particles. The particles were binned by a factor of 4 during the particle 

extraction process to reduce computational time and subjected to multiple rounds of 2D classification. 26 classes containing 334,881 particles were selected to construct an ab 

initio model with C1 symmetry. The ab initio model accepted 252,300 particles which were then reextracted at full resolution and subjected to non-uniform refinement resulting 

in a refined map with 249,718 particles with an overall resolution of 3.29 Å. A 3D classification job was performed to classify the particle into 3 classes using C1 symmetry. Class 

0 emerged as the largest class with 137,735 particles which was then subjected to local CTF refinement followed by non-uniform refinement. The resulting map, which had an 

overall resolution of 3.08 Å, was refined further using global CTF refinement and another round of non-uniform refinement yielding a final cryo-EM map with an overall 

resolution of 3.29 Å with 137,735 particles. (D) Data processing in CryoSPARC and Relion resulted in a M. abscessus cyt-bcc:aa3 structure at 2.66 Å. (E) Local resolution 

gradient map (2.0 Å, Blue; 4.0 Å, Red) reveals high resolution in core and key reaction centers. (F) Map vs Model FSC curve.



Supplementary Figure 2. Cryo-EM density maps of the M. abscessus cyt-bcc:aa3 supercomplex structural and accessory units. The density maps were visualized using ChimeraX 

(Step:1, Contour level: 0.326). 
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Supplementary Figure 3. Cryo-EM density maps of the M. abscessus cyt-bcc:aa3 regulatory elements. The density maps were visualized using ChimeraX (Step:1, Contour level: 0.326). 
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Supplementary Figure 4. Cryo-EM density maps of the M. abscessus cyt-bcc:aa3 ligands and lipids. The density maps were visualized using ChimeraX (Step:1, Contour level: 0.326).  
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(A) (B)                                                           (C)

Supplementary Figure 5. Validation of the Mab QcrB mutants. (A) Respiratory profile of the Mab QcrB mutants were similar to Mab WT in the methylene blue assay confirming 

that the mutants did not alter the function of the cyt-bcc:aa3 oxidase. (B) Real-time monitoring of respiration in the presence of Q203 (100 nM, Black circle; 5 µM, Orange square), 

Q203 (grey triangle) and DMSO (Green triangle) using Seahorse XFe96 Extracellular flux analyzer in Mab D311E/L314A QcrB mutant. (C) Real-time monitoring of respiration in 

the presence of Q203 (100 nM, Blue square) and DMSO (Grey circle) using Seahorse XFe96 Extracellular flux analyzer in M. bovis BCG. (D) Real-time monitoring of respiration 

in the presence of Q203 (100 nM, Black circle; 5 µM, Orange square), Q203 (grey triangle) and DMSO (Green triangle) using Seahorse XFe96 Extracellular flux analyzer in Mab 

WT. (E) Real-time monitoring of respiration in the presence of Q203 (100 nM, Black circle; 5 µM, Orange square), Q203 (grey triangle) and DMSO (Green triangle) using 

Seahorse XFe96 Extracellular flux analyzer in Mab D311E/L314I QcrB mutant.
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Supplementary Figure 6. QcrB cavity region sequence alignment between mycobacterial species 



(A)

Supplementary Figure 7. Growth inhibitory activity of ND-011458 (Red circle), Q203 (Grey triangle) and Bedaquiline 

(BDQ, Black square) in (A) M. abscessus wild-type and (B) M. abscessus ∆cydABDC. The putative cyt-bcc:aa3 inhibitor 

ND-011458 achieves partial growth inhibition in comparison to the Bedaquiline in M. abscessus wild-type achieving an 

effect similar to a cyt-bcc:aa3 genetic knockout. The absence of complete growth inhibition in the wild-type is attributed to 

cyt-bd, encoded by cydABDC, which rescues respiration and growth. In the ∆cydABDC strain, although ND-011458 displays 

a steeper dose-response curve, complete growth inhibition could not be achieved proving the need for further chemical 

optimization.  
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Supplementary Figure 8. Inhibitor-Enzyme Complex structure determination. (A) 2D-classification of picked particles in CryoSPARC. (B) Cryo-EM data processing workflow. 

The data processing pipeline was performed in cryoSPARC v3.3.1. 6,845 movies were collected and subjected to motion correction (MotionCor2) and CTF estimation (CtFind4). 

The processed micrographs were subsequently curated with the following thresholds: CTF fit resolution Min: 3.597 Å; Max: 7 Å and Astigmatism Min: 0.47 Å; Max: 500 Å 

resulting in the acceptance of 5,641 exposures for downstream processing. The M. smegmatis cyt-bcc:aa3  oxidase structure (PDB: 6ADQ) was imported into cryoSPARC and 

used to generate templates for template-based picking yielding 310,392 particles. The particles were binned by a factor of 4 during the particle extraction process to reduce 

computational time and subjected to multiple rounds of 2D classification. 19 classes containing 198,256 particles were selected to construct an ab initio model with C1 symmetry. 

The ab initio model accepted 196,031 particles which were then reextracted at full resolution and subjected to non-uniform refinement resulting in a refined map with an overall 

resolution of 2.58 Å. A 3D classification job was performed to classify the particle into 2 classes using C1 symmetry. Class 1 emerged as the largest class with 136,434 particles 

which was then subjected to non-uniform refinement. The resulting map, which had an overall resolution of 2.51 Å, was refined further using local CTF refinement and another 

round of non-uniform refinement yielding a final cryo-EM map with an overall resolution of 2.26 Å with 136,434 particles. (C) Data processing in CryoSPARC resulted in a M. 

abscessus cyt-bcc:aa3 structure at 2.26 Å. (D) Local resolution gradient map (1.75 Å, Blue; 3 Å, Red) reveals high resolution in core and key reaction centers. (E) Map vs Model 

FSC curve.



(A)                                                                           (B)

Supplementary Figure 9. Checkerboard Assessment of ND-011458 and Clofazimine (CFZ) combination. (A) Checkerboard assay heat map. (B) Isobolograms of the 

combination of ND-011458 and CFZ against M. abscessus CIP104536T. The grey dash line indicates ideal isobole, where drugs act in synergy and independently while 

the black dash line indicates additive and partial synergy. An FICI of ≤0.5 indicates synergy, a FICI of >0.5 to 4 indicates additivity (no interaction), and an FICI of >4 

indicates antagonism. The ND-011458 and CFZ combination is additive with a FICI of 0.82.
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Supplementary Table 1 MALDI TOF data of band labelled QcrA in Figure 1B inset 





Supplementary Table 2 MALDI TOF data of band labelled QcrB in Figure 1B inset 



Supplementary Table 3 MALDI TOF data of band labelled QcrC in Figure 1B inset 



Supplementary Table 4 MALDI TOF data of band labelled SOD in Figure 1B inset 



Supplementary Table 5 MALDI TOF data of band labelled LpqE in Figure 1B inset 



Data collection Inhibitor-free ND-011458-bound

Electron Microscope Titan Krios Titan Krios 

Camera Gatan K3 Falcon 4i

Mode Super-resolution counting Super-resolution counting

Voltage (kV) 300 300

Nominal Magnification 130,000 × 165, 000 x

Calibrated physical pixel size (Å) 0.671 0.76

Exposure time (s) 2.83 2.83

Total exposure (e-/Å2) 56 60

Number of frames 40 40

Defocus range (µM) -0.7 to -2.0 -0.5 to -1.5 

Cryo-EM map statistics 

Number of micrographs 5,541 5,641

Number of particle images selected (after auto-pick) 956,580 310,392

Number of particle images after clean-up (after 2D classification) 334,881 198,256

Particle images contributing to maps 137,735 135,891

Applies symmetry C2 C2

Applied Box size (pix) 600 600

Applied B-factor (Å2) -92.7 -52.1

Global resolution (FSC = 0.143, Å) 2.66 2.26

Supplementary Table 6 Cryo-EM data acquisition and Cryo-EM map statistics of the resolved inhibitor-free and ND-011458-bound Mab cyt-bcc:aa3



Supplementary Table 7 Model building, model refinement and model statistics for the Inhibitor-free and ND-011458-bound Mab cyt-bcc:aa3

EM model Inhibitor-free ND-011458-bound

Modelling software Coot Coot

Refinement software Phenix Phenix

MolProbity score 1.72 (89th Percentile) 1.57 (93rd Percentile)

EMRinger score 4.21 4.58

Number of residues (protein) 5612 5614

Clash score 6.74 (88th Percentile) 4.32 (96th Percentile)

CC (Mask) 0.83 0.84

RMS bond length (Å) 0.008 0.004

RMS bond angle  (º) 1.076 0.655

Ramachandran favoured (%) 95.04 95.66

Ramachandran outliers (%) 0.05 0.11

Rama-Z 0.33 ± 0.11 1.21 ± 0.11

Ligands 9 XX: 4, 9Y0: 6, 9YF: 8, FES: 2, HEC: 4, 

HEA: 4, MQ9: 10, HEM: 4, PLM: 4, CU: 

8, OXY:2, H2O: 74

9 XX: 4, 9Y0: 6, 9YF: 8, FES: 2, HEC: 4, 

HEA: 4, MQ9: 10, HEM: 4, PLM: 4, CU: 8, 

OXY:2, LIG: 2, H2O:74 



Table 3 | Forward and reverse primer sequences for generating mutants.   

Construct  Oligonucleotide Sequence (5’– 3’) 

Mab QcrB F158Y (Forward primer) 

 

GAA GGT TAC TTC GGA TAC TCC CTG CCC 

 

Mab QcrB F158Y (Reverse primer) 

 

TCC GAA GTA ACC TTC GAA CAT CGC CAG 

 

Mab QcrB D311E (Forward primer) TGG ACC GAA GGC CTG CTG CGC ATC ATC  

 

Mab QcrB D311E (Reverse primer) 

 

CAG GCC TTC GGT CCA CAT CAT GTA GAA GTC 

 

Mab QcrB D311E/L314I (Forward primer) C CTG ATC CGC ATC ATC CCG GCT TGG 

Mab QcrB D311E/L314I (Reverse primer) 

 

T GAT GCG GAT CAG GCC TTC GGT CCA  

 

Mab QcrB L314A (Forward primer) 

 

GC CTG GCG CGC ATC ATC CCG G 

Mab QcrB L314A (Reverse primer) 

 

G CGC CAG GCC GTC GGT CCA C 

 

Mab QcrB D311E/L314A (Forward primer) GAC CGA AGG CCT GGC GCG CAT CAT C 

Mab QcrB D311E/L314A (Reverse primer) 

 

CAG GCC TTC GGT CCA CAT CAT GTA GAA GTC 

Mab QcrB G179S (Froward primer) 

 

GCT TTC CAG CAT CAC CAT GGG CCT TCC 

Mab QcrB G179S (Reverse primer) 

 

GTG ATG CTG GAA AGC GCC GCG CG 

Mab QcrB C393A (Forward primer) 

 

GCT ATG AAC GAC ATC ATC GCG CTG AAG TTC 

Mab QcrB C393A (Reverse primer) 

 

TGA TGT CGT TCA TAG CCA TGA GCG TGA ACA 

* Bold and underlined nucleotides are the nucleotide changed. 

Supplementary Table 8 Forward and reverse primer sequences for generating mutants 



Supplementary Table 9. Growth Inhibitory activity of ND-011458 against Mab complex. The MIC50 values 

indicate the minimum drug concentration at which 50% of bacterial growth was inhibited. R: rough variant. S: 

smooth variant.

MIC50 (nM)

M. abscessus subsp. abscessus (R) 539 ± 36

M. abscessus subsp. abscessus (S) 483 ± 34

M. abscessus subsp. bolletii 312 ± 64

M. abscessus subsp. massiliense 637 ± 76



Supplementary Table 10. The FICI was calculated as (MIC of drug A in combination/MIC of drug A alone) + (MIC of drug B in combination/MIC of drug B alone).  

An FICI of ≤ 0.5 indicates synergy, a FICI of > 0.5 to 4 indicates additivity (no interaction), and an FICI of > 4 indicates antagonism.

Drug A Combination with 

drug B

MIC FICI Outcome

Drug A Drug A in 

combination

Drug B Drug B in 

combination

ND-011458 Clofazimine 0.97 µM 0.43 µM 1.64 µM 0.61 µM 0.82 Additive



General synthesis routes to compounds

    In a sealed reaction V-vial, 6-chloro-2-methylimidazo[1,2-a]pyridine-3-carboxylic acid (CAS: 138642-96-3, 0.06 g, 0.29 mmol) and (4-(4-(4-

(trifluoromethoxy)phenyl)piperidin-1-yl)phenyl)methanamine (CAS: 1426520-69-5, 0.10 g, 0.29 mmol) were dissolved in 5 ml of CH3CN.  Then,  2-(1H-Benzotriazole-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 0.11 g, 0.29 mmol) and N,N-Diisopropylethylamine (DIPEA, 0.07 mL, 0.43 mmol) were added, and the reaction was 

sealed and stirred at RT overnight.  At this time, the reaction mixture was concentrated to dryness.  The residue was diluted with CH2Cl2, washed with 25% aqueous Na2CO3 

solution (2x), water, and 5% acetic acid solution (2x). The organic phase was collected, dried over sodium sulfate (Na2SO4), filtered to remove the drying agent, and then 

concentrated in vacuo to dryness. The desired product was crystallized from hot isopropanol to give 6-chloro-2-methyl-N-(4-(4-(4-(trifluoromethoxy)phenyl)piperidin-1-

yl)benzyl)imidazo[1,2-a]pyridine-3-carboxamide (ND-011458), an off-white solid (60 mg, 37%).  1H NMR (400 MHz, MeOD) δ ppm 9.15 (d, J = 2.0 Hz, 1H), 7.56 (d, J = 9.5 Hz, 

1H), 7.47 (dd, J = 9.5, 2.0 Hz, 1H), 7.42 – 7.30 (m, 4H), 7.22 (d, J = 8.2 Hz, 2H), 7.10 – 7.01 (m, 2H), 4.57 (s, 2H), 3.82 (dt, J = 13.1, 3.3 Hz, 2H), 2.89 – 2.81 (m, 1H), 2.85 – 2.78 

(m, 1H), 2.75 (tt, J = 11.9, 3.8 Hz, 1H), 2.63 (s, 3H), 2.00 – 1.81 (m, 4H).  19F NMR (376 MHz, MeOD) δ -59.55, uncorrected.   HRMS (EI), M+1 calcd. for C28H27ClF3N4O2, 

543.1775; found 543.1758, retention time = 5.066 min, 100% pure. 
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