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ABSTRACT 

Lipids play a critical role in the physiology, life cycle and pathogenicity of mycobacteria. They 

largely participate in host-pathogen interactions and fulfill important functions ranging from cell wall 

biosynthesis/maintenance, bacterial growth dynamics and long-term persistence. In that context, 

triacylglycerol, a specific subtype of neutral lipid is stored as intrabacterial lipid inclusions (ILI), 

which have been described as important structures for long-term survival and persistence within the 

host. However, the enzymes involved in ILI formation and degradation remain largely undefined. 

Using bio-orthogonal click-chemistry activity-based protein profiling (CC-ABPP) of newly 

synthetized Oxadiazolone (OX), Cyclophostin and Cyclipostins (CyC) probes, we report the direct 

capture of target proteins in Mycobacterium abscessus growing under carbon excess and nitrogen-

deprived in vitro conditions that promote triacylglycerol production and ILI formation. This approach 

led to the identification of a set of 65 enzymes, potentially involved in global processes related to ILI 

anabolism. Among these, the long-chain-fatty-acid--CoA ligase MAB_1978c/FadD15 has been 

validated as a pivotal enzyme that colocalizes on ILI and as a major contributor in ILI formation in 

M. abscessus. 

 

KEYWORDS 

Activity-based protein profiling; multitarget inhibitor-like activity-based probes; lipid metabolism; 
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Mycobacteria are known for their unique and complex cell wall architecture,1 characterized by 

distinct lipid-rich outer layers, making lipid metabolism a central point of their physiological 

processes. One crucial aspect of mycobacteria relies in their ability to metabolize host lipids and to 

accumulate the resulting neutral lipids in their own cytoplasm in the form of intrabacterial lipid 

inclusions (ILI).2-3 These lipid-rich organelles consist of a hydrophobic core containing neutral lipids, 

essentially triacylglycerol (TAG), surrounded by a phospholipid monolayer, associated with 

numerous proteins.4 These ILI serve as reservoirs for energy storage and provide also a platform for 

the synthesis and maintenance of lipids, which are essential for the adaptability and survival of 

mycobacteria under various stresses.2,5-6 This is particularly true in the case of Mycobacterium 

tuberculosis, the causative agent of tuberculosis (TB), where ILI play a critical role in pathogenesis 

and contribute to the establishment and maintenance of the infection process.5 In addition, ILI 

increase tolerance to first-line anti-TB drugs.7 

ILI have been reported in all mycobacterial species;8 including pathogenic (i.e., Mycobacterium 

leprae,9 Mycobacterium canettii10, M. tuberculosis,4-5,11 Mycobacterium abscessus,12-13 

Mycobacterium avium,6 Mycobacterium marinum,14 and Mycobacterium ulcerans15) as well as 

saprophytic mycobacteria (i.e., M. smegmatis12,16); suggesting a conserved function of these 

organelles in the mycobacterial lifecycle and physiology.8 Among them, M. abscessus also referred 

to as an "antibiotic and clinical nightmare"17-18 is one of the most drug-resistant mycobacterial 

species.19 It causes pulmonary diseases in immunocompromised and vulnerable individuals, 

including cystic fibrosis (CF) and bronchiectasis patients.20 M. abscessus exists as two distinct colony 

morphotypes, a smooth (S) and rough (R), associated with different clinical outcomes.19-20 While the 

S morphotype is more hydrophilic, with increased sliding motility and biofilm formation, the R 

variant has a high propensity to produce large bacterial serpentine cords.20 In fact, the S variant is 

viewed as the environmental and colonizing form, while the R variant has been proposed to emerge 

during the infection process, and is frequently associated with severe pulmonary infections21 

especially in infected CF patients.22 Finally, due to its intrinsic polyresistance to a wide range of 
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antibiotics,18 including most anti-TB agents, M. abscessus has become a major public health concern 

with a significant economic burden associated with poorly effective treatments. Like M. tuberculosis, 

M. abscessus accumulates TAG under the form of ILI, a phenotype associated with an enhanced 

pathogenesis and antibiotic tolerance,12-13 suggesting that ILI metabolism constitutes an important 

aspect in the physiopathology of pathogenic mycobacteria.  

How mycobacteria acquire host lipids and how ILI are formed remain, however, largely unanswered 

questions. While these issues have been tackled, mostly by studying pure recombinant lipolytic 

enzymes secreted by mycobacteria,11,13,23-24 studies dedicated to the identification and 

characterization of proteins involved in ILI accumulation and consumption remain scarce.4,16  

Stimulated by these observations, we developed two robust experimental models to report ILI 

formation and degradation, to mimic lipid metabolism during the non-replicating and regrowth 

stages.25 The first model is based on infected murine bone-marrow-derived macrophages (mBMDM) 

fed with Very Low-Density Lipoproteins (VLDL) to trigger the differentiation of the macrophages 

into foamy macrophages.6,11 In this specific environment, mycobacteria are able to accumulate host 

lipids to form ILI, and further hydrolyze these stored ILI upon removal of VLDL from the culture 

medium, thus mimicking bacterial regrowth and reactivation of the disease. The second one is an in 

vitro and reversible model based on carbon excess and nitrogen starvation allowing in vitro ILI 

biosynthesis and hydrolysis in living M. abscessus.12  

Interestingly, using these two models, we demonstrated that the presence of hydrolase inhibitors 

impaired TAG accumulation in the form of ILI as well as their further hydrolysis,11-12 confirming the 

involvement of mycobacterial lipid synthesizing and hydrolyzing enzymes in the ILI accumulation 

and consumption processes. Most enzymes participating in ILI metabolism are members of the 

hydrolase family, mainly distributed among serine- and cysteine-hydrolases that possess a catalytic 

serine or cysteine residue (i.e., (Ser/Cys)-based enzymes). This family includes esterases, 

dienelactone hydrolases, epoxide hydrolases, haloalkane dehalogenases, lipases, thioesterases, and 

peptidases.26-27  
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Our group has previously reported the antimycobacterial activity of two families of enzyme 

inhibitors, namely the Oxadiazolone compounds (OX) and the Cyclophostin & Cyclipostins analogs 

(CyC), both of which exhibit potent inhibitory activity against mycobacterial (Ser/Cys)-based 

enzymes by forming a covalent bond with their respective catalytic serine or cysteine residue.23,28-29 

Non-toxic to murine macrophages (CC50>100 µM), both OX and CyC efficiently inhibit the growth 

of M. tuberculosis and M. abscessus in broth medium and/or within infected macrophages.23,30-35 

To identify the putative mycobacterial target enzyme(s) of the best OX and CyC growth inhibitors, 

activity-based protein profiling (ABPP) approach27,36-43 was employed. Using competitive ABPP, the 

comparative proteomic analysis between the control sample (i.e., DMSO) and the M. tuberculosis32-

33 and M. abscessus30,32 cell culture pre-treated with the best OX (i.e., iBpPPOX or HPOX) or CyC 

(i.e., CyC17) prior to ActivXTM Desthiobiotin-FP probe labeling resulted in mass spectrometry 

identification of the target proteins of each inhibitor. Most of the identified proteins are 

(Ser/Cys)-based enzymes related to global lipid metabolism (cholesterol and free fatty acid) and cell 

wall biosynthesis. Among them, the bifunctional thioesterase-phospholipase LipG,44 the 

mycolyltransferase Ag85C,30,45 the thioesterase TesA,46 and the carbon-carbon hydrolase HsaD47 

have been validated as effective targets. Notably, we confirmed these results by resolving the crystal 

structures of Ag85C, TesA and HsaD in complex with a CyC inhibitor.45-47 Consequently, the use of 

these multi-target inhibitors as efficient activity-based probes (ABP) to decipher the metabolic 

pathways used by the mycobacteria to catabolize host-derived lipids (cholesterol and fatty acids), 

notably by identifying key enzymes involved in the accumulation and consumption of ILI, will 

provide valuable data related to cellular and molecular mechanisms crucial for mycobacteria survival, 

persistence and virulence.2  

In the present study, we report the synthesis and use of two OX and CyC ABPs bearing either a 

terminal alkyne function or a fluorescent tag to decipher ILI formation in M. abscessus using the 

nitrogen-deprived (MSM-NL)12 in vitro model. By capitalizing from two structurally distinct classes 

of alkyne-containing inhibitors, the Oxadiazolone-core and the monocyclic enolphosphate derivatives 
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that display strong complementarity in terms of reactivity and enzymatic affinity,23 we have captured 

a broad spectrum of (Ser/Cys)-based target enzymes involved in these lipidic processes via bio-

orthogonal click-chemistry ABPP (CC-ABPP).27,36-37,39-40,42-43,48 Among the proteins identified, the 

long-chain-fatty-acid--CoA ligase MAB_1978c/FadD15 has been validated as a key enzyme that 

colocalizes on the ILI and contributes to their formation in M. abscessus. 

 

RESULTS AND DISCUSSION 

Rationale for the design and synthesis of CyC and OX activity-based probes.  

Despite all the results generated from previous studies related to the identification of OX30,32 and 

CyC31,33 target enzymes from M. tuberculosis and M. abscessus cultures or total lysates, the main 

disadvantage of competitive ABPP lies in the fact that this approach is mostly an indirect 

identification that measures the reduction in the probe-labeling signals to assess inhibitor targets.  

To overcome this limitation, we have recently reported the synthesis of two efficient CyC ABPs35,47 

(Figure 1A). First, the CyC core-structure was modified by the direct introduction of a Dansyl 

fluorescent moiety (i.e., CyC31-Dansyl
35). The CyC-Dansyl probe was successfully employed to label live 

mycobacteria through the covalent binding of the CyC31-Dansyl to (Ser/Cys)-based enzymes.35 As a 

result, the CyC penetration inside M. abscessus cells was monitored and quantified based on the 

fluorescent signal, thus validating this CyC-Dansyl as an efficient probe.35 In parallel, we reported the 

synthesis of a CyC derivative containing a terminal alkyne function (i.e., CyC31yne), and described 

its use for the direct capture of target proteins in M. tuberculosis cultures by direct CC-ABPP 

approach.47 We confirmed the multi-target nature of the CyCyne probe and underscored also its use 

as an effective ABP to unravel  metabolic pathways by which M. tuberculosis and other 

mycobacterial species, catabolize lipids to ensure their survival and growth. 

Regarding the OX molecules, based on our previous work on M. abscessus30 and M. tuberculosis,32 

the HPOX derivative, which exhibited moderate antibacterial activity (MIC50 ~ 45-93 µM30,32) 

against the two species, was selected for chemical structure modification by addition of either a 
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fluorescent NBD tag (i.e., HP-NBD-OX) or a terminal alkyne group (i.e., HPOXyne) (Figure 1A and 

Scheme 1). The NBD fluorophore was chosen mainly because of its small size, which allows 

convenient coupling to the aromatic ring of HPOX, and because of its widespread use for fluorescent 

labeling of enzyme inhibitors and its tolerance to microorganisms.49 Its incorporation on the aromatic 

phenyl ring of the HPOX chemical structure was achieved in three consecutive steps with 

introduction of the fluorescent NBD group after oxadiazolone ring formation (Scheme 1A). The 

synthesis started from commercial p-nitrophenyl hydrazine (1) that was engaged into the one-pot two-

steps cyclisation process in presence of hexyl chloroformate (2). Catalytic hydrogenation of the nitro-

oxadiazolone (3) over palladium led to the aniline derivative (4), which was further coupled through 

a nucleophilic substitution using NBD-chloride to afford the desired fluorescent HP-NBD-OX in 13% 

overall yields. The new HPOXyne click-ready derivative was further synthesized in a one-pot two-

steps reaction using the methodology reported earlier to access the HPOX compound32 (Scheme 1B). 

Briefly, commercially available phenylhydrazine hydrochloride (5) and hexyne chloroformate (6) 

formed in situ from 5-hexyn-1-ol (7) were used in basic conditions to produce a carbamate 

intermediate (step i) that was directly involved in the cyclization reaction in presence of diphosgene 

(step ii) to generate the desired HPOXyne derivative in 47% yields.32,50  

Finally, the CyC31yne and CyC31-Dansyl activity-based probes, as well as the corresponding CyC31 

parental molecule, were synthesized as previously described.35,47  

 

The CyC and OX activity-based probes retain antibacterial activity comparable to their 

parental molecules. The antimicrobial potency of the selected CyC probes [CyC31yne and 

CyC31‑Dansyl] as well as the OX ABPs [HPOXyne and HP-NBD-OX] was next evaluated against the S 

and R variants of M. abscessus and compared to that of their parental molecules, i.e., CyC31 and 

HPOX, respectively. The minimal inhibitory concentrations (MIC) leading to 50% and 90% bacterial 

growth inhibition (i.e., MIC50 / MIC90) were determined by the resazurin microtiter assay (REMA) 

and are reported in Figure 1B.30-31,35,51 Importantly, HPOXyne and HP-NBD-OX, retained the same 
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moderate antibacterial activity as the unmarked parental HPOX molecule, with fold changes in 

MIC50 / MIC90 ranging from ×0.7-1.0 / ×1.3-2.0. We previously reported35 that CyC31-Dansyl exhibited 

extracellular activity comparable to the parent unlabeled CyC31 compound, with very good (MIC50 = 

1.4 µM / MIC90 = 6.1 µM) to moderate (MIC50 = 24.1 µM / MIC90 = 63.4 µM) anti-mycobacterial 

activity against M. abscessus S and R, respectively (Figure 1B). In addition, and as expected from 

our previous work on M. tuberculosis,47 CyC31yne showed similar antibacterial activities against M. 

abscessus S (MIC50 = 0.84 µM / MIC90 = 2.1 µM) and R (MIC50 = 10.3 µM / MIC90 = 18.5 µM) 

variants compared to unmodified CyC31, with a fold change in MICs of ×0.7 to ×1.75 (Figure 1B).  

Overall, these results indicate that incorporation of a fluorescent group or an alkyne bond at the 

position tested does not alter the activity of the OX & CyC activity-based probes. In addition to 

determining their MICs values, a prerequisite for using these ABPs to identify mycobacterial enzymes 

involved in ILI accumulation was to verify their ability to i) spatially colocalize with ILI structures 

and ii) limit the total TAG content in M. abscessus grown in nitrogen-limited MSM-NL. 

 

Fluorescent OX and CyC activity-based probes spatially colocalize with ILI structures inside 

M. abscessus. To confirm the colocalization of OX & CyC ABPs with ILI inside lipid-rich bacteria, 

M. abscessus S was grown in MSM or MSM-NL for 24 h, harvested and resuspended in fresh medium 

in the presence of each fluorescent probe at a 100 μM final concentration for an additional 24 h.  

The HP-NBD-OX- and CyC31-Dansyl-treated bacteria were stained with Nile Red for ILI labeling12 and 

processed for fluorescent microscopy. As expected,12 M. abscessus cultured in MSM-NL medium 

harbored clear, intense and compact cytoplasmic signal in the form of foci due to ILI staining. In both 

cases, a clear colocalization of the Dansyl and NBD fluorescent signal with Nile Red ILI-positive 

areas was observed (Figure 1C). Subsequent statistical analysis of the data applying the Coloc2 

plugin of ImageJ/Fiji, allowed calculation of the colocalization parameters: the Manders and Pearson 

coefficients, and the intensity correlation quotient (ICQ) value as suggested by Li.52 Manders’ 

coefficients which estimate the co-occurrence fraction of a fluorescent signal on one channel (i.e., red 
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color) with a fluorescent signal of another channel (i.e., green color), vary from 0 (non-overlapping 

images) to 1 (100% colocalization between two images). Pearson’s coefficient evaluate the 

correlation between two signals and ranges from -1 to 1, with 1 standing for complete positive 

correlation and -1 for a negative one, while a 0 value indicates no correlation.53 The statistical 

significance of these computed correlation coefficients has been assessed by the Costes 

randomization test,54 resulting in a Costes’ p-value which should be ≥95%. Finally, the ICQ value 

varies from 0.5 (colocalization) to -0.5 (exclusion). Here, colocalization analyses resulted in 

Pearson’s correlation coefficients and Manders’ colocalization coefficients53 (overlap of green and 

red pixels) of 0.788-0.808 and 0.845-1, respectively; together with a Costes p-value54 of 1, and Li’s 

ICQ value52 of 0.280-0.324, supporting colocalization (see Supporting Information for parameters’ 

full detail).  

In contrast, when cells were grown in MSM, the absence of ILI resulted in only low and mainly 

peripheral Nile Red staining corresponding to cell wall-associated lipids labeling (Figure S1). 

Consequently, as previously reported in the case of labeled CyC-Dansyl-mycobacteria,35 the diffuse 

fluorescence (i.e., pale green and orange resulting colors) observed with the HP-NBD-OX & 

CyC31-Dansyl-treated M. abscessus grown in MSM is likely to result from a homogeneous distribution 

of the probes in the cell wall and/or the cytoplasm of the bacteria. 

 

ILI accumulation is partially blocked by (Ser/Cys)-based enzyme inhibitors. (Ser/Cys)-based 

enzyme inhibitors can interfere with lipid metabolism by impairing the activity of lipolytic 

enzymes.12,28,37,40,48,55-57 To confirm whether mycobacterial (Ser/Cys)-based enzymes are involved in 

ILI mobilization after a 24 h-culture of M. abscessus S in MSM-NL (to induce ILI accumulation), 

lipid-rich mycobacteria were harvested, resuspended in fresh MSM-NL, and treated with either 

HPOXyne or CyC31yne. Apolar lipids were extracted and the TAG content was analyzed by thin layer 

chromatography (TLC) (Figure 1D). Following 24 h incubation with HPOXyne or CyC31yne, a 
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significant reduction in TAG levels of 28.6% and 22.6% (p-value < 0.01), respectively, was reached 

compared to the untreated bacteria.  

These findings indicate that the two click-ready ABPs impair TAG production, presumably through 

the inhibition of (Ser/Cys)-based enzymes. Consequently, they can be exploited as activity-based 

probes in a click-chemistry activity-based protein profiling (CC-ABPP) strategy, to identify the 

(Ser/Cys)-based enzymes involved in such lipid metabolism pathway. 

 

OX and CyC click-ready probes allow identifying potential enzymes involved in TAG 

accumulation. To gain access to putative enzymes involved in ILI metabolism, lipid-rich (i.e., MSM-

NL) and lipid-poor (i.e., MSM) M. abscessus S cultures were subjected to the chemoproteomic CC-

ABPP approach using the two alkyne-containing inhibitors (Figure 2A). After either 24 h or 48 h of 

culture in MSM or MSM-NL, the bacteria were centrifuged and the pellets resuspended in fresh 

medium in presence of HPOXyne, CyC31yne, or DMSO (control) for an additional 24 h incubation at 

37 °C. Following cell lysis, click-chemistry reaction between the obtained HPOXyne- or CyC31yne-

enzyme complexes and the Desthiobiotin-N3 via copper(I)-catalyzed Huisgen’s 1,3-dipolar 

cycloaddition reaction afforded a stable triazole ring.27 Enrichment on streptavidin agarose-beads 

followed by subsequent digestion with trypsin yielded peptides that were analyzed by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS), and quantified by label-free quantitative 

analysis (Figure 2A).  

A first comparative proteomic analysis between each control sample (i.e., DMSO-treated 

M. abscessus for non-specific binding to streptavidin agarose-beads) at the two time-points and the 

APB-treated samples led to a first set of target enzymes with HPOXyne and CyC31yne, respectively, 

when applying p-value ≤0.01 and Fold change (Log2) ≥1.0 thresholds on the proteomic analysis 

results (Tables S1-S4). Each of these first data sets, i.e., the target proteins of HPOXyne and CyC31yne 

identified in MSM-NL culture of M. abscessus at 24 h and 48 h incubation, was further refined by 

means of a second comparative proteomic analysis using the data obtained from the same fishing 

experiments carried out in MSM (Tables S1-S4). The resulting mycobacterial targets of HPOXyne 
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displayed as volcano plots (Figure 2B) and CyC31yne, highlight the proteins captured by the two ABPs 

that were significantly more abundant in MSM-NL vs. MSM (p-value ≤0.05 and Fold change (Log2) 

≥1.0), and thus involved in physiological processes directly related to nitrogen-deprived condition 

and ILI-rich phenotype. As shown in the Venn diagram (Figure 2C, upper panel), using HPOXyne 

as a probe, 26 and 236 enzymes were found to be differentially captured after 24 and 48 h of 

incubation in MSM-NL, respectively, with 14 proteins conserved over time. Most of the identified 

proteins belonged to the categories of conserved hypothetical proteins (4 / 26 and 35 / 236), cell 

wall/cell processes (2 / 26 and 14 / 236), intermediary metabolism/respiration (7 / 26 and 129 / 236), 

and global lipid metabolism (12 / 26 and 43 / 236). Among the 14 conserved identified enzymes, 10 

belonged to the global lipid metabolism functional category and 4 to the intermediary 

metabolism/respiration (Table S5 and Figure 2C, upper panel).  

With CyC31yne as a probe, the 12 and 64 captured proteins after 24 h and 48 h incubation in MSM-

NL (Figure 2C, lower panel), respectively (Table S6), showed a comparable distribution profile. As 

observed above, these identified proteins mainly belonged to the functional categories of conserved 

hypothetical proteins (1 / 12 and 2 / 64), cell wall/cell processes (4 / 12 and 4 / 64), intermediary 

metabolism/respiration (1 / 12 and 21 / 64), and global lipid metabolism (5 / 12 and 36 / 64).  

Seven proteins were conserved over time, 4 of which belonging to the cell wall/cell processes and 3 

to the global lipid metabolism functional categories (Table S6). Such distribution profiles agree with 

previous competitive ABPP experiments conducted with OX and CyC on M. tuberculosis and M. 

abscessus cultures.30-33 To further focus on enzymes potentially involved in ILI metabolism, and 

considering that orthologs usually perform equivalent functions in the respective organisms,8 the 

corresponding orthologs in the M. tuberculosis H37Rv genome of all identified proteins were reported 

using the KEGG database. These data were cross-referenced with the Uniprot 

(https://www.uniprot.org/) and Mycobrowser (https://mycobrowser.epfl.ch/) databases, providing 

reliable predictions of gene function in terms of essentiality, genomic location and activity.  

https://www.uniprot.org/
https://mycobrowser.epfl.ch/
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The results of this differential pathway analysis identified 52 and 46 enzymes, captured by HPOXyne 

and CyC31yne, respectively, that may potentially be involved in the global lipid metabolism associated 

with ILI accumulation (Figure 2D and Tables S7-S10). A mostly comparable distribution of the 

captured enzymes involved in lipid catabolism/anabolism was obtained at 24 h and 48 h in MSM-

NL, as shown in the Venn diagrams for each inhibitor probe (Figure 2D). A posteriori, this is not 

really surprising since these two probes target (Ser/Cys)-based enzymes by forming a covalent bond 

with the catalytic serine or cysteine residue.23 In addition to these 33 common targets, 19 and 13 

additional specific target enzymes were obtained with HPOXyne (Tables S7-S8) and CyC31yne 

(Tables S9-S10), respectively (Figure 2D).  

The full list of these target enzymes is shown in Table 1, confirming the complementary selectivity 

of these two families of inhibitors with respect to the enzymes they capture. Of these 65 enzymes, 4 

were captured only at 24 h, 46 only at 48 h, and 15 were fully conserved at both time points (Figure 

2E), implying a dynamic process of ILI biosynthesis2-3 with mostly different protein partners 

recruited over time.58  

The identified proteins covered nearly all functional categories listed under the pathways related to 

M. abscessus lipid metabolism, ranging from biosynthesis of unsaturated fatty acids (2 proteins), cell 

wall/cell processes (4 proteins), ether lipid metabolism (1 protein), fatty acid biosynthesis (6 

proteins), fatty acid metabolism/degradation (23 proteins), glycerolipid metabolism (6 proteins), 

glycerophospholipid metabolism (1 protein), lipid biosynthesis proteins (6 proteins), and 

peptidoglycan biosynthesis (1 protein). Additional sets of 10 proteins involved in lipid metabolism 

and 4 proteins belonging to intermediary metabolism and respiration have also been included (Table 

1).  

In agreement with previous work, 41 / 65 (63%) proteins had already been identified via competitive 

ABPP with OX and CyC molecules either on culture and/or total lysate of M. abscessus30-31 and 

M. tuberculosis,32-33,47 thus confirming the robustness of this bio-orthogonal CC-ABPP direct 

approach. These included five Cutinase-like proteins (MAB_0178; MAB_3763; Mab_3765; 
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MAB_3766; MAB_3809c); two Lip-family members (MAB_2814; MAB_3447c); a possible 

α/β-fold hydrolase (MAB_3810); two putative methyltransferases (MAB_4328c; MAB_4587c); the 

probable D-alanyl-D-alanine carboxypeptidase DacB (MAB_3234); the β-ketoacyl-ACP synthase III 

(MAB_1141c); and several members of the antigen 85 complex (MAB_0175; MAB_0176; 

MAB_177) (Table 1).  

Given our in vitro model of ILI accumulation based on nitrogen starvation in presence of glycerol as 

the sole carbon source, glycerolipid and glycerophospholipid metabolism thus plays a central role in 

TAG production.2 Accordingly, key enzymes in the regulation of glycerol uptake and metabolism 

were identified. These include the glycerol kinase Glpk (MAB_0382) and the Glycerol-1-phosphatase 

(MAB_2357) which participate in the conversion of glycerol to glycerol-3-phosphate; and the 

glycerol-3-phosphate dehydrogenase GlpD2 (MAB_3655c) involved in the reduction of glycerol-3-

phosphate to generate glycerone phosphate.  

In addition to these proteins, 38 / 65 (58.5%) enzymes were found directly associated with fatty acid 

biosynthesis, metabolism and degradation. Among these, the essential type I fatty-acid synthase 

(MAB_1512), four putative acyl-CoA synthetase/ligase (MAB_0179; MAB_1978c; MAB_3592c; 

MAB_4055c), two probable acyl-CoA thiolase (MAB_0850; MAB_1192c), four probable acetyl-

CoA acetyltransferase (MAB_0612c; MAB_1463; MAB_2042c; MAB_3455c), four probable enoyl-

CoA hydratase/isomerase (MAB_0981c; MAB_1069c; MAB_1187c; MAB_3350), thirteen probable 

acyl-CoA dehydrogenase (MAB_0065c; MAB_0255; MAB_0328; MAB_0851; MAB_1188c; 

MAB_2085; MAB_3040c; MAB_3481; MAB_3636c; MAB_3860c; MAB_4336; MAB_4437; 

MAB_4609c), and two dehydrogenases (MAB_0598; MAB_0983c) were identified (Table 1). Four 

additional proteins annotated as the acetyl-coenzyme A synthetase (MAB_0425c), two polyketide 

synthases (MAB_1140; MAB_2212), and the putative cyclopropane-fatty-acyl-phospholipid 

synthase (MAB_0310c) were also identified. Finally, our differential proteomic analysis has 

highlighted the presence of the putative long-chain acyl-CoA synthase MAB_2348. This protein is 

indeed homologous to the bifunctional long-chain acyl-CoA synthase/lipase BCG_1721 (65% 



14 

sequence identity) which has been reported as an important regulator of TAG levels and so in ILI 

formation in M. bovis BCG.4  

In 2019, Dubois et al. reported the M. abscessus transcriptome both in an amoebic environmental 

host and in infected murine macrophages.59 Interestingly, the genes encoding the fatty acid-CoA 

synthase MAB_4055c, the acyl-CoA dehydrogenase MAB_4437, and the two acetyl-CoA 

transferases MAB_0612c and MAB_3455c were among the 15 genes up-regulated in both 

M. abscessus-infected amoebae and murine macrophages, suggesting their potential role in the 

biochemical activation and β-oxidation of fatty acids upon infection (Table 1). Interestingly, 6 of the 

captured proteins in this study (MAB_0255, MAB_0310c, MAB_1512, MAB_1978c (FadD15), 

MAB_2348, and MAB_4609c) were also among the 28 proteins belonging to the lipid metabolism 

functional category reported as core components of the M. tuberculosis ILI-associated proteome.8  

Recently, using APEX2 proximity labeling technology applied to the MSM-NL in vitro model of ILI 

accumulation with M. abscessus S, we identified 228 proteins potentially involved in ILI 

biosynthesis, of which 45 candidate proteins were annotated as part of the lipid metabolism 

pathway.58 Of interest, 18 out of these 45 proteins were also identified with the OXyne and CyCyne 

ABPs (Table 1). These included the essential type I fatty-acid synthase (MAB_1512), two acyl-CoA 

ligases (MAB_0179; MAB_1978c), the two acyl-CoA thiolases (MAB_0850; MAB_1192c), the 

acetyl-CoA acetyltransferase (MAB_1463), six acyl-CoA dehydrogenases (MAB_0065c; 

MAB_0255; MAB_0851; MAB_3040c; MAB_3481; MAB_4437), the acyl-CoA hydratase 

(MAB_1187c), the polyketide synthase Pks5 (MAB_2212), the antigen 85C (MAB_0175), the 3-

oxoacyl-[acyl-carrier-protein] reductase (MAB_0952), and two proteins involved in glycerol 

metabolism (MAB_3400; MAB_3655c) (Table 1). Among them, the enoyl-CoA hydratase 

MAB_1187c and the three acyl-CoA dehydrogenases MAB_3040c, MAB_3481 and MAB_4437, 

were shown to successfully colocalize with Nile Red-stained ILI.58 In addition, deletion of the 

corresponding genes for MAB_1187c, MAB_3040c, and MAB_3481, resulted in a modest (28-33%) 

reduction in TAG levels, suggesting an indirect or secondary role in TAG accumulation. This also 
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suggests that other proteins may be involved in these processes, providing redundant functionality. 

However, the MAB_4437 gene, which is up-regulated upon M. abscessus infection,59 had no effect 

on lipid accumulation, as its deletion did not alter TAG levels compared to the wild-type strain.58 The 

fact that these later four enzymes are also captured by our inhibitor probes reinforces the relevance 

of the CC-ABPP approach to identify major actors in TAG biosynthesis and ILI 

catabolism/anabolism.  

Overall, the diversity of proteins identified under these nitrogen-limiting conditions suggests that 

TAG accumulation in the form of ILI may not be limited to energy storage, but might also provide a 

source of lipids dedicated to maintaining the overall cellular homeostasis of mycobacteria under 

stringent conditions.2 Most importantly, these results underscore the complementarity of the OX and 

CyC in targeting (Ser/Cys)-based enzymes and therefore their added-value as activity-based probes 

to identify key mycobacterial enzymes involved in ILI accumulation by ABPP approaches. This will 

enlighten our understanding of the metabolic pathways used by pathogenic mycobacteria to 

catabolize host-derived lipids for survival. 

 

The long chain-fatty-acid--CoA ligase MAB_1978c (FadD15) is involved in TAG production 

and ILI accumulation. Given the moderate results obtained with the deletion mutant strains of 

MAB_1187c, MAB_3040c, MAB_3481 and MAB_4437,58 and to further investigate the impact of 

the identified enzymes on TAG accumulation, we focused on i) non-essential genes with orthologs 

in M. tuberculosis (≥50% sequence identity), and ii) candidate genes that do not encode putative 

proteins that might have redundant function. Taking these criteria into account, MAB_1978c 

(FadD15), also identified with the APEX2 proximity labeling approach,58 was selected to investigate 

its involvement in ILI accumulation.  

FadD15 is a non-essential putative long-chain-fatty-acid--CoA ligase that is functionally categorized 

as being involved in lipid metabolism. Like its M. tuberculosis ortholog Rv2187,60 FadD15 is 

assumed to play a central role in global lipid metabolism. Indeed, FadD15 is predicted to act at the 
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termination of the fatty acid biosynthesis pathway [KEGG PATH:mab00061] with no alternative 

proteins that could perform its activity. It appears to be the only enzyme that catalyzes the activation 

of long-chain fatty acids as acyl-CoA, which would be further processed for elongation, glycerolipid 

and/or glycerophospholipid biosynthesis, or recycled via the β-oxidation pathway [KEGG 

PATH:mab00071]. In addition, the fact that Rv2187 is part of the core component of the 

M. tuberculosis ILI-associated proteome,8 strengthens its involvement in ILI biosynthesis and 

supports its selection for validation experiments. 

A deletion mutant, designated ΔfadD15, was generated by using a two-step homologous 

recombination procedure using the pUX1-katG vector (Figure S3).61 Its complemented counterpart 

ΔfadD15::C was obtained using the pVV16::fadD15-sfGFP complementation plasmid that allows the 

constitutive production of recombinant MAB_1978c fused to a superfolder Green Fluorescent Protein 

(sfGFP)-tag under the control of the hsp60 promoter. In parallel, fadD15 was also cloned and 

overexpressed in M. abscessus S strain using the same pVV16::fadD15-sfGFP for subsequent 

fluorescence microscopy experiments (Figure S4). First, when grown in 7H9TGOADC, MSM or 

MSM-NL for 72 h at 37 °C, no significant differences in growth rate were observed between the 

M. abscessus wild-type and ΔfadD15 (Figure S5), in agreement with the non-essentiality annotation 

of the fadD15 gene in M. abscessus genome.62  

Then, each strain was grown in MSM-NL for 24 h and 48 h, and then processed for apolar lipids TLC 

analysis (Figure 3A). At the two time points, quantitative densitometry revealed that TAG production 

was impaired by 46.7 ± 1.4% and 56.1 ± 2.5% (p-value < 0.0001) in ΔfadD15 after 24 and 48 h of 

incubation in MSM-NL, respectively, as compared to the WT strain (Figures 3A & S4C). In contrast, 

complete restoration of TAG levels, i.e., 102.9 ± 2.6% and 95.2 ± 2.7%, at 24 and 48 h, respectively, 

was achieved upon complementation in ΔfadD15::C. Moreover, the M. abscessus S_fadD15-sfGFP 

overexpressing strain induced a slight but significant increase in TAG levels by 1.08-fold 

(p-value < 0.05) as compared to the WT strain. Interestingly, the ΔfadD15 showed comparable TAG 

levels to a triacylglycerol synthase 1 deletion mutant (Δtgs1) in M. abscessus cultured in the MSM-

https://www.kegg.jp/pathway/mab00061+mab_1978c
https://www.kegg.jp/pathway/mab00071+MAB_1978c
https://www.kegg.jp/pathway/mab00071+MAB_1978c
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NL, as reported in a previous study.12 Indeed, it has been clearly demonstrated that TAG accumulation 

in the form of ILI was tgs1-dependent, in M. tuberculosis,63-64 M. marinum,14 and in M. abscessus.12-

13 Moreover, this major TAG synthase has also been identified on the surface of mature ILI in 

M. bovis BCG,4 underscoring its major contribution in ILI formation.  

To confirm that these variations in TAG levels correlate with ILI accumulation, the 48 h cultures in 

MSM-NL were harvested, fixed with 4% paraformaldehyde, then stained with Nile Red and 

processed for fluorescence microscopy (Figure 3B). Nile Red-positive intrabacterial lipid structures 

were easily detectable in both the WT and ΔfadD15::C strains whereas such structures were mostly 

absent in the ΔfadD15 mutant. Indeed, this mutant mainly displayed a weaker, peripheral staining 

pattern similar to the one observed for the WT strain grown in MSM medium. Quantitative analysis 

of the Nile Red fluorescence signal at the single bacterium level (Figure 3B) revealed that after 48 h 

of culture in MSM-NL medium, ILI accumulation was reduced by 47% in ΔfadD15 (average mean 

pixel intensity [a.u.] of 53. 5 ± 1.2) as compared to WT (mean pixel intensity [a.u.] of 100.7 ± 3.0), 

whereas ΔfadD15::C (mean pixel intensity [a.u.] of 82.6 ± 1.7) restored the ILI-positive phenotype. 

To assess the subcellular localization of the FadD15 protein during ILI formation, M. abscessus 

S_fadD15-sfGFP overexpressing strain was grown in MSM-NL or MSM for 48 h and processed for 

fluorescence microscopy, as described above. As observed previously with the fluorescent inhibitor 

probes, in MSM a diffuse and mainly peripheral fluorescence signal was observed, suggesting a 

homogeneous distribution of the labelled FadD15-sfGFP protein in the lipid-poor bacteria (Figure 

S7). Conversely, M. abscessus S_fadD15-sfGFP cultured in MSM-NL displayed clear, intense and 

compact Nile Red ILI-positive areas, which colocalized with the sfGFP fluorescent signal (Figure 

3C). Statistical analysis confirmed the overlap between green (sfGFP) and red pixel (Nile Red) with 

Pearson’s correlation coefficients and Manders’ colocalization coefficients53 of 0.924 and 0.982, 

respectively; a Costes p-value54 of 1 and Li’s ICQ value52 of 0.435. 

All these results demonstrated the clear involvement of MAB_1978c/FadD15 in TAG production and 

subsequent ILI formation in vitro. More globally, the fact that glycerol is the sole carbon source 
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available in our MSM-NL model implies the use of well conserved pathways to synthesize TAG.65 

Consequently, from the set of the 65 captured proteins with both HPOXyne and CyC31yne, and 

literature data on M. tuberculosis66-67 and M. abscessus59 transcriptomic studies, it is possible to map 

some enzymes involved in M. abscessus lipid metabolism related to TAG formation and 

accumulation through ILI (Figure 4).  

The initial step would consist in the de novo biosynthesis of fatty acyl-compounds in the form of acyl-

CoAs through the action of the type I fatty acid synthase (FAS-I) as well as all enzymes necessary 

for the biochemical activation and β-oxidation of fatty acids: fatty acid-CoA synthase/ligase 

(FadD3,13,15,32), acyl-CoA dehydrogenase (FadE2,5,6,7,8,9,20), enoyl-CoA hydratase (EchA7), 

hydroxybutyryl-CoA dehydrogenase (FadB), and acetyl-CoA transferase (FadA3,4,5,6). However, 

given the energetic costs associated with such de novo fatty acid biosynthesis in MSM-NL, where 

glycerol is the sole carbon source, it is likely that other rearrangements of lipid metabolism, such as 

phospholipid recycling through the action of some Cutinase-like proteins (e.g., Cut4),68-69 may led to 

fatty acid precursors that could be incorporated into biosynthetic pathways via the β-oxidation 

pathway. The second step is the formation of glycerol-3-phosphate (G3P) substrates generated by the 

action of the glycerol kinase (GlpK). Finally, the sequential acylation of the G3P substrates with the 

latter fatty acyl-CoA residues is mediated by the enzymes from the Kennedy pathway. These may 

include the bifunctional long-chain acyl-CoA synthase/lipase (MAB_2348), whose M. bovis BCG 

ortholog4 has been demonstrated to be involved in long-chain TAG and ILI formation processes when 

assessed under non-replicating conditions. In addition, the Ag85A/B/C complex proteins, which 

express diacylglycerol acyltransferase (DGAT) activity and mediate the transesterification of 

diacylglycerol with long-chain acyl-CoA, are also important contributors to TAG synthesis.45 

 

CONCLUSION 

Using an in vitro model based on nitrogen deprivation to promote TAG accumulation and subsequent 

production of lipid-loaded M. abscessus cells, together with two selective multitarget inhibitors 
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belonging to the OX and CyC distinct families, we identified a set of 65 enzymes that may directly 

or indirectly participate in these processes. We have validated this approach by demonstrating that 

the long-chain-fatty-acid--CoA ligase MAB_1978c/FadD15 colocalizes with ILI and acts as a major 

actor in ILI formation. In addition, the fact that the enoyl-CoA hydratase MAB_1187c as well as the 

three acyl-CoA dehydrogenases MAB_3040c (FadE20), MAB_3481 (FadE4) and MAB_4437 

(FadE5), have been identified by two distinct experimental approaches and further validated as 

essential actors in TAG accumulation,58 confirms the functionality of our ABPP-based method to 

probe mycobacterial lipid metabolism. More work remains to be done to fully characterize and 

validate the other proteins identified via ABPP to provide a clear picture of their specific role(s) in 

ILI metabolism.  

Overall, our data confirm the importance of fatty acid and lipid metabolism in M. abscessus under 

nutritional stress and highlight the importance of proteins involved in TAG mobilization as potential 

therapeutic targets. Nevertheless, one needs to consider that the nutrients available in vivo differ from 

the in vitro conditions described here, as mycobacteria can be found in different cellular 

compartments (e.g. phagosome, macrophage, granulomas, etc.) during infection. In particular, 

mycobacteria can reside in highly lipidic environments, such as those encountered in foamy 

macrophages, providing access to host lipids to build up TAGs which are subsequently stored into 

ILI.3 

In summary, the multi-targeted OX & CyC inhibitors represent powerful probes for monitoring 

mycobacterial infection and identifying key specific targets within infected macrophages. Their use 

as specific activity-based probes to identify the mycobacterial lipolytic enzymes involved in host lipid 

bodies degradation, lipid accumulation in ILI, as well as in the consumption of these intrabacterial 

lipids using the model of infected foamy and non-foamy macrophages,6,11,25 opens new opportunities. 

The knowledge acquired by working on living infected cells should provide crucial information on 

the life cycle of intracellular mycobacteria, and inspire new therapeutic strategies to counter 

latent/persistent bacilli in infected individuals.  
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Finally, our approach can be applied to multiple organisms, biological contexts and situations, and, 

therefore, is of interest for a wide range of scientists relying on advanced chemical-biology to 

understand bacterial pathogenesis.  

 

METHODS 

Chemistry 

Synthesis of OX and CyC activity-based probes. The Cyclipostins analogs CyC31, CyC31yne and 

CyC31-Dansyl, as well as the Oxadiazolone derivative HPOX, were synthesized as described 

previously.32,35,47 Detailed procedures and the full chemical characterization (1H and 13C NMR 

spectra) of the new OX probes (i.e., HPOXyne and HP-NBD-OX) are reported in Supporting 

Information. Stock solutions (10 mM) in which the OX & CyC molecules (purity of ≥95%) were 

found to be completely soluble in dimethyl sulfoxide (DMSO) were prepared and stored at 4 °C.  

 

Biological evaluation 

All detailed Material and Methods are given in Supporting Information. 

 

Bacterial strains and growth conditions. M. abscessus CIP104536T with either a smooth (S) or a 

rough (R) morphotype, was classically grown in Middlebrook 7H9 liquid medium (BD Difco, Le 

Pont de Claix, France) supplemented with 0.05% Tween 80 (Sigma-Aldrich, Saint-Quentin Fallavier, 

France), 0.2% glycerol (Euromedex, Souffelweyersheim, France) and 10% oleic albumin dextrose 

catalase (OADC enrichment, BD Difco, Le Pont de Claix, France) (7H9-SOADC) at 37 °C and 200 rpm. 

 

Generation of lipid-loaded cells. ILI accumulation in M. abscessus S liquid culture was performed 

as previously reported12 following 24 or 48 h incubation period at 37 °C and 200 rpm using either 

Mineral Salt Medium (MSM) (2 g/L Na2HPO4, 1 g/L KH2PO4, 0.5 g/L NaCl, 0.2 g/L MgSO4, 

20 mg/L CaCl2, 1 g/L NH4Cl, and 5% glycerol) or Mineral Salt Medium Nitrogen Limiting (MSM-
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NL) containing only 0.15 g/L NH4Cl. Alternatively, after 24 h incubation period, the latter cultures 

were centrifuged and the pellets resuspended in respective fresh MSM or MSM-NL at a final 

theoretical OD600 of 20. One mL sample of these homogeneous bacterial suspensions was incubated 

with CyC31yne (200 µM final concentration), HPOXyne (500 μM final concentration) or DMSO 

(control), as well as with the fluorescent CyC31-Dansyl or HP-NBD-OX probes (100 µM final 

concentration) for additional 24 h. 

 

Normalization, lipid extraction and thin layer chromatography (TLC) analysis. At 24 and 48 h 

incubation period, M. abscessus S cultures in MSM or MSM-NL, in presence or absence of inhibitor, 

were centrifuged. Pellets were lyophilized overnight and weighed to obtain the exact dry weight of 

the mycobacterial residue. Apolar lipids were extracted as previously reported,12 and further analyzed 

using glass TLC plates (TLC Silica Gel 60 F254, Merck) and petroleum ether (40-60 °C 

fraction)/diethyl ether (90:10, v/v) as eluent. Following revelation with a cupric acetate-

orthophosphoric acid solution, each resolved plate was scanned using a ChemidocTM MP Imaging 

System (Bio-Rad, Marnes-la-Coquette, France), and densitometric analyses were performed using 

the ImageLab software version 5.2 (Bio-Rad) to determine relative TAG content per sample (see 

Figure S8 for an example of quantification of TAG level). 

 

MIC determination. The antibacterial activity of the fluorescent CyC31-Dansyl and HP-NBD-OX, as 

well as the CyC31yne and HPOXyne probes as compared to the parent CyC31 and HPOX against M. 

abscessus S & R growth, was assessed by determining their MICs in 96-well flat-bottom Nunclon 

Delta Surface microplates with lid (Thermo Fisher Scientific, Illkirch, France) using the REMA 

assay.30-31,35,51 MIC values were determined by fitting the relative fluorescence unit (RFU%) 

sigmoidal dose-response curves in Kaleidagraph 4.2 software (Synergy Software, Reading, PA, 

USA). The lowest compound concentration leading to 50% and 90% growth inhibition was defined 
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as the MIC50 and MIC90, respectively. Amikacin (AMK) and Imipenem (IMP) were used as reference 

drugs. 

 

Activity-based protein profiling (ABPP) experiments – adapted from 47. 

Capture of M. abscessus S potential target enzymes from HPOXyne and CyC31yne-treated MSM and 

MSM-NL culture. After 24 h or 48 h incubation period in MSM or MSM-NL at 37 °C and 200 rpm, 

the culture was centrifuged and the pellets were resuspended in fresh MSM or MSM-NL at a final 

theoretical OD600 of 20. One mL sample of these homogeneous bacterial suspensions was incubated 

with CyC31yne (200 µM final concentration), HPOXyne (500 μM final concentration) or DMSO 

(control) at 37 °C for additional 24 h under shaking at 200 rpm. Bacteria were washed, resuspended 

in PBS buffer at a 1:1 (w/v) ratio and lysed by mechanical disruption using Mini-Beadbeater-96 

(BioSpec, Bartlesville, OK, USA). Both CyC31yne- and HPOXyne-treated M. abscessus and DMSO-

control lysate samples (500 μL – 0.5 mg total proteins) were subjected to click-chemistry reaction by 

successive addition of Desthiobiotin-PEG3-N3 (#CLK-AZ104P4-100, Jena Bioscience, Jena, 

Deutschland; 40 mM in DMSO), TBTA ligand (1.667 mM tBuOH/DMSO 80:20, v/v) and fresh TCEP 

(50 mM H2O) solution (Sigma-Aldrich), and fresh CuSO4 solution (50 mM in H2O). Samples were 

further processed for affinity enrichment with Pierce™ High-Capacity Streptavidin Agarose Resin 

(Thermo Fisher Scientific ref. 20359), according to the manufacturer’s instructions. The resulting 

captured biotinylated proteins solution was mixed with 5X Laemmli reducing sample buffer, and 

heated at 95°C for 5 min.  

Mass spectrometry analysis. The protein isolates were loaded and stacked on a NuPAGE gel (Thermo 

Fisher Scientific Invitrogen). Stained bands were digested with high sequencing grade trypsin 

(Promega, Madison, WI, USA).31,47 Extracted peptides were reconstituted with 0.1% trifluoroacetic 

acid in 2% acetonitrile and analyzed by liquid chromatography (LC)-tandem MS (MS/MS) using a Q 

Exactive Plus Hybrid Quadrupole-Orbitrap online with a nanoLC Ultimate 3000 chromatography 

system (Thermo Fisher Scientific). Protein identification and quantification were processed using the 
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MaxQuant computational proteomics platform, version 1.6.3.4. using the M. abscessus 

(UP000007137) database extracted from UniProt (date 2023-03-10; 4,940 entries). The statistical 

analysis was done with Perseus program (version 1.6.15). Differential proteins were detected using a 

two-sample t-test using permutation-based FDR-controlled at 5 (CyC32yne) and 1 (HPOXyne) 

employing 250 permutations.  

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium 

(www.proteomexchange.org) via the PRIDE partner repository (https://www.ebi.ac.uk/pride/login) 

with the dataset identifier PXD048770.  

 

Fluorescence imaging of lipid-loaded M. abscessus cells 

Nile Red staining. After 24 h and 48 h incubation period either in MSM or MSM-NL, and in 

presence/absence of inhibitors, M. abscessus S cultures were harvested, washed with PBS, then fixed 

with 4% paraformaldehyde and incubated with Nile Red fluorescent dye (Interchim, Montluçon, 

France) for ILI staining as previously described.12  

Fluorescent Microscopy. Fixed stained samples (5 µL bacterial suspension, i.e., 7.5 × 106 cells) 

processed for fluorescence imaging as described previously.35  

Colocalization analysis between the Dansyl, NBD or GFP and Nile Red fluorescence using coloc2 

plugin of ImageJ/Fiji. Colocalization between the Nile Red and Dansyl, NBD or GFP fluorescence 

intensity was assessed by evaluating the pixel intensity correlation over space using the Coloc2 plugin 

of ImageJ/Fiji.  

 

Plasmid construction and cloning. All specific primers and plasmids used in this study are listed in 

Supporting Information Tables S11-S12. All cloned fragments were amplified using purified M. 

abscessus genomic DNA. 

Construction of MAB_1978c mutant strains. Deletion mutant Δmab_1978c (= ΔfadD15) was 

obtained using the double homologous recombination unmarked strategy developed by Richard et 

http://www.proteomexchange.org/
https://www.ebi.ac.uk/pride/login
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al.61 For complementation strain, the fadD15 gene was amplified using the primer pairs 

pVV16::fadD15-Fw and pVV16::fadD15-Rv, then fused with superfolder Green Fluorescent Protein 

(sfGfp) gene, and cloned into pVV16 plasmid44 to generate pVV16::fadD15-sfGFP. Sequence 

integrity of each construct was confirmed by DNA sequencing (Eurofins Genomics). All the 

constructs were further transformed in electrocompetent M. abscessus S_ΔfadD15 strains. 

Alternatively, overexpressing mutant strain was built using the same pVV16::fadD15-sfGFP vector 

following transformation in electrocompetent M. abscessus S wild-type strain. Validation of ΔfadD15 

mutant was made by PCR amplification and DNA sequencing of the genomic region surrounding the 

site of gene deletion (Table S11 & Figure S3).61,70 The M. abscessus S_ΔfadD15::C 

complementation strain as well as the M. abscessus S_fadD15-sfGFP overexpressing strain were 

checked by PCR amplification and fluorescence microscopy (Table S11 & Figure S4).  

Functional validation of mab_1978c in TAG accumulation. The M. abscessus S_ΔfadD15 deletion 

strain, the complemented M. abscessus S_ΔfadD15::C, and the overexpressing M. abscessus 

S_fadD15-sfGFP strains were cultured in MSM and MSM-NL, for their ability to accumulate TAG 

in the form of ILI. After 48 h incubation, all bacterial cultures were processed for TAG content 

analysis by TLC and fluorescence microscopy.  

 

Statistical analysis. GraphPad Prism 8 (GraphPad Software, Boston, MA, USA) was used for all 

statistical analyses, as detailed in each figure legends. Differences were considered significant with 

calculated p-values ≤ 0.05.  

 

ASSOCIATED CONTENT 
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Tables S1-S12. Target proteins identified after a 24 h or 48 h culture of M. abscessus S in MSM-NL, 

through CC-ABPP by LC-ESI-MS/MS analysis, using HPOXyne or CyC31yne probes; and list of 

primers and plasmids used in this study (XLSX).  

S1 Appendix. Detailed protocols regarding chemistry and biological evaluation. Figure S1, the 

HP-NBD-OX and the CyC31-Dansyl colocalized with ILI on M. abscessus S cultured in MSM-NL; 

Figure S2, controls for fluorescent microscopy imaging related to the colocalization of the 

fluorescent probes with ILI on culture of M. abscessus S in MSM-NL medium; Figure S3, unmarked 

deletion strategy for the deletion of MAB_1978c (fadD15) in M. abscessus; Figure S4, generation of 

the ΔfadD15::C complementation strain and M. abscessus S_fadD15-sfGFP overexpressing strain. 

Figure S5, growth curves of M. abscessus S wild-type and ΔfadD15 deletion mutant in 7H9TGOADC, 

MSM and MSM-NL, respectively; Figure S6, controls for fluorescent microscopy imaging related 

to the colocalization of FadD15-sfGFP with ILI on culture of M. abscessus S_fadD15-sfGFP 

overexpressing strain in MSM-NL medium; Figure S7, M. abscessus S_fadD15-sfGFP 

overexpressing strain displays a diffuse fluorescence when grown in MSM medium; Figure S8, 

typical example of quantification of TAG level from a TLC using the ImageLab software v.5.2; 

Figure S9, NMR spectra of the new HPOXyne and HP-NBD-OX compounds. (PDF). 
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ABBREVIATIONS 

ABP, activity-based probe; ABPP, activity-based protein profiling; au, arbitrary unit; AMK, 

amikacin; CC-ABPP, click-chemistry activity-based protein profiling; CC50, compound 

concentration leading to 50% of cell cytotoxicity; CyC, Cyclipostins and Cyclophostin analogues; 

ILI, intrabacterial lipid inclusion; IMP, imipenem; MIC50/MIC90, minimal inhibitory concentration 

leading to 50% or 90% of growth inhibition; MSM, mineral salt medium; MSM-NL, mineral salt 

medium nitrogen limiting; NTM, nontuberculous mycobacterial; REMA, resazurin microtiter assay; 

OX, oxadiazolone derivatives; TAG, triacylglycerol; TB, tuberculosis; TLC, thin layer 

chromatography; VLDL, very low-density lipoproteins.  
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Table 1. Target proteins potentially involved in ILI accumulation after 24/48 h culture of M. abscessus S in MSM-NL, through CC-ABPP by LC-ESI-

MS/MS analysis a 

HPOXyne  CyC31yne 
APEX2 b Protein Ids 

M. tuberculosis 

Ortholog 
Essentiality Protein names Pathways 

24h 48h  24h 48h 

 +   +  MAB_2891c Rv2605c  Probable acyl-CoA thioesterase II TesB2 Biosynthesis of unsaturated fatty acids 

   +   MAB_3588 * Rv2500c  Putative acyl-CoA oxidase Biosynthesis of unsaturated fatty acids 

 +  + +  MAB_3763 * Rv2301 *  Probable Cutinase Cut2 Cell wall / cell processes 

 +  + +  MAB_3765 * Rv3451 *  Probable Cutinase Cut3 Cell wall / cell processes 

   + +  MAB_3766 * Rv3451/Rv3452 *   Probable Cutinase precursor Cut3/Cut4 Cell wall / cell processes 

 +  + +  MAB_3809c * Rv3452 * GA Probable Cutinase Cut4 Cell wall / cell processes 

+ +   +  MAB_3884 * Rv2251  Possible flavoprotein Ether lipid metabolism 

 +     MAB_0598 * Rv3559c  Short-chain dehydrogenase/reductase Fatty acid biosynthesis 

    +  MAB_0949c Rv2589  Hypothetical aminotransferase Fatty acid biosynthesis 

 +   + + MAB_0952 Rv1928c  3-oxoacyl-[acyl-carrier protein] reductase Fatty acid biosynthesis 

 +   + + MAB_1512 Rv2524c † ES Probable fatty acid synthase FAS-I Fatty acid biosynthesis 

 +    + MAB_1978c * Rv2187 †  Probable long-chain-fatty-acid--CoA ligase FadD15 Fatty acid biosynthesis 

 +   +  MAB_3592c Rv3089  Putative medium-chain acyl-CoA ligase FadD13 Fatty acid biosynthesis 

+ +   +  MAB_0612c # Rv3546  Probable acetyl-CoA acetyltransferase FadA5 Fatty acid degradation 

 +   + + MAB_0850 * Rv0859  Probable acyl-CoA thiolase FadA Fatty acid degradation 

 +    + MAB_0851 * Rv0860  3-hydroxyacyl-CoA dehydrogenase FadB Fatty acid degradation 

 +     MAB_0900c Rv0223c *  Bifunctional aldehyde dehydrogenase/enoyl-CoA hydratase Fatty acid degradation 

 +   +  MAB_0981c * Rv0860  Possible enoyl-CoA hydratase/isomerase Fatty acid degradation 

+ +   +  MAB_0983c * Rv0162c  Probable alcohol dehydrogenase, zinc-containing Fatty acid degradation 

 +     MAB_1069c Rv0971c  Probable enoyl-CoA hydratase EchA7 Fatty acid degradation 

 +   + + MAB_1187c * Rv1071c  Probable enoyl-CoA hydratase Fatty acid degradation 

 +   + + MAB_1192c * Rv1074c  Probable acyl-CoA thiolase FadA3 Fatty acid degradation 

+ +     MAB_2085 Rv0975c GA Probable acyl CoA dehydrogenase Fatty acid degradation 

 +     MAB_3350 * Rv3774  Putative enoyl-CoA hydratase/isomerase Fatty acid degradation 

 +    + MAB_3481 Rv0231  Probable acyl-CoA dehydrogenase FadE4 Fatty acid degradation 

+ +     MAB_3636c Rv2500c  Probable acyl-CoA dehydrogenase Fatty acid degradation 

 +     MAB_3649 Rv3293  Probable aldehyde dehydrogenase Fatty acid degradation 

+ +   + + MAB_4437 # Rv0244c  Probable acyl-CoA dehydrogenase FadE5 Fatty acid metabolism 

    +  MAB_4780 * Rv0636  MaoC-like dehydratase component of FAS-II Fatty acid metabolism 

 +   + + MAB_0255  Rv0154c †  Putative acyl-CoA dehydrogenase FadE2 Fatty acid metabolism/degradation 

 +   +  MAB_0328 * Rv0154c  Putative acyl-CoA dehydrogenase  Fatty acid metabolism/degradation 

    +  MAB_0902 Rv1074c *  Probable beta-ketoadipyl-CoA thiolase Fatty acid metabolism/degradation 

 +   + + MAB_1463 * Rv1323 GA Probable acetyl-CoA acetyltransferase FadA4 Fatty acid metabolism/degradation 
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 +   +  MAB_2042c * Rv1867 GA Acetyl-CoA C-acetyltransferase FadA Fatty acid metabolism/degradation 

 +    + MAB_3040c * Rv2724c  Probable acyl-CoA dehydrogenase FadE20 Fatty acid metabolism/degradation 

 +   +  MAB_3455c # Rv3556c  Acetyl-CoA acetyltransferase FadA6 Fatty acid metabolism/degradation 

 +   +  MAB_4609c  Rv0400c †  Putative acyl-CoA dehydrogenase FadE7 Fatty acid metabolism/degradation 

+ +  + + + MAB_0175 * Rv0129c *  Antigen 85-C FbpC Glycerolipid metabolism 

    +  MAB_0177 * Rv3804c * GA Antigen 85-A/B/C Glycerolipid metabolism 

    +  MAB_0176 * Rv3804c *  Antigen 85-A Glycerolipid metabolism 

 +   +  MAB_0382 * Rv3696c GD Glycerol kinase GlpK Glycerolipid metabolism 

    +  MAB_2357 Rv1692 * GA HAD superfamily hydrolase (Glycerol-1-phosphatase) Glycerolipid metabolism 

 +   + + MAB_3400 * Rv3045 *  NADP-dependent alcohol dehydrogenase C Glycerolipid metabolism 

 +   + + MAB_3655c Rv3302c ES Glycerol-3-phosphate dehydrogenase GlpD2 Glycerophospholipid metabolism 

+ +   +  MAB_2814 * Rv1399c  Probable lipase LipH Intermediary metabolism and respiration 

 +   +  MAB_2818c Rv0480c  Putative hydrolase Intermediary metabolism and respiration 

 +   +  MAB_3447c * Rv0220  Putative lipase/esterase LipC Intermediary metabolism and respiration 

 +   +  MAB_3810 Rv3569c * GA Putative hydrolase, alpha/beta fold Intermediary metabolism and respiration 

+     + MAB_0179 Rv3801c ES Probable fatty-acid-CoA ligase FadD32 Lipid biosynthesis proteins 

 +   +  MAB_0425c * Rv3667  Acetyl-coenzyme A synthetase Lipid biosynthesis proteins 

+      MAB_1140 Rv1013  Putative polyketide synthase Pks16 Lipid biosynthesis proteins 

    +  MAB_1141c * Rv0533c *  3-oxoacyl-[acyl-carrier-protein] synthase 3 FabH Lipid biosynthesis proteins 

 +    + MAB_2212 Rv1527c *  Probable polyketide synthase Pks5 Lipid biosynthesis proteins 

    +  MAB_2348  Rv1683 †  Possible long-chain acyl-CoA synthase Lipid biosynthesis proteins 

 +    + MAB_0065c * Rv2724c GA Probable acyl-CoA dehydrogenase FadE20 Lipid metabolism 

   + +  MAB_0178 Rv3802c * ES Probable Cutinase Cut6 Lipid metabolism 

 +     MAB_0310c * Rv3720 †  Putative cyclopropane-fatty-acyl-phospholipid synthase Lipid metabolism 

 +     MAB_1188c Rv0752c  Probable acyl-CoA dehydrogenase FadE9 Lipid metabolism 

    +  MAB_2619 Rv1627c  Probable lipid-transfer protein Ltp1 (Thiolase?) Lipid metabolism 

 +   +  MAB_3860c Rv0672 *  Probable acyl-CoA dehydrogenase FadE8 Lipid metabolism 

 +     MAB_4055c # Rv3561  Putative acyl-CoA synthetase/ligase FadD3 Lipid metabolism 

+ +  + +  MAB_4328c Rv0281 *  Putative S-adenosyl-L-methionine-dependent methyltransferase Lipid metabolism 

+ +   +  MAB_4336 * Rv0271c  Probable acyl-CoA dehydrogenase FadE6 Lipid metabolism 

   +   MAB_4587c * Rv3767c  Putative S-adenosyl-L-methionine-dependent methyltransferase Lipid metabolism 

 +     MAB_3234 * Rv2911 GA Probable D-alanyl-D-alanine carboxypeptidase DacB Peptidoglycan biosynthesis 

a M. tuberculosis orthologs were retrieved using the KEGG (https://www.kegg.jp/) database and then cross-referenced with the Uniprot (https://www.uniprot.org/) and 

Mycobrowser (https://mycobrowser.epfl.ch/) databases for accurate Protein names and Pathways. The Essentiality of each mab gene was checked using the Data Set S1B (xls 

file) from Rifat et al.62: ES, essential gene; GA, causing growth advantage; GD, causing a growth defect. b Proteins previously identified using the APEX2 technology on 

M. abscessus culture in MSM-NL.58 *, proteins previously identified from competitive ABPP experiments on culture or total lysate of M. abscessus30-31 or M. tuberculosis32-

33,47 with the OX and CyC. †, proteins involved in lipid metabolism and identified as part of M. tuberculosis ILIome.8 #, genes predicted to encode enzymes necessary for the 

biochemical activation and β-oxidation of fatty acids that were up-regulated in both M. abscessus-infected amoebae and murine macrophages.59  

https://www.kegg.jp/
https://www.uniprot.org/
https://mycobrowser.epfl.ch/
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Figure Legends 

Scheme 1. General procedure for the synthesis of (A) HPOXyne and (B) HP-NBD-OX. 

 

Figure 1. OX & CyC inhibitors efficiently colocalize with ILI inside bacteria and partially block 

TAG accumulation. (A) Chemical structure of the fluorescent and click-ready OX & CyC activity-

based probes as well as their respective parent molecules. (B) Antibacterial activity of the three OX 

and CyC derivatives against the two variants of M. abscessus in broth medium, expressed as the 

minimal concentration leading to 50% (MIC50) or 90% (MIC90) of growth inhibition, as determined 

by the REMA assay (a Data from 30; b Data from 35). Values are mean of at least two independent 

assays performed in triplicate. IMP, imipenem; AMK, amikacin, used as control drugs. (C) The 

fluorescent HP-NBD-OX and CyC31‑Dansyl specifically colocalized with ILI on M. abscessus S in 

nitrogen-limiting medium. Following a 24 h-culture in MSM-NL to induce ILI accumulation, lipid 

rich mycobacteria were harvested, re-suspended in fresh MSM-NL in presence of HP-NBD-OX or 

CyC31-Dansyl fluorescent probe for additional 24 h before chemical fixation, neutral lipids staining 

with Nile Red fluorescent dye, and confocal fluorescence imaging. Fluorescence controls are given 

in Figure S2. The Coloc2 plugin of ImageJ/Fiji was used to assess the colocalization between NBD 

or Dansyl fluorescent tag (i.e., green channel) and Nile Red (i.e., red channel). Summary of the 

correlation coefficients are shown underneath.52-54 Micrographs are representative of 3 independent 

experiments with ten acquisitions per sample. (D) TAG accumulation is partially blocked by the click-

ready HPOXyne and CyC31yne (Ser/Cys)-based enzyme inhibitors. Following a 24 h-culture in MSM-

NL, lipid rich mycobacteria were harvested, re-suspended in fresh MSM-NL at OD600 of 20 and 

incubated with HPOXyne (500 μM final concentration), CyC31yne (200 μM final concentration) or 

DMSO for additional 24 h. Cells were collected and their lipids were extracted and analyzed by TLC, 

with triolein and oleic acid as standards for triacylglycerol (TAG) and free fatty acid (FFA), 

respectively. Each TLC plate is representative of three independent experiments. Results from 

densitometry are expressed as mean values ± SD of three biologically independent experiments, and 

reported as relative values using the TAG levels of M. abscessus WT in the MSM-NL as 100%. 

Statistical significance was assessed with one-way ANOVA followed by Tukey’s multiple 

comparisons post-hoc test using Prism 8.0 (GraphPad, Inc): ** p-value <0.01; *** p-value <0.001; 

ns, not significant (p-value >0.05).  

 

Figure 2. Click chemistry activity-based protein profiling in living M. abscessus in MSM-NL. 

(A) Click-chemistry activity-based protein profiling (CC-ABPP) typical workflow for the 

identification of proteins covalently bound to the HPOXyne or CyC31yne inhibitors. A 24 h or 48 h 
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growth phase culture of M. abscessus S was pre-treated with either HPOXyne or CyC31yne prior to cell 

lysis and subsequent click reaction with Azide-PEG3-Desthiobiotin reporter. Samples were treated 

with streptavidin-agarose beads for the capture and enrichment of labeled proteins, followed by 

tryptic digestion. Tandem mass spectrometry analyses and subsequent differential peptides analysis 

allowed the identification of the target enzymes captured by the two inhibitors. (B) Volcano plot of 

the differential proteomic analysis between MSM-NL and MSM captured enzymes by HPOXyne and 

showing the significance of two sample t-test (-Log(p-value)) versus fold-change (Log2(LFQ 

normalized intensity in NSN-NL vs. MSM condition)) on the y and x axes, respectively. The dashed 

lines indicate the threshold of p-value ≤ 0.05 and a fold-change ≥ 1.0. Purple dots represent proteins 

potentially involved in mycobacterial lipid metabolism. (C) Venn diagrams showing the total number 

of the most abundant proteins differentially captured by HPOXyne or CyC31yne, respectively, from a 

24 h or 48 h culture in MSM-NL; and the functional categories of M. abscessus proteins identified 

with the two probes, according to the functional classification system of the KEGG and Mycobrowser 

databases. The numbers correspond to the total number of identified proteins in each category. 

Proteins without functional annotation are denoted as uncharacterized proteins. (D) Venn diagrams 

showing the total number of proteins potentially involved in lipid metabolism that were differentially 

captured by HPOXyne or CyC31yne from a 24 h or 48 h culture in MSM-NL, and total merged captured 

enzymes from each probe (medium panel). (E) Venn diagram showing the total number of M. 

abscessus proteins potentially involved in lipid metabolism that were differentially captured from a 

24 h or 48 h culture in MSM-NL and their corresponding functional categories.  

 

Figure 3. MAB_1978c (FadD15) is essential for TAG production and subsequent accumulation 

in the form of ILI in M. abscessus. (A) TAG levels from M. abscessus cultures in MSM-NL. 

Cultures were collected after a 24 h or 48 h incubation period, lyophilized and equal weights of dry 

cells were used for apolar lipid extraction. TAG levels from M. abscessus WT, ΔfadD15, and its 

complemented strain ΔfadD15::C as well as the fadD15-sfGFP overexpressing strain were analyzed 

by TLC, with triolein and oleic acid as standards for TAG and FFA, respectively. Results from 

densitometry are expressed as mean values ± SD of three biologically independent experiments, and 

reported as relative values using the TAG levels of M. abscessus WT in the MSM-NL as 100%. 

Statistical significance was assessed with one-way ANOVA followed by Tukey’s multiple 

comparisons post-hoc test using Prism 8.0 (GraphPad, Inc): * p-value <0.05; **** p-value <0.0001; 

ns, not significant (p-value >0.05). (B) ILI accumulation is strongly altered in the ΔfadD15 mutant 

strain. Following a 48 h-culture in MSM or MSM-NL medium, mycobacteria were harvested, fixed 

with 4% paraformaldehyde, stained for neutral lipids with Nile Red fluorescent dye, and processed 

for confocal fluorescence imaging. Micrographs are representative of two biologically independent 
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experiments. Quantitative analysis of the Nile Red fluorescence signal per bacterium is shown as a 

violin plot and expressed as mean pixel intensity arbitrary units (a.u.). The p-values were calculated 

by using a two-tailed t-statistic test with Prism 8.0 (Graphpad, Inc): **** p-value <0.0001; *** p-

value <0.001. (C) The FadD15-sfGFP protein specifically colocalizes with ILI in M. abscessus. 

Following a 48 h-culture in MSM-NL to induce ILI accumulation, lipid-rich mycobacteria were 

harvested, chemically fixed, stained with Nile Red fluorescent dye, and processed for confocal 

fluorescence imaging. Fluorescence controls are given in Figures S6-S7. Sub-panel (a): large field 

image representative of the dataset acquired. Sub-panel (b): zoom on a single bacterium to 

demonstrate sfGFP fluorescent colocalization with ILI when cultured in MSM-NL. Sub-panel (c): 

plot of the fluorescence intensity of the sfGFP channel and the Nile Red channel as a function of the 

distance of each pixel from the yellow line depicted in sub-panel (b), showing that both channels 

have the same superimposed fluorescence optimum, supporting colocalization. Sub-panel (d): The 

Coloc2 plugin of ImageJ/Fiji was used to quantify the colocalization between sfGFP fluorescent tag 

(i.e., green channel) and the Nile Red (i.e., red channel). Summary of the correlation coefficients are 

shown underneath.52-54 Micrographs are representative of three biologically independent experiments 

with ten acquisitions per sample. 

 

Figure 4. Schematic diagram of the biosynthetic pathways involved in TAG accumulation in 

the form of ILI in in M. abscessus. This pathway provides a brief overview of the main findings and 

illustrates the involvement of proteins belonging to the lipid metabolism’s functional category in TAG 

formations and storage as ILI following M. abscessus growth in MSM-NL. 
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