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ABSTRACT 26 

Within tuberculous granulomas, a sub-population of Mycobacterium tuberculosis 27 

resides inside foamy macrophages (FM) that contain abundant cytoplasmic lipid 28 

bodies (LB) filled with triacylglycerol (TAG). Upon fusion of LB with M. tuberculosis-29 

containing phagosomes, TAG is hydrolyzed and reprocessed by the bacteria into their 30 

own lipids, which accumulate as intracytosolic lipid inclusions (ILI). This phenomenon 31 

is driven by many mycobacterial lipases, among which LipY participates in the 32 

hydrolysis of host and bacterial TAG. However, the functional contribution of LipY’s PE 33 

domain in TAG hydrolysis remains unclear. Herein, enzymatic studies were performed 34 

to compare the lipolytic activity of recombinant LipY and its truncated variant lacking 35 

the N-terminal PE domain, LipY(∆PE). Complementarily, an FM model was used 36 

where BMDM were infected with M. bovis BCG strains either overexpressing LipY or 37 

LipY(ΔPE) or carrying a lipY-deletion mutation prior to being exposed to TAG-rich 38 

VLDL. Results indicate that truncation of the PE domain correlates with increased TAG 39 

hydrolase activity. Quantitative electron microscopy analyses showed that (i) in the 40 

presence of lipase inhibitors, large ILI were not formed either because of an absence 41 

of LB due to inhibition of VLDL-TAG hydrolysis or inhibition of LB-neutral lipid 42 

hydrolysis by mycobacterial lipases; (ii) large ILI+3 in the strain overexpressing 43 

LipY(ΔPE) were reduced and, (iii) the number of ILI+3 profiles in the ΔlipY mutant was 44 

reduced by 50%. Overall, these results delineate the role of LipY and its PE domain in 45 

host and mycobacterial lipid consumption and show that additional mycobacterial 46 

lipases take part in these processes. 47 

  48 
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INTRODUCTION 49 

With more than 10 million new cases and 1.7 million deaths in 2016, tuberculosis 50 

(TB), caused by Mycobacterium tuberculosis, remains one of the most devastating 51 

diseases worldwide (1). This serious illness is not fully treatable with current medication. 52 

Prognosis of the disease depends on the host’s ability to contain the bacilli at the site of 53 

infection within granulomas. Tuberculous granulomas are complex and dynamic 54 

immunological structures, which generate a wide range of microenvironments (2, 3) that 55 

are assumed to drastically affect the tubercle bacilli physiological properties (3, 4). Inside 56 

the high diversity of TB pulmonary lesions found during active disease or latent infection, 57 

a distinct bacterial sub-population appears associated with a specific cell type consisting 58 

of foamy macrophages (FM) characterized by the presence of numerous triacylglycerol 59 

(TAG)-filled lipid bodies (LB) in their cytosol (2, 5, 6). To date, the exact role of FM in TB 60 

pathogenesis remains elusive, however these specialized lipid-rich cells have been 61 

described in both experimentally-infected animals and patients suggesting that they might 62 

play an essential role in granuloma formation and maturation processes. Several 63 

independent studies have demonstrated that pathogenic mycobacteria during in-vitro FM 64 

infection, are able to survive in a slow or non-replicating state (5, 7). These experimental 65 

observations prompted the authors to propose that FM may also promote M. tb 66 

intracellular survival for extensive periods in vivo, although this remains to be 67 

demonstrated. A better understanding of how mycobacteria interact with and persist 68 

within FM is important to decipher this complex host-pathogen crosstalk that may sustain 69 

latent TB and, eventually, to identify new pharmacological approaches to control both 70 

active and latent TB. It is well-known that storage of large amounts of neutral lipids in the 71 

form of intracytosolic lipid inclusions (ILI) is one of the main characteristics of persistent 72 

mycobacteria (8). ILI are mainly composed of triacylglycerols (TAG) resynthesized by 73 
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mycobacterial TAG synthases from free fatty acids coming from the hydrolysis of host 74 

TAG (9-12). Host lipid transfer to the phagosomal lumen occurs via mycobacterium-75 

induced fusion between LB and phagosomes (7). Lipids within ILI seem to serve as a 76 

source of carbon and energy prior to reactivation of dormant bacilli (11, 13). 77 

Although the origin of the ILI-containing lipids has become the focus of intense 78 

research (5, 10, 11, 14, 15), the catalytic steps involved in the formation of mycobacterial 79 

ILI are not completely understood (16, 17). It is obvious, however, that hydrolysis of host 80 

TAG released into the phagosome involves specific mycobacterial lipolytic enzymes, 81 

either secreted by the bacilli into the phagosomal lumen or associated with the outermost 82 

layer of the mycobacterial cell wall (16, 18-20) whereas lipolytic enzymes involved in 83 

hydrolysis of ILI-contained TAG must be located in the mycobacterial cytosol (11, 21, 22). 84 

Among the many mycobacterial lipases found in M. tuberculosis, LipY (Rv3097c) appears 85 

as a major player in the degradation of TAG within ILI under in vitro growth conditions 86 

mimicking dormancy (11, 21, 22). LipY belongs to the hormone-sensitive lipase family 87 

and displays an N-terminal PE domain that is specific to pathogenic mycobacterial 88 

species (21-23). Relevant studies demonstrated that PE proteins are exported to the cell 89 

wall via the type VII secretion system ESX-5 after recognition of the specific amino-acid 90 

sequence YxxxD/E contained in the N-terminal PE domain (18, 24-26). Among the 91 

enzymes of the PE family, only two members, PE-PGRS11 (or Rv0754), a functional 92 

phosphoglycerate mutase (27) and LipY, have been biochemically characterized. LipY 93 

was proposed to be a major contributor to the breakdown of stored TAG (21, 22). In 94 

addition, a recombinant Mycobacterium smegmatis strain overexpressing the full-length 95 

LipY, exhibited a reduced TAG hydrolytic activity as compared to a LipY variant shortened 96 

by its N-terminal PE domain, LipY(ΔPE), suggesting that the PE domain may negatively 97 

modulate the activity of LipY (22, 28).  98 
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In the present study, the experimental model system of VLDL-driven FM (7) was 99 

used to delineate the physiological role of the PE domain of LipY in the hydrolysis of both 100 

host-derived TAG and mycobacterial TAG within ILI. Reasons for choosing this model 101 

system have been described in detail elsewhere (7, 12, 14, 29). After internalization of 102 

VLDL by receptor-mediated endocytosis, the neutral lipids of this lipoprotein will undergo 103 

hydrolysis in lysosomes. This will provide fatty acids for the subsequent biosynthesis of 104 

neutral lipids, including TAG, between the two leaflets of the endoplasmic reticulum, 105 

where LB, consisting of a phospholipid monolayer encapsulating neutral lipids, bud of. 106 

This model system generates defined conditions for inducing the formation or removal of 107 

LB, which triggers ILI formation or consumption, and helps delineating the role of host cell 108 

or mycobacterial lipases in these processes.  109 

We first show that addition of lipase inhibitors, during exposure of infected cells to 110 

VLDL, inhibits the accumulation of lipids in the form of ILI by affecting either the 111 

macrophage lysosomal TAG hydrolase and, hence, LB formation, or mycobacterial 112 

lipases involved in the hydrolysis of host TAG delivered to phagosomes. Next, we 113 

demonstrate the modulatory role of its N-terminal PE domain on LipY function by, as a 114 

first approach, comparing the catalytic activity of purified LipY and LipY(ΔPE) variants 115 

using a range of lipids with various chain lengths. As a second approach, we used 116 

quantitative electron microscopy (EM) methods to examine differences in mycobacterial 117 

ILI formation in bone marrow-derived mouse macrophages (BMDM) exposed to VLDL to 118 

become foamy after they were infected with M. bovis BCG strains overexpressing 119 

different LipY variants or in which the lipY gene was deleted. This study indicates that 120 

other lipases, in addition to LipY, are likely to be involved in ILI formation. Removal of 121 

VLDL normally leads to the loss of TAG-containing ILI (7). When lipase inhibitors were 122 
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added after exposure to VLDL no loss of ILI occurred, a result that emphasizes the 123 

participation of several lipolytic enzymes in the hydrolysis of bacterial cytosolic TAG.  124 

  125 
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MATERIALS AND METHODS  126 

Reagents. DMEM and glutaraldehyde grade I (EM grade) were purchased from Sigma 127 

(St Louis, MO, USA), FBS was from Biowest (Nuaillé, France), PBS was from GIBCO 128 

(distributed by Invitrogen, Villebon sur Yvette, France), commercial Very Low Density 129 

Lipoprotein (VLDL) was from Calbiochem-Merck (Darmstadt, Germany), osmium 130 

tetroxide and Spurr resin were from Electron Microscopy Sciences (distributed by 131 

Euromedex, Mundolsheim, France). All bacterial culture media were purchased from Life 132 

technologies (USA).  133 

 134 

Bacterial strains and growth conditions. Escherichia coli DH10B cells (Invitrogen) 135 

used in cloning experiments were grown at 37°C in Luria Bertani (LB) broth (Invitrogen) 136 

or on LB agar plates. Culture media were supplemented with 200 µg/mL hygromycin B. 137 

The M. smegmatis mc2155 groEL1ΔC strain (30) used for expression experiments was 138 

routinely grown at 37°C with shaking (220 rpm) in Middlebrook 7H9 medium (Difco) 139 

supplemented with 0.05% Tween 80 (v/v), 0.2% glycerol (v/v), 0.5% bovine serum 140 

albumin (BSA) (w/v) and 0.2% glucose (w/v) or on Middlebrook 7H11 (Difco) agar plates. 141 

The M. bovis BCG Pasteur 1173P2 strain used for overexpression experiments was 142 

grown at 37°C with shaking (160 rpm) in Middlebrook 7H9 medium supplemented with 143 

0.05% Tween 80 (v/v), 0.2% glycerol (v/v) and 10% Albumin Dextrose Catalase (v/v) 144 

(ADC). Preparation of M. smegmatis and M. bovis BCG electrocompetent cells and 145 

electroporation procedures were performed as described previously (31). Transformants 146 

were selected on Middlebrook 7H11 agar supplemented with 10% ADC and either 147 

50 µg/mL hygromycin or 50 µg/mL kanamycin. Plates were incubated at 37°C for 3-5 148 

days for M. smegmatis and for three weeks for M. bovis BCG.  149 

 150 
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Complementation of M. bovis BCG ΔlipY strain. A M. bovis BCG mutant lacking the 151 

lipY gene (ΔlipY) was grown in the presence of 50 µg/mL hygromycin (32). 152 

Complemention was performed by introducing pMV261::lipY (22) prior to selection on 153 

7H11 Middlebrook agar medium supplemented with 10% ADC and kanamycin. Presence 154 

of the plasmid was checked by PCR and expression of LipY confirmed by immunoblotting. 155 

Briefly, bacterial lysates from the WT, ΔlipY and complemented strain (ΔlipY::Comp) were 156 

normalized for total protein content, electrophoretically separated on a 12% SDS-PAGE 157 

gel and transferred onto a nitrocellulose membrane using a Trans-Blot Turbo Transfer 158 

System (Bio-Rad). Membranes were then saturated with 1% bovine serum albumin (BSA) 159 

in PBS, 0.1% Tween 20 and probed for 1 hour with mouse antiserum raised against LipY 160 

at a 1/2,500 dilution. After extensive washing, the membrane was incubated with 161 

horseradish peroxidase-conjugated IgG anti-mouse antibodies (Sigma-Aldrich). The 162 

GroEL2 protein was used as protein loading control and was revealed using the 163 

HisProbeTM HRP conjugate (Thermo-Scientific) which recognizes the natural poly-164 

Histidine sequence present in its C-terminal domain (33, 34). Detection was achieved 165 

using the PierceTM ECL Western Blotting substrate solution (Thermo-Scientific) and 166 

visualized using the ChemiDocTM MP Imaging System (Bio-Rad). 167 

 168 

Cloning, expression and purification of LipY and LipY(ΔPE). The lipY and lipY(ΔPE) 169 

genes were amplified by PCR using M. tuberculosis H37Rv genomic DNA and cloned 170 

into pSD26 under the control of the acetamide inducible promoter and carrying a 171 

hygromycin resistance cassette (35) or into pMV261 (36) downstream of the hsp60 172 

promoter and containing a kanamycin resistance cassette, as reported previously (22). 173 

DNA sequence analysis of each insert was performed by GATC Biotech (Germany).  174 
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Expression and purification of recombinant LipY or LipY(ΔPE) were performed as 175 

previously reported (37) with some minor modifications. Briefly, M. smegmatis mc2155 176 

groEL1ΔC strains carrying pSD26-lipY and pSD26-lipY(ΔPE), were used to inoculate 10 177 

mL of 7H9 medium containing 50 μg/mL hygromycin. After three days of incubation at 178 

37°C with shaking, 10 mL of the preparation were used to inoculate 400 mL of culture 179 

medium for a large-scale production. Cultures were grown at 37°C with shaking (220 rpm) 180 

until an OD600nm value between 2.5 and 3 was reached. Expression of recombinant 181 

proteins was induced by adding acetamide to a final concentration of 0.2% (w/v) for 16 h. 182 

Bacteria were harvested, resuspended in ice-cold buffer A (10 mM Tris/HCl pH 8.0, 183 

150 mM NaCl) (30 mL) containing 1% N-lauroylsarcosine and lysed using a French Press 184 

set 1100 psi. After centrifugation, the supernatant (S1) was recovered while the resulting 185 

pellet was resuspended in buffer A (30 mL) and sonicated twice for 30 s with 30 s breaks 186 

between each cycle and stirred overnight at 4°C. After centrifugation, the new 187 

supernatant (S2) was pooled with S1 supernatant and the mixture was loaded onto a Ni2+-188 

NTA resin equilibrated with buffer A. The column was subsequently washed with buffer A 189 

without detergent prior to elution with increasing concentrations of imidazole. The eluted 190 

fractions were analysed by performing 12% SDS-PAGE as described previously (38). 191 

Fractions containing pure proteins were pooled, dialysed overnight against buffer A and 192 

concentrated by ultrafiltration to a final concentration of 0.6 mg/mL and stored at -80°C. 193 

Theoretical physical properties (molecular mass, extinction coefficient at 280 nm and 194 

isoelectric point) of both proteins containing the His6-tag at the C-Terminal position were 195 

obtained from the ProtParam tool (http://ca.expasy.org/tools/protparam.html). 196 

 197 

Enzyme activity measurements using the pH-stat technique. Enzymatic hydrolysis of 198 

emulsions of mono-, di- and triacylglycerol namely monobutyrin (MC4), monolein (MC18), 199 
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diolein (DC18), tributyrin (TC4) and trioctanoin (TC8) were monitored titrimetrically for at 200 

least 5 min at 37°C using a pH-stat (Metrohm 718 STAT Titrino; Metrohm Ltd., Herisau, 201 

Switzerland). Assays were performed in 2.5 mM Tris-HCl buffer (pH 7.5) containing 300 202 

mM NaCl and 3 mM NaTDC (23, 39). Free fatty acids released were automatically titrated 203 

with 0.1 M NaOH to maintain a fixed end-point pH value of 7.5. The specific activity of 204 

both enzymes was expressed in units per mg of pure enzyme. One unit corresponds to 205 

the release of 1 µmole of fatty acid per minute. 206 

 207 

Lipase activity assays on TAG from Pomegranate oil. Corning UV 96-well microplates 208 

were coated as recently described (40) using TAG from Pomegranate oil, containing up 209 

to 80% punicic acid (C18:3) equally present at the 3 positions of the glycerol backbone. 210 

The lipase activity was measured at 37°C in 10 mM Tris-HCl buffer (pH 7.5) containing 211 

150 mM NaCl, 6 mM CaCl2, 1 mM EDTA, 0.001% (w/v) 3,5-di-tert-4-butylhydroxytoluene 212 

(BHT) and 3 mg/mL β-Cyclodextrine (β-CD). The formation of the β-CD/free punicic acid 213 

complex was continuously monitored at 275 nm for 60 min. 214 

 215 

In silico Protein Modeling. Three-dimensional structural models of LipY and LipY(ΔPE) 216 

proteins were generated with the automatic protein structure homology modeling server 217 

using the I-Tasser software program (41, 42). The alignment of the LipY and LipYΔPE 218 

sequences were performed using Multalin multiple sequence alignment (43) and the 219 

result was displayed with ESPript (44). The structural overlay and figures were drawn 220 

using the PyMOL Molecular Graphics System (version 1.8.6.0, Schrödinger, LLC). 221 

 222 

Infection of bone marrow-derived mouse macrophages (BMDM) with recombinant 223 

M. bovis BCG strains. Bone marrow cells were isolated from the femurs of 6- to 8-week-224 
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old C57BL/6 female mice and seeded onto tissue culture dishes (Falcon; Becton 225 

Dickinson Labware, Meylan, France) 35 mm in diameter (4x105 cells per dish). The 226 

culture medium was DMEM with high glucose (1 g liter-1) and high carbonate (3.7 g liter-227 

1) concentrations supplemented with 10% heat-inactivated FBS, 10% L-cell conditioned 228 

medium (a source of colony-stimulating factor 1, CSF-1), and 2 mM L-glutamine. Five 229 

days after seeding, the adherent cells were washed twice with DMEM and refed with 230 

complete medium. Medium was then renewed on day 6. No antibiotics were added. On 231 

day 7, the cells were infected for 4 h at 37°C with wild type or different recombinant M. 232 

bovis BCG strains at a multiplicity of infection (MOI) of 5 for EM studies, washed in 4 233 

changes of ice-cold PBS to eliminate non-ingested bacteria, and further incubated in 234 

complete medium devoid of antibiotics. For long-term cultures, the medium was changed 235 

twice a week. 236 

 237 

Treatment with VLDL and chase after treatment. After active replication of M. bovis 238 

BCG for 6 days, infected macrophages were exposed to Very Low Density Lipoprotein 239 

(VLDL), for 24 h. The volume of VLDL was adjusted so as to expose cells (1 x 106 per 240 

dish) to 180 µg TAG per mL of medium. In some instances, infected cells were exposed 241 

to VLDL simultaneously with either tetrahydrolipstatin (THL also named Orlistat, 60 µg/mL 242 

in ethanol) or MmPPOX (15 µg/mL in ethanol) for 24 h (23). Cells were also exposed to 243 

VLDL for 24 h, washed and incubated in a VLDL-free fresh medium with or without THL 244 

or MmPPOX for 24 h. 245 

 246 

Processing for conventional electron microscopy (EM). Cells were fixed for 1 h at 247 

room temperature with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) 248 

containing 0.1 M sucrose, 5 mM CaCl2, and 5 mM MgCl2, washed with complete 249 
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cacodylate buffer, and post-fixed for 1 h at room temperature with 1% osmium tetroxide 250 

in the same buffer devoid of sucrose. They were washed with buffer, scraped off the 251 

dishes, concentrated in 2% agar in cacodylate buffer, and treated for 1 h at room 252 

temperature with 1% uranyl acetate in 30% methanol. Samples were dehydrated in a 253 

graded series of ethanol solutions and embedded in Spurr resin. Thin sections (70 nm 254 

thick) were stained with 1% uranyl acetate in distilled water and then with lead citrate.  255 

 256 

Quantification and statistical analysis. At the time points indicated in the figures, 150 257 

to 300 intraphagosomal mycobacteria per sample were examined under an EM to score 258 

the percentage of each category of M. bovis BCG ILI profiles. The cells were examined 259 

at random, and care was taken to avoid serial sections. Histograms represent the mean 260 

± standard deviation of at least three independent counts. Statistical analyses were 261 

performed using GraphPad Prism 4.03 and differences were considered statistically 262 

significant when P-values were ≤ 0.05 using two tailed Student’s t-tests. 263 

  264 
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RESULTS 265 

ILI formation depends on lipid processing by macrophage and mycobacterial 266 

lipases. Previously, we have shown the dependence of ILI formation on the presence of 267 

LB in the host, confirmed the finding that host TAG provided the bulk of lipid for ILI 268 

formation and demonstrated that VLDL-derived TAG must first be processed by host 269 

lysosomal lipases (7). The requirement of host lipases for the release of fatty acids had 270 

been tested by exposing M. avium-infected macrophages for 24 h to VLDL in the 271 

presence of the anti-obesity drug, tetrahydrolipstatin (THL or Orlistat®). THL inhibits 272 

human digestive lipases within the gastro-intestinal tract (45) as well as a variety of other 273 

serine-hydrolases (46, 47), including mycobacterial LipY, a major enzyme responsible for 274 

hydrolysis of ILI-contained TAG (21). 275 

In the present work, we applied the above procedure to cells infected with wild- 276 

type M. bovis BCG. As described in our previous study (7), endocytosis of VLDL and 277 

transfer to lysosomes was not affected by THL but TAG and derivatives in VLDL were not 278 

degraded as usual. These lipids were easily recognized by their electron-transparency 279 

and were seen to fill the entire lumen of most lysosomes, leaving only small spaces with 280 

the usual electron-dense lysosomal contents (Fig. 1A). This was not observed when 281 

infected cells were exposed to VLDL only, in which case lysosomes keep their normal 282 

electron-dense appearance (Fig. 1B). In the presence of THL, very few, if any, LB were 283 

observed with an average value of approximately 0.32 LB per cell (Supplemental Material, 284 

Fig. S1). As expected, with this extremely low level of LB (approximately 23 times less 285 

than the untreated cells), mycobacterial profiles with large ILI filling most of the 286 

mycobacterial cytoplasm (defined as ILI+3 in (7)) were infrequent (Fig. 1C) as opposed to 287 

when LB were formed in the presence of VLDL only (Fig 1D). A quantitative evaluation 288 

(Fig. 1G) showed that the amount of ILI+3 and ILI+2 profiles remained low, less than 1% 289 
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and 23% ±1.1, respectively, in presence of THL vs 25% ± 7.4 and 45% ± 2, respectively, 290 

in the absence of this lipase inhibitor. Consequently, the amount of ILI(+1/-) profiles was 291 

2.5 fold higher in presence of THL (with: 78% ± 9.6; without: 31% ± 0.5). 292 

These results suggest that mycobacterial lipases were unable to process TAG in 293 

the VLDL core directly and that VLDL-derived TAG first had to be processed by lysosomal 294 

lipases in order to hydrolyze TAG into diacylglycerides (DAG) and monoacylglycerides 295 

(MAG) and FFA for subsequent re-processing into TAG and accumulation in LB. Because 296 

no LB were formed, it was not possible to gain information on the role of mycobacterial 297 

lipases on host TAG hydrolysis. However, THL has also been reported as a non-specific 298 

inhibitor of a wide range of serine-hydrolases from both mammals and bacterial species 299 

(13, 19, 48, 49) and, therefore one cannot exclude that mycobacterial enzymes are also 300 

inhibited by THL, thereby impacting ILI formation.  301 

We then resorted to the oxadiazolone inhibitor, MmPPOX, known to inhibit a 302 

variety of mycobacterial serine-hydrolases including those of the hormone-sensitive 303 

lipase (HSL) family (50), and more specifically LipY (18, 23). After exposure of M. bovis 304 

BCG-infected cells to VLDL in the presence of MmPPOX, host lysosomes were not 305 

affected in the same way as during THL treatment. Here, most lysosomes retained their 306 

usual electron-dense appearance. Less than 25% of the lysosomes contained small lipid 307 

droplets (Fig. 1E) and only 10% were filled with TAG and derivatives as in the case of 308 

macrophages exposed to VLDL with THL. Notably, with MmPPOX the relative number of 309 

LB per cell was 6 to 7 times higher than with a THL treatment (Supplemental Material, 310 

Fig. S1), with an average value of 2.1 LB per cell (thus leading to a 3.5-fold reduction in 311 

LB content, in comparison with an untreated sample). These data suggest that host 312 

lysosomal lipases were poorly affected by MmPPOX. As a result, VLDL-derived TAG 313 
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could be broken down into di- and mono-glycerides and fatty acids for re-processing into 314 

TAG and accumulation in LB.  315 

Strikingly, during MmPPOX treatment mycobacterial profiles with large ILI were 316 

not observed as demonstrated (Fig. 1F). A quantitative evaluation of mycobacterial 317 

profiles containing the different categories of ILI showed that those with large (ILI+3) and 318 

medium-sized (ILI+2) ILI reached less than 5% and 20%, respectively, of the amount 319 

generated by cell exposure to VLDL in absence of MmPPOX (Fig. 1G). These data 320 

suggest that the cell-surface exposed mycobacterial lipases involved in hydrolysis of host 321 

TAG delivered to wild-type M. bovis BCG-containing phagosomes are involved in ILI 322 

formation and that MmPPOX appears to inhibit the mycobacterial lipases more efficiently 323 

than THL. By comparing the LB/ILI relative ratio from the two treated samples, a clear 324 

difference in the effects of the two inhibitors was observed where LB/ILI+3 and LB/ILI+2 325 

ratios were 9.8 and 12.4 times higher, respectively, in MmPPOX than in THL treated 326 

samples (Supplemental Material, Fig. S1).  327 

Altogether, these data further support that in our system, VLDL has to be 328 

processed by host lipases in order to newly synthesize host LB, and that these neutral 329 

lipid-rich organelles have to be delivered within mycobacteria-containing phagosomes for 330 

subsequent hydrolysis into free fatty acids, which will allow ILI formation. However, these 331 

experiments do not allow to identify specific mycobacterial lipase(s) involved in this 332 

process, although the LipY form associated with the mycobacterial surface remains the 333 

most likely candidate.  334 

 335 

Biochemical characterization of rLipY and rLipY(ΔPE). The LipY hydrolase from 336 

M. tuberculosis has a dual location, firstly in the mycobacterial cytosol where it has direct 337 

access to ILI for subsequent lipid hydrolysis (21, 22) and, second, at the mycobacterial 338 
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cell surface in a truncated/mature form following removal of its N-terminal PE domain (18, 339 

21, 22, 51). This dual localization has been explained by Daleke et al. (18) who 340 

demonstrated that the PE domain of LipY is essential for secretion by ESX-5 (18, 25, 26). 341 

It is not known, however, whether this secretion also requires additional partners such as 342 

PPE proteins, which are known to form pairs with PE proteins. Mishra et al. proposed that 343 

the PE domain not only plays a role in the recognition by ESX-5 for secretion of LipY but 344 

also contributes to the enzymatic activity of the protein (22). Overexpression of 345 

LipY(ΔPE), a LipY version lacking its N-terminal PE domain, in M. smegmatis was 346 

associated with increased activity as compared to the strain overexpressing the full-length 347 

protein (22). Nevertheless, whether lack of the PE domain directly affects LipY activity or 348 

whether the increased activity of LipY(ΔPE) results from an indirect effect, presumably 349 

due to the absence of a possible partner, remains unknown. To address this issue, we 350 

compared the enzymatic activity of purified LipY and LipY(ΔPE) recombinant proteins. 351 

Because the E. coli expression system failed to express large amounts of LipY in an 352 

active form, we opted for M. smegmatis mc2155 groEL1ΔC as a surrogate host which 353 

allowed producing around 30 mg of pure and active recombinant LipY from a 400 mL 354 

culture volume (Fig. 2A). Regarding rLipY(ΔPE), 9 mg of pure (Fig. 2A) and active 355 

enzyme were obtained from equivalent cultures, thus indicating that the PE domain is not 356 

needed for proper folding of the protein. This was confirmed by further biochemical 357 

analyses and circular dichroism spectra determination of both recombinant enzymes 358 

(data not shown). The lower rLipY(ΔPE) yield could rely on the absence of the PE domain 359 

that exposes the lipid binding site of LipY, promoting a higher degree of interactions 360 

between molecules and excessive protein aggregation. 361 

The specific activity of rLipY and rLipY(ΔPE) was determined using a range of lipid 362 

substrates differing in their chain lengths and by combining titrimetric and 363 
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spectrophotometric techniques. Regardless of the lipid substrates used, rLipY(ΔPE) 364 

exhibited higher specific activities (1.2 to 2.5 times depending on the substrate) than rLipY 365 

(Table 1). Both proteins were preferentially active on short-chain emulsified MAG and 366 

TAG, i.e., monobutyrin (61.0 ± 2.0 and 92.0 ± 5.0 U/mg, respectively) and tributyrin (129.0 367 

± 6.0 and 267.0 ± 24.0 U/mg, respectively) and displayed the same chain length 368 

specificity since their respective specific activities decreased gradually as the substrate 369 

chain length increased (Table 1). These results unambiguously show that the lipase 370 

activity of LipY is significantly enhanced in the absence of its PE domain, consistent with 371 

previous findings (22). Moreover, LipY has a nonspecific lipase activity able to hydrolyse 372 

DAG and MAG as well as TAG. Therefore, LipY has the potential to degrade total host 373 

TAG converting them into glycerol and free fatty acids, products that can subsequently 374 

be directly absorbed by the bacteria.  375 

The N-terminus contains 4 α-helices (α1 to α4), all lacking in LipY(ΔPE) (Fig. 2B). 376 

Molecular modelling was performed allowing us to propose the overall structures of both 377 

the full-length and the truncated LipY proteins (Fig. 2C) and to address whether these 378 

secondary structures may alter either the optimal recognition and/or binding of the 379 

substrates to LipY. The α1-α4 helices of the PE domain are connected to a linker unit 380 

composed of three helices (α5-α7), presumably providing a high degree of flexibility to 381 

the PE and core (C-terminal) domains. The latter, comprising the active site of LipY 382 

belongs to the α/β hydrolase fold family and is composed of a central β-sheet (β1-β8 383 

strands) surrounded by nine α-helices. Similar to most lipases, the catalytic serine 384 

(Ser309) is located in a nucleophile elbow between the β5 strand and the α13 helix. The 385 

presence of the PE domain (Fig. 2C) clearly reduces the accessibility of the active site to 386 

the substrate. Removal of the PE domain allows the linker portion (green) to move to the 387 

side of the catalytic domain, thus opening access to the active site. This large opening 388 
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presumably allows a better accommodation of the lipid substrates into the active site, 389 

thereby contributing to the increased enzymatic activity of LipY(ΔPE).  390 

 391 

Distribution of ILI profiles in M. bovis BCG strains over-expressing various LipY 392 

variants in VLDL-driven FM. To investigate the functional contribution of the PE domain 393 

of LipY in host TAG hydrolysis and consequently ILI formation, macrophages were 394 

infected with various M. bovis BCG strains for 6 days, before being exposed to VLDL for 395 

24 h to induce FM formation (7). The strains used in this experiment were the wild-type 396 

BCG strain (WT), which is characterized by the native expression of LipY and was used 397 

as reference, and three other recombinant BCG strains harboring distinct pMV261-398 

derived constructs, leading to the overproduction of either LipY, LipY(∆PE) or LipY(∆PE) 399 

in which Ser309 was replaced by an Ala residue (LipY(∆PE)S309A) yielding a catalytically-400 

inactive protein (22). Cells were then fixed and processed for EM and profiles of 401 

intracellular mycobacteria were examined for the presence and extent of ILI formation in 402 

both VLDL-treated and untreated macrophages. As before (7), intracellular mycobacteria 403 

were divided into 4 categories according to their ILI size (Figs. 3, A-D). ILI- profiles with 404 

no ILI (Fig. 3A), ILI+1 for profiles displaying a few small ILI 0.1 µm in width at most (Fig. 405 

3B), ILI+2 for profiles displaying several ILI approximately 0.2 to 0.3 µm in width (Fig. 3C), 406 

and ILI+3 for profiles displaying several ILI approximately 0.4 to 0.5 µm in width and 407 

occupying most of the mycobacterial cytoplasm (Fig. 3D). The relative abundance of each 408 

type of ILI profile was scored on approximately 200 different mycobacterial profiles per 409 

sample (Fig. 3E). As expected, in the absence of exposure to VLDL, 95% of the M. bovis 410 

BCG profiles were ILI(+1/-), regardless of the strain (data not shown). In contrast, after a 24 411 

h exposure to VLDL, ILI+2 and ILI+3 were predominantly present among the different M. 412 

bovis BCG strains (Fig. 3E) as already found with M. avium (7). Further examination of 413 
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the quantitative data showed that both the WT and the LipY-overexpressing strain 414 

displayed similar amounts of ILI profiles of each category with ILI+3: 27% ± 4.8 and 25% 415 

± 4.1; ILI+2: 43% ± 3 and 40% ± 4.1; ILI(+1/-): 29% ± 3.9 and 35% ± 6.8, respectively. 416 

Likewise, and as expected, the relative abundance of the 4 types of ILI profiles in the 417 

strain over-expressing the catalytically-inactive form LipY(∆PE)S309A was similar to the 418 

ones scored in the WT strain and the strain overexpressing LipY (Fig. 3E). In sharp 419 

contrast with these strains, overexpression of LipY(∆PE) resulted in a substantial drop in 420 

the percentage of ILI+3 (15% ± 4.4 vs. 27% ± 4.8) and a concomitant increase in ILI(+1/-) 421 

profiles (50% ± 7.5 vs. 29% ± 3.9), as compared to the WT strain. Determination of the 422 

ILI3+/ILI+1/- ratio profiles showed that overexpression of LipY(∆PE) triggers important 423 

changes in the intracellular pool of ILI in comparison with the full-length LipY or the 424 

inactive form LipY(∆PE)S309A (Fig. 3E). These data are fully consistent with the increased 425 

in vitro activity of rLipY(∆PE) over rLipY (Table 1). 426 

 427 

Additional mycobacterial lipases contribute to host TAG hydrolysis and ILI 428 

formation. Despite the primary role of LipY in host lipid hydrolysis, it is very likely that 429 

additional mycobacterial lipases participate in this process, a hypothesis emphasized by 430 

the fact that the genome of M. tuberculosis encodes for at least 24 putative lipases (19, 431 

20, 23, 32, 52). To test this hypothesis, macrophages were infected with a lipY-deleted 432 

M. bovis BCG mutant before being exposed to VLDL for 24 h. The cells were then fixed 433 

and processed for EM and profiles of intracellular mycobacteria were examined for the 434 

presence and extent of ILI formation in both the WT and mutant strains. The profiles of 435 

the mutant clearly displayed smaller ILI than those of the WT strain (Fig. 4A vs 4C). The 436 

relative abundance of each category of ILI was then scored on approximately 150 437 

different mycobacterial profiles per sample (Fig. 4E). Although all categories of ILI were 438 
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found in the profiles of the lipY mutant, the percentage of ILI+3 profiles was reduced by 439 

approximately 50% (16% ± 5.8 vs. 35% ± 2.9) with a concomitant increase in the 440 

percentage of ILI+1/- (46% ± 10.9 vs. 27% ± 5.5 ) with respect to the WT strain. Functional 441 

complementation of the ∆lipY mutant was performed with pMV261::lipY, which allows 442 

constitutive expression of the full-length lipY leading to the strain ΔlipY::Comp. Production 443 

of the protein was confirmed by immunoblotting using polyclonal antibody directed 444 

against the M. tuberculosis LipY protein (Fig. 4D). As mentioned earlier (18, 22), LipY is 445 

not produced by wild-type M. bovis BCG in vitro under standard growth conditions 446 

explaining the lack of a reactive band in the corresponding crude lysate. In contrast, a 447 

specific immunoreactive band was detected in ΔlipY::Comp, indicating that LipY is 448 

constitutively produced in this strain. Thus, ΔlipY::Comp was used to infect macrophages 449 

for six days, before being exposed to VLDL for 24 h. Analysis of the ILI profile indicates 450 

that complementation restores the WT phenotype, characterized by 39% ± 5.3 and 23% 451 

± 4.2 for ILI3+ and ILI+1/-, respectively (Fig. 4B and 4E). Likewise, the ILI3+/ILI+1/- ratio was 452 

severely impacted in ΔlipY and was restored upon functional complementation of the 453 

mutant, clearly confirming the impact of the lipY deletion on intrabacterial lipid 454 

accumulation (Fig 4F).  455 

Taken collectively, these results reveal the major contribution of LipY in the 456 

breakdown of host-derived TAG within the phagosomal lumen and highlight the role of 457 

additional mycobacterial lipases in hydrolysis of host TAG and accumulation of TAG in 458 

the form of large ILI.  459 

 460 

Consumption of TAG within ILI correlates with the reduction of LB and the activity 461 

of cytosolic mycobacterial lipases. To dissect the physiological link between LB in FM 462 

and ILI in mycobacteria, we had previously investigated whether the formation of large 463 
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ILI (ILI+3) could be reversed by removal of VLDL (7). After exposure of infected 464 

macrophages to VLDL for 24 h, the infected cells had been washed and re-incubated in 465 

fresh medium without lipoprotein. Within 24 h after removal of VLDL, infected cells had 466 

lost their LB and ILI+3 were no longer visible in the mycobacterial profiles (7), thus 467 

demonstrating the direct link between the presence/absence of LB and ILI 468 

formation/consumption. The same method applied to M. bovis BCG-infected cells and the 469 

present work yielded comparable results (Fig. 5D).  470 

To determine whether mycobacterial lipases were involved in ILI consumption, we 471 

applied the same chase strategy, but in the absence or presence of lipase inhibitors. After 472 

exposure of WT M. bovis BCG-infected cells to VLDL for 24 h to allow ILI formation, the 473 

cells were washed and re-incubated in fresh medium without lipoprotein but in the 474 

absence or presence of either THL or MmPPOX for an additional 24 h. The morphological 475 

appearance of the M. bovis BCG profiles was observed under the EM (Fig 5). In the 476 

absence of a lipase inhibitor, ILI+3 profiles were seldom encountered (Fig. 5A). In contrast, 477 

many ILI+3 profiles were encountered during a chase in presence of either THL (Fig. 5B) 478 

or MmPPOX (Fig. 5C). Scoring of the relative amount of each category of ILI profiles in 479 

each condition showed, as before (7), that the percentage of ILI+3 profiles was reduced 480 

by 90% when cells were chased in medium without inhibitors (Fig. 5D). In contrast, when 481 

the chase medium contained either THL or MmPPOX approximately 80 to 90% of the 482 

ILI+3 profiles were retained (Fig. 5D). The fact that at 24 h the relative abundance of ILI+3 483 

was 5 times higher in the presence of THL or MmPPOx (21% ± 0.6 and 23% ± 0.8, 484 

respectively) than in the absence of lipase inhibitors (3.6% ± 0.8) indicates that ILI 485 

consumption is indeed dependent on mycobacterial lipase activity. These results are in 486 

agreement with previous studies showing that hydrolysis of mycobacterial ILI is 487 
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associated with the decrease of LB in the host (7) and the presence of a (several) 488 

mycobacterial lipase(s) (13, 32), and more particularly LipY (11, 21, 22). 489 

  490 
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DISCUSSION 491 

In previous work, VLDL was used as a source of lipids to generate FM (7) since it is 492 

well known that such cells play a major role in the persistence and reactivation phases of 493 

TB within granulomas (5, 6, 11, 53). Quantitative analyses of detailed EM observations 494 

performed after exposure of M. avium-infected cells to VLDL had shown that 495 

macrophages became foamy and mycobacteria formed large ILI for which host TAG was 496 

essential. Lipid transfer occurred via mycobacterium-induced fusion between LB and 497 

phagosomes. This experimental tool clearly constitutes a well-defined cellular system in 498 

which to study changed metabolic states of intracellular mycobacteria that may relate to 499 

persistence and reactivation of TB. As a follow-up to this proof of concept, this FM model 500 

was used here to demonstrate the extensive accumulation of ILI inside M. bovis BCG and 501 

to investigate in detail the role of host lipases in LB formation, without which there can be 502 

no transfer of host TAG to mycobacterium-containing phagosomes, as well as the 503 

physiological role of the mycobacterial lipase, LipY, in the degradation of TAG inside 504 

mycobacterium-containing phagosomes and mycobacterial ILI. By a variety of 505 

approaches, we analyzed the contribution of macrophage and bacterial lipases in LB and 506 

ILI formation/degradation, and propose the following model depicted in Fig. 6.  507 

After its internalization by receptor-mediated endocytosis, VLDL is transferred to 508 

lysosomes where host lysosomal lipases hydrolyze TAG into its derivatives and free fatty 509 

acid that serves to form LB. In a first set of experiments, we used two different families of 510 

lipase inhibitors, THL and MmPPOX, which, surprisingly, act by targeting different types 511 

of lipases within cells. On the one hand, by exposing infected cells to VLDL in the 512 

presence of THL, this lipase inhibitor shows preferences for host lipases, since TAG 513 

hydrolysis in lysosomes was blocked. Macrophages were unable to become foamy and, 514 

as a result, M. bovis BCG was unable to form ILI. On the other hand, exposure of cells to 515 
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VLDL in presence of MmPPOX, blocked weakly the host lipases in the lysosomes and 516 

consequently did not profoundly affect the formation of LB, but mycobacteria still 517 

remained unable to form ILI. Our results suggest that the effect of this inhibitor is more 518 

specifically directed against mycobacterial lipases. The fact that these two families of 519 

inhibitors target lipases located at different sites could be directly related to their chemical 520 

structures and biophysical properties. In contrast to MmPPOX, THL is indeed a highly 521 

lipophilic molecule with physico-chemical properties similar to those of a diacylglycerol 522 

molecule which makes it soluble in VLDL. By using these two different families of lipase 523 

inhibitors, we can study either the host lipases or the mycobacterial lipases. We, 524 

therefore, provide strong evidence that ILI formation i) involves both host lysosomal and 525 

mycobacterial lipases, and ii) is strictly dependent on host LB in our experimental model. 526 

In Dictyostelium discoideum, Mycobacterium marinum, was found to produce ILI without 527 

using TAG as the major carbon source (54, 55). Indeed, the use of a Dictyostelium 528 

knockout mutant for both Dgat enzymes (dgat1 and dgat2 genes), which is unable to 529 

produce LB, allowed the authors to demonstrate that a resulting excess of free fatty acids 530 

is predominantly incorporated into phospholipids triggering a massive ER-membrane 531 

proliferation. Fluorescent and EM approaches coupled with TLC lipid analyses suggested 532 

that M. marinum uses phospholipids to build-up ILI. This observation leads to a new 533 

hypothesis that intracellular mycobacteria have access to a wide range of host lipids, and 534 

one cannot exclude the possibility that bacteria in FM may have direct access to free fatty 535 

acids under conditions other than the experimental conditions of our FM model. Although 536 

this hypothesis has to be fully addressed experimentally in future studies, the current 537 

knowledge about ILI formation in mycobacteria within FM seems to predominantly rely on 538 

host-TAG degradation.  539 
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Among the large number of lipolytic enzymes encoded by the M. tuberculosis 540 

genome, LipY remains the only one carrying an N-terminal PE domain, which was 541 

subsequently found to be a signal of recognition by the ESX-5 secretion system (18, 26). 542 

Herein, we investigated whether the PE domain may directly participate in the enzyme’s 543 

TAG activity. Our results are in agreement with a previous study demonstrating that LipY 544 

is the enzyme with the highest potential for hydrolyzing TAG stored inside M. tuberculosis 545 

(21). The authors extend our earlier report suggesting that the PE domain plays a role in 546 

modulating the catalytic activity of LipY (22). Comparison of the catalytic activities of rLipY 547 

and rLipY(ΔPE) clearly indicates that LipY(ΔPE) is more active than LipY, regardless of 548 

the substrate used. Similar results came from another group who used only one synthetic 549 

non physiological substrate (28). Our data, therefore, add new insights into the functional 550 

role of the PE domain, which is shared by a large number of proteins in pathogenic 551 

mycobacteria. Interestingly, Mycobacterium marinum contains a protein homologous to 552 

LipY, termed LipYmar, in which the PE domain is substituted by a PPE domain (22). As for 553 

LipY, overexpression of LipYmar in M. smegmatis significantly reduced the TAG pool, and 554 

this was further pronounced when the PPE domain of LipYmar was removed, suggesting 555 

that PE and PPE domains can share a similar functional role. Therefore, given the 556 

analogy between LipY and LipYmar, it is conceivable to speculate that the PPE domain, 557 

like the PE domain, directly modulates the activity of LipYmar and that the lower catalytic 558 

activity of LipYmar may result from steric hindrance of the PPE domain, altering the 559 

recognition/accommodation of TAG within the lipid-binding site. Since, like M. 560 

tuberculosis or M. bovis BCG, M. marinum also produces ILI during infection (54) (and 561 

unpublished data), it is tempting to speculate that LipYmar plays a crucial role in ILI 562 

formation during M. marinum infection. 563 
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To further delineate the role of the PE domain in modulating the activity of LipY in 564 

an infectious context, experiments were carried out by extending our original 565 

experimental model of FM (7). BMDM were infected with M. bovis BCG strains 566 

overexpressing either LipY or LipY(ΔPE) and exposed to VLDL as a lipid source. 567 

Quantitative analyses of EM observations allowed to perform a detailed investigation on 568 

the role of the mycobacterial lipase, LipY, in the degradation of host TAG transferred to 569 

the mycobacterium-containing phagosomes. Importantly, the difference in in vitro activity 570 

of LipY and LipY(ΔPE) could be reconciled in this model of infection where a significant 571 

reduction of the ILI+3 category was found with the BCG strain overexpressing LipY(ΔPE). 572 

This is consistent with the fact that, in contrast to LipY which is secreted, LipY(ΔPE) fails 573 

to be transported by ESX-5 and, as a consequence, its accumulation inside mycobacteria 574 

boosts ILI degradation (22, 25).  575 

In a previous study (7), we had shown that removal of VLDL, induced a rapid 576 

decline of both LB and ILI. Here, we show that exposure of infected cells to lipase 577 

inhibitors, added during the chase period following an exposure to VLDL, strongly affects 578 

TAG hydrolysis within ILI, which remain abundant and large. These results provide 579 

evidence that cytosolic LipY is also involved in ILI consumption. 580 

Our data also indicate that the dual localization of LipY impacts on its activity. Since 581 

the PE-containing domain is cleaved off by the ESX-5 secretion system (18), our results 582 

suggest that the mycobacterial surface-anchored form of LipY is more active than the 583 

intracytosolic full-length protein. From these results, it can be inferred that LipY is more 584 

active against host lipids targeted to phagosomes via LB-phagosome fusion than towards 585 

TAG stored within ILI. Indeed, as illustrated in (Fig. 6), while a fraction of LipY is found in 586 

the cytosol, consistent with its role in the catabolism of intracellular TAG in ILI, a 587 

significant fraction of mature LipY lacking its PE domain is also localized at the outer 588 
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surface of the mycobacterial cell envelope, where it catalyzes the breakdown of 589 

exogenously available TAG, such as those found within the LB of the FM. This scenario 590 

is consistent with the idea that M. tuberculosis depends on fatty acids as a preferred 591 

energy source during infection (56) where LipY represents a critical enzyme for the 592 

utilization of host lipids. However, the ILI+3 profile in the mutant ∆lipY, clearly indicates the 593 

active participation of other mycobacterial lipases in this process, a finding consistent with 594 

the presence of a large array of lipolytic-encoding genes found in pathogenic 595 

mycobacteria (57). Among these, Rv0183 has been shown to exhibit a preference for 596 

MAG or DAG and to be localized to the cell wall (19, 58), whereas Cfp21, a secreted 597 

cutinase-like enzyme also expresses TAG lipase activity (20, 52). These two proteins may 598 

represent putative candidates which, in addition to LipY, may participate in the breakdown 599 

of host TAG transferred to phagosomes, and the release of free fatty acids which may be 600 

utilized by multiple TAG synthases (59) to carry out the synthesis of TAG in the 601 

mycobacterial cytosol (Fig. 6). Utilization of these TAG in ILI is essential for the regrowth 602 

of mycobacteria during their exit from hypoxic non-replicating conditions (32) and 603 

reactivation of latent infection to cause an active disease.  604 

  605 
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FIGURE LEGENDS 631 

Figure 1: Addition of lipase inhibitors during exposure to VLDL affects host LB 632 

formation and accumulation of mycobacterial lipids in the form of ILI. At day 6 p.i. 633 

with WT M. bovis BCG, BMDM were exposed for 24 h to VLDL in the absence or presence 634 

of lipase inhibitors. The cells were then processed for EM and analyzed for host LB and 635 

mycobacterial ILI formation. (A, B, E) Morphological appearance of host LB and 636 

lysosomes (Ly): (A) exposure to VLDL and THL: LB are scarce and Ly are filled with 637 

electron-translucent lipids (Ly+); (B) exposure to VLDL only: cells contain many LB and 638 

Ly retain their normal appearance, with dense contents only; (E) exposure to VLDL and 639 

MmPPOX: LB are present and most Ly either retain their normal appearance or contain 640 

low amounts of lipids in the form of lipid droplets (Ly+/-). (C, D, F) Morphological 641 

appearance of ILI within mycobacterial profiles: (C) exposure to VLDL and THL: no ILI+3 642 

mycobacterial profiles; (D) Exposure to VLDL only: many mycobacterial profiles are ILI+3; 643 

(F) Exposure to VLDL and MmPPOX: ILI remained small and no ILI+3 mycobacterial 644 

profiles were observed. Bars in panels A to F, 0.5 µm. (G) Dependence of steady-state 645 

levels of ILI+3, ILI+2 and ILI+1/- profiles on the absence or presence of lipase inhibitors. Error 646 

bars indicate the standard deviations (SD) based on the results of 2 to 4 independent 647 

experiments. For each experiment, 150 to 300 profiles were examined for each treatment. 648 

Statistical analysis was performed by using two tailed Student’s t-test. Results were 649 

compared to an untreated sample and ** correspond to a P value <0.01 and *** 650 

correspond to a P value <0.001.  651 

 652 

Figure 2: Purification and structural modelling of LipY and LipY(ΔPE). (A) Protein 653 

purity assessed on SDS-PAGE. Six μg of protein were loaded onto a 12% polyacrylamide 654 
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gel and stained with Instant Blue solution. Lane 1, rLipY; lane 2, rLipY(ΔPE). MW, 655 

Molecular Weight standards (10 µg, Euromedex). (B) Alignment of the LipY and 656 

LipY(ΔPE) amino acid sequences. The secondary structures identified from the 657 

corresponding three-dimensional models are indicated above the sequences using the 658 

same color codes as those used in the structural models depicted in C: PE domain in 659 

blue, linker unit in green and catalytic domain in pink. Black stars below the sequence 660 

indicate the catalytic triad. (C) Overall view of the structural models of LipY and 661 

LipY(ΔPE). On the left part, the LipY and LipY(ΔPE) 3D-models were generated by I-662 

TASSER software. The PE domain is represented in blue and in both cases, the catalytic 663 

triad composed of serine (Ser309), aspartic acid (Asp383) and histidine (His414) residues 664 

are also indicated. The green part represents the polypeptide linking the catalytic domain 665 

to the PE domain. The black arrow shows the displacement of the linker after deletion of 666 

the PE domain, leading to a large opening of the active site and allowing a better 667 

accommodation of the substrates. 668 

Figure 3: Distribution of ILI profiles in M. bovis BCG strains over-expressing 669 

various LipY variants in VLDL-driven FM. BMDM were infected with BCG strains over-670 

expressing different LipY variants. After exposure to VLDL for 24 h, cells were fixed, and 671 

processed for EM. Bacterial profiles were divided into 4 different categories in terms of 672 

the presence and size of ILI (ILI-, ILI+1, ILI+2, ILI+3). (A) ILI- is no ILI. (B) ILI+1 is less than 5 673 

small ILI up to 0.1 µm in width. (C) ILI+2 is several ILI 0.2 to 0.3 µm in width. (D) ILI+3 is 674 

several ILI 0.4 to 0.5 µm in width and extending across the full width of the M. bovis BCG 675 

cytosol. Bars in panels A to D, 0.5 µm. (E) Comparative analysis of the percentage of 676 

each category of ILI profiles in wild-type (WT) vs. M. bovis BCG strains over-expressing 677 

different LipY variants (LipY, LipY(ΔPE), LipY(ΔPE)S309A). Error bars indicate the standard 678 

deviations based on the results of 2 to 4 independent experiments. For each experiment, 679 
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100 to 250 profiles were examined for each strain. Statistical analysis was performed by 680 

using two tailed Student’s t-test. Results were compared to the WT strain and * 681 

correspond to a P value <0.05 and ** correspond to a P value <0.01. (F) Comparative 682 

analysis of ILI3+/ILI1+/- ratios in WT and LipY overexpressing strains. Ratios were 683 

calculated by dividing the percentage of ILI3+ with the percentage of ILI1+/- bacteria 684 

collected between 2 to 4 independent experiments. Error bars indicate the standard 685 

deviations and statistical analysis was performed by using two tailed Student’s t-test 686 

where * correspond to a P value <0.05 and ** correspond to a P value <0.01. 687 

Figure 4: LipY and additional mycobacterial lipases contribute to host TAG 688 

hydrolysis and ILI formation. At day 6 p.i. with either WT M. bovis BCG, ΔlipY or ΔlipY 689 

complemented (ΔlipY::Comp) strains, BMDM were exposed for 24 h to VLDL. The cells 690 

were then processed for EM and analysed for mycobacterial ILI formation. (A) BMDM 691 

infected with the ΔlipY strain: most of the ILI profiles were small, (B) BMDM infected with 692 

the ΔlipY::Comp strain: numerous large ILI were observed, (C) BMDM infected with WT 693 

M. bovis BCG: ILI+3 profiles were abundant. Bars in panels A and C, 0.5 µm and B 1 µm, 694 

(D) Western blot analysis of WT, ΔlipY or ΔlipY::Comp strains. Equal amounts of lysates 695 

were immunoblotted and the full-length LipY was detected using a polyclonal antibody. 696 

GroEL2 was included a as loading control. (E) Comparative evaluation of the percentage 697 

of each category of ILI profiles formed in either the WT or the ΔlipY strain. Error bars 698 

indicate the standard deviations based on the results of 2 to 4 independent experiments. 699 

For each experiment, 150 to 300 profiles were examined for each treatment. Statistical 700 

analysis was performed with the two-tailed Student’s t-test. Results were compared to 701 

the WT strain and * correspond to a P value <0.05. (F) Comparative analysis of ILI3+/ILI1+/- 702 

ratio of WT, ΔlipY or ΔlipY::Comp strains. Ratios were calculated by dividing the 703 

percentage of ILI3+ with the percentage of ILI1+/- bacteria collected between 2 to 4 704 
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independent experiments. Error bars indicate the standard deviations (SD) and statistical 705 

analysis was performed with the two tailed Student’s t-test where * correspond to a P 706 

value <0.05. 707 

 708 

Figure 5: Consumption of TAG within ILI correlates with the activity of cytosolic 709 

mycobacterial lipases. At day 6 p.i. with WT M. bovis BCG, BMDM were exposed to 710 

VLDL for 24 h and then re-incubated in VLDL-free culture medium without or with THL or 711 

MmPPOX for 24 h. The cells were then processed for EM and the percentage of each 712 

category of ILI profiles was assessed. (A) VLDL for 24 h followed by a 24 h-chase in 713 

medium devoid of inhibitors. Cells contain few ILI+3 profiles. (B) VLDL for 24 h followed 714 

by a 24 h-chase in medium with THL. Cells still contain ILI+3 profiles. (C) VLDL for 24 h 715 

followed by a 24 h-chase in medium with MmPPOX. Cells still contain ILI+3 profiles. Bars 716 

in panels A and B, 0.5 µm and C 0.7 µm (D) Quantitative evaluation of the percentage of 717 

each category of ILI profiles immediately after a 24 h exposure to VLDL (no I, 0 h) or after 718 

a 24 h chase in culture medium without inhibitor (no I, 24 h), with THL (THL, 24 h) or with 719 

MmPPOX (MmPPOX, 24 h). Error bars indicate the standard deviations based on the 720 

results of 2 to 3 independent experiments. For each experiment, 150 to 300 profiles were 721 

examined for each treatment. Statistical analysis was performed by using two tailed 722 

Student’s t-test. Results without inhibitors were compared to the “No I 0h” condition where 723 

# correspond to a P value <0.05 and ## correspond to a P value <0.01. Whereas results 724 

with the inhibitors where compared to the “No I 24 h” condition where * correspond to a 725 

P value <0.05 and ** correspond to a P value <0.01  726 

Figure 6: Proposed model for LipY in vivo activity as a function of its localization. 727 

The PE domain of LipY functions as a secretion signal recognized by the ESX-5 secretion 728 
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system. (1): Endocytic uptake of VLDL composed of phospholipids (P), triglycerides (T) 729 

and cholesterol (C) and transfer to lysosomes (Ly). (2): Hydrolysis of TAG in VLDL and 730 

formation of TAG-rich host LB after release of free fatty acids (FA) from Ly. (3): Fusion of 731 

LB with the membrane of mycobacterium-containing phagosomes. Host TAG is released 732 

into the phagosomal lumen during this process. (4): During its translocation across the 733 

mycobacterial cell envelope via ESX-5, the LipY N-terminal PE domain is cleaved off. 734 

After secretion into the phagosome, LipY(ΔPE) remains closely associated with the 735 

mycobacterial outermost surface, where it hydrolyses host TAG. At this stage, other 736 

mycobacterial lipases are likely to be involved in the degradation of the LipY end-product, 737 

releasing free fatty acid (FA), which are then transported to the mycobacterial cytosol 738 

where TAG are resynthesized by the TAG synthases (TGS). TAG then accumulate to 739 

form intracytosolic lipid inclusions (ILI). (5): Under specific conditions, TAG within ILI can 740 

be hydrolyzed by cytosolic LipY.  741 

  742 
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Table 1: Specific activities of rLipY and rLipY(ΔPE) on various lipid substratesa. 743 

 Specific activity (U*/mg) 

Substrates rLipY rLipY(ΔPE) rLipY(ΔPE)/ rLipY 

Monobutyrin (b) (MC4) 61.0 ± 2.0 92.0 ± 5.0 1.5 

Monolein (a) (MC18) 6.6 ± 0.5 17.0 ± 1.0 2.5 

Diolein (a) (DC18) 3.5 ± 0.2 5.6 ± 0.4 1.6 

Tributyrin (b) (TC4) 129.0 ± 6.0 267.0 ± 24.0 2.0 

Trioctanoin (a) (TC8) 20.0 ± 2.0 38.0 ± 1.0 1.9 

Pomegranate oil TAG 4.0 ± 0.2 4.8 ± 0.3 1.2 

 744 

a All substrates were assayed at concentrations above their solubility limits. Experiments 745 

were performed at 37°C in 15 mL of 2.5 mM Tris-HCl buffer (pH 7.5) containing 300 mM 746 

NaCl and 1 (a) or 3 (b) mM NaTDC. * One unit corresponds to 1 µmole of fatty acid released 747 

per min. Values are means of 3 independent experiments ± SD.  748 

749 
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