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Abstract 

 

Due to the high number of patients 

infected by tuberculosis (TB) and the sharp 

increase of drug resistant TB cases, 

developing new drugs to fight this disease 

has become increasingly urgent. In this 

context, a new class of compound, analogs 

of the naturally occurring enolphosphates 

Cyclipostins and Cyclophostin (CyC 

analogs), offer new therapeutic 

opportunities. The CyC analogs display 

potent activity both in vitro and in infected 

macrophages against several pathogenic 

mycobacteria including Mycobacterium 

tuberculosis and Mycobacterium abscessus. 

Interestingly, these CyC inhibitors target 

several enzymes with active site serine or 

cysteine residues that play key roles in 

mycobacterial lipid and cell wall 

metabolism. Among them, TesA, a putative 

thioesterase involved in the synthesis of 

phthiocerol dimycocerosates (PDIMs) and 

phenolic glycolipids (PGLs), has been 

identified. These two lipids (PDIMS and 

PPGLs) are non-covalently bound to the 

outer cell wall in several human pathogenic 

mycobacteria and are important virulence 

factors. Herein, we used biochemical and 

structural approaches to validate TesA as an 

effective pharmacological target of the CyC 

analogs. We have confirmed both 

thioesterase and esterase activities of TesA, 

and have shown that the most active 

inhibitor CyC17 binds covalently to the 

catalytic Ser104 residue leading to a total 

loss of enzyme activity. These data were 

supported by the X-ray structure, obtained 

at a 2.6 Å resolution, of a complex in which 

CyC17 is bound to TesA . Our study 

provides evidence that CyC17 inhibits the 

activity of TesA, thus paving the way to a 

new strategy for impairing the PDIM and 

PGL biosynthesis, potentially decreasing 

the virulence of associated mycobacterial 

species. 

Keywords: lipids, virulence, Cyclipostins, 

Cyclophostin, PDIM, PGL, thioesterase 

inhibitor 

 

Introduction 
 

Mycobacterium tuberculosis (M. 

tuberculosis) the causative agent of 

tuberculosis (TB) is responsible for an 

estimated 10.4 million new cases and 1.7 

million deaths across the globe, as reported 

by WHO in 2017 [1]. With the emergence 

mailto:stephane.canaan@imm.cnrs.fr


2 

of multi and extensive drug resistance 

strains, TB remains the leading cause of 

death from an infectious disease. Due to the 

very complex composition of M. 

tuberculosis cell wall and the capacity of the 

bacilli to hide from the immune system 

inside granulomas, it is challenging to 

efficiently treat the disease. Indeed, the M. 

tuberculosis cell wall is composed of a large 

number of hydrophobic molecules having 

up to 90 carbon atoms chain length. This 

thick lipid rich structure is responsible for 

the high impermeability of the cell wall and 

thus to the inherent resistance of M. 

tuberculosis to numerous macromolecules 

including many antibiotics [2]. Among 

these outer membrane/surface-exposed 

hydrophobic lipids, are the phthiocerol 

dimycocerosate (PDIM), and a second 

group of glycosylated compounds known as 

phenolic glycolipids (PGLs) and named 

phenolphthiocerol dimycocerosates. These 

two complex lipids, esterified with 

multimethyl-branched long-chain fatty 

acids, are non-covalently bound to other 

cell wall components and have been shown 

to be important virulence factors [3]. 

Consistent with their main role in the 

permeability of the cell envelope and 

pathogenicity [4], PDIMs are apparently 

produced by all virulent clinical isolates of 

M. tuberculosis. In contrast, the ability to 

synthesize PGL has only been retained by 

M. canettii and some M. tuberculosis 

isolates of the East Asian/Beijing lineage 

[5-8]. As an example, it has been shown that 

PGLs could be in part responsible for the 

resistance to antibiotics of M. tuberculosis 

strains of the W-Beijing family [8, 9]. 

Moreover, the virulence of PGL/PDIM 

deficient-bacteria was strongly attenuated 

in a mouse model suggesting a major impact 

of these lipids on the viability of the 

mycobacteria in in vivo conditions [8-12]. 

Hence, deciphering the PDIM and the PGL 

biosynthesis pathway could be helpful to 

learn more about the cell wall assembly of 

clinical pathogenic bacteria, and to find new 

specific therapeutic targets.  

New antibiotics targeting one or 

more proteins involved in the synthesis of 

mycobacterial lipids would thus represent a 

promising way to fight and control TB [9, 

13]. In this context, monocyclic 

enolphosphate and phosphonate analogs 

(CyC) of natural Cyclipostins and 

Cyclophostin [14-17] represent a new 

family of potent and selective inhibitors 

against mycobacteria only [18]. These CyC 

analogs act as powerful antitubercular 

agents affecting growth of M. tuberculosis 

both in vitro and in infected macrophages 

with very low toxicity towards mammalian 

host cells [19]. To identify the putative 

target(s) of the best inhibitor CyC17, an 

activity-based protein profiling (ABPP) 

approach was used, leading to the capture of 

several active Ser- and Cys-containing 

enzymes in a complex proteome [19]. 

Among the 23 proteins identified via mass 

spectrometry experiments [19], TesA a 

putative thioesterase (annotated Rv2928) 

proposed to be involved in the biosynthesis 

pathway of both PDIM and PGL [10, 20] 

has been identified.  

Tes A, which is localized in the 

membrane fraction of the bacteria [21, 22], 

is non-essential for the in vitro growth of M. 

tuberculosis. However, the virulence of a 

ΔtesA deletion mutant strain of M. 

tuberculosis was strongly attenuated in 

infected cells, becoming more susceptible 

to antibiotics [9, 10, 20, 23]. This result has 

been attributed to the fact that the ΔtesA 

mutant in M. tuberculosis H37Rv was 

defective in PDIMs [24]. More recently, 

TesA has been proposed to release 

phtiocerol and phenolpthiocerol molecules 

that further condense with mycoserosic acid 

by the action of the PapA5 enzyme to form 

PDIM as well as PGL skeletons [9, 10]. 

Thus M. tuberculosis TesA represents a 

major contributing partner in the synthesis 

of both PDIM and PGL by interacting with 

PpsE inside the polyketide synthase cluster 

[10, 25] (Figure 1). Therefore, this pathway 

may represent an interesting source of new 

targets for the development of novel TB 
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drugs, with particular relevance to the 

emergence of drug resistant strains. 

Consequently, M. tuberculosis TesA 

is believed to play an important role in vivo 

by increasing the virulence of pathogenic 

mycobacteria. However, although many ex 

vivo experiments have been reported to 

decipher the physiological role of TesA, 

little or no information is available 

regarding its biochemical and structural 

characterization. 

The present study was undertaken to 

decipher, the selective inhibition of TesA 

activity by the CyC17 inhibitor using a 

combination of biochemical and structural 

approaches. Remarkably, we report here the 

first crystal structure of this M. tuberculosis 

enzyme in complex with the CyC17 

covalently bound to the active site Ser104 

residue. This crystal structure may help 

optimizing new CyC scaffolds with higher 

specificity and potency against M. 

tuberculosis. 

 

Results 

 

Expression and purification of 

recombinant TesA and mutant 

Both TesA and TesAS104A were 

produced in recombinant forms and 

purified to affinity, leading to 5-10 mg of 

pure recombinant proteins per liter of 

culture. Their purity as well as the expected 

molecular weight (~29 kDa) was confirmed 

by 12% SDS-PAGE (Figure 2A). TesA as 

well as TesAS104A were concentrated up to 

15 mg/mL, the highest concentration used 

for crystallographic experiments (Figure 

2A). 

TesA has been previously predicted 

to be a thioesterase [20]. However, it has 

been reportedthat this family of enzymes 

can also act as esterases, phospholipases, 

lysophospholipases as well as lipases [26]. 

To investigate whether TesA exhibits such 

a diverse activity, a broad range of 

substrates have been tested including 

Palmitoyl-coenzyme A, para-nitrophenyl 

(pNP) esters carrying various carbon chain 

lengths, phospholipids and triacylglycerols. 

As a control for phospholipase activity we 

used the Cutinase-like protein Cut6 

(Rv3802c), a Pks13-associated thioesterase 

proposed to be involved in mycolic acid 

biosynthesis [27, 28]. TesA did not express 

any phospholipase, lysophospholipase, nor 

triacylglycerol lipase activities. However, 

TesA displayed hydrolytic activity on ester 

substrates (Figure 2B) being more active 

on pNP esters with short carbon chain 

lengths (C2-C8) than with the those bearing 

medium and long carbon chain lengths (i.e., 

C12-C18). Indeed, the hydrolysis capacity 

of TesA decreased with increasing alkyl 

chain lengths. Moreover, in all cases, the 

presence of Triton X-100 led to a significant 

increase in the lipolytic activity of TesA, 

from 2-fold with pNP-C2 and up to 127-

fold when using pNP-C16. Under these 

conditions, pNP-C2 having the shortest 

carbon chain length showed a maximum 

specific activity of 257 ±3.3 mU/mg. 

However, with pNP esters carrying more 

than 8 carbon atoms, this specific activity 

dropped sharply to 43 ±1.9, 23 ±0.3 and 15 

±0.8 mU/mg with pNP-C12, pNP-C14 and 

pNP-C16, respectively. High variations in 

the enzyme activity induced by the presence 

of surfactant (i.e., Triton X-100) have been 

associated with a conformational change of 

the enzyme in response to the new 

environment but without losing its catalytic 

properties. More precisely, such 

modifications often occur when a lid 

covering the active site is present. It is now 

well established in the case of lipolytic 

enzymes, that surfactants can both help in 

solubilizing long chains substrates by 

forming mixed micelles, but can also 

promote and stabilize the lid opening 

process making the active site accessible to 

solvent [29]. As a consequence of such lid 

opening, an enhanced enzyme activity will 

be obtained, as observed with TesA.  

Notably, this latter pNP assay also 

allows the discrimination of esterases from 

true lipases, which hydrolyze short-chains 

esters, and medium- to long-chain esters, 

respectively [30]. Here, the absence of 

lipase activity indicates that TesA behaves 
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as an esterase, in contrast to LipY or cfp21, 

the only M. tuberculosis true triacylglycerol 

lipases characterized so far [31, 32].  

As expected from the genome 

annotation and previous in vivo experiment 

[10, 20], TesA also exhibited thioesterase 

activity with a specific activity of 6.82 

mU/mg on Palmitoyl-CoA. It is noteworthy 

that this value is nearly 19 times lower than 

that of Cut6 used as positive control on the 

same substrate (Figure 2C).  

Finally, no enzyme activity was 

obtained with any of the substrates for the 

inactive TesAS104A mutant protein, where 

the catalytic Ser104 contained in the 

consensus sequence GHSMG was replaced 

by an Ala. 

Effects of Cyclipostins and Cyclophostin 

inhibitors CyC17, CyC6β, CyC7β, CyC8β and 

Orlistat on TesA activity 

The CyCs are a new class of potent 

anti-tubercular compounds exhibiting an 

activity against enzymes with serine or 

cysteine in their active site [18, 19]. We 

investigated on the ability of CyC17 to 

efficiently inhibit the enzyme activity of 

TesA to confirm this enzyme an effective 

target of the inhibitor. In addition, CyC7β 

which has been found active against both 

extracellular and intramacrophagic M. 

tuberculosis, and CyC6 & CyC8β active on 

infected macrophages [18, 19], were also 

tested to assess their ability to inhibit TesA 

activity. Orlistat which has been previously 

reported as an inhibitor of TesA was used as 

positive control [33]. The chemical 

structures of the four CyCs analogs used in 

this study are provided in Figure 3. 

In contrast to CyC6, CyC7β and 

CyC8β, which exhibited very weak or no 

inhibitory effect up to a high molar excess 

xI = 200, a dose-dependent inhibition was 

observed with CyC17 and Orlistat (Figure 

4A). Both compounds were found to react 

almost stoichiometrically with pure TesA, 

as confirmed by their respective inhibitor 

molar excess leading to 50% enzyme 

inhibition, i.e. xI50 values of around 4.5 and 

12.4.  

To further characterize the observed 

inhibitory effect, native TesA (15 µM) was 

incubated for 30 min with 300 µM of CyC17 

(i.e., inhibitor molar excess xI =20). As 

expected a complete loss of activity was 

observed when comparing the pre-treated vs 

non-treated TesA. The resulting TesA-

CyC17 adduct was further incubated for 1 h 

with 10 μM TAMRA-FP, a fluorescent 

probe known to bind to all enzymes with 

catalytic serine or cysteine [34]. Equal 

amounts of adduct were separated by SDS-

PAGE and visualized by Coomassie 

staining (Figure 4B, upper panel) or in-gel 

fluorescence for TAMRA detection (Figure 

4B, middle panel). Pre-treatment with 

CyC17 (Figure 4B) resulted in a total loss 

of fluorescence intensity suggesting that the 

reaction with the TAMRA probe was 

strongly impaired in the TesA-CyC17 

adduct. To prove the role of catalytic 

Ser104 in TAMRA labelling, this residue 

was mutated to an Ala residue. The 

resulting TesAS104A mutant was exposed to 

TAMRA-FP (Figure 4B, middle panel) 

and as expected, no fluorescence was 

detected confirming that the Ser104 is the 

catalytic nucleophile required for the 

binding of the probe. 

The TesA-CyC17 complex was 

further purified on a gel filtration column 

for crystallization. Size exclusion 

chromatography coupled with online multi-

angle laser light scattering / quasi-elastic 

light scattering / refractive index (SEC-

UV/MALS/QELS/RI) demonstrated that 

TesA has a molecular mass of 29 kDa 

(Figure 4C – bright orange curve), which is 

in agreement with the theoretical molecular 

weight of the monomer of 29,077 Da (. In 

contrast, the peak of the TesA-CyC17 

complex was observed at 60 kDa (Figure 

4C – grey curve). This increase in 

molecular weight cannot result from 

binding of the CyC17 alone (Mw 446 Da). It 

is reasonable to attribute the molecular 

weight increase to a dimeric form of the 

enzyme (Figure 2). This finding suggests 

that some conformational changes might 

occur which lead to a dimerization. Such 
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behavior has already been observed in 

several lipolytic enzymes [35] and thanks to 

the resolution of TesA 3D-structure a clear 

explanation can be proposed. 

Mass spectrometry analysis 

Mass spectrometry MALDI-TOF 

analyses were performed on TesA and 

TesAS104A in presence or absence of CyC17 

to confirm the covalent binding of this 

phosphate inhibitor to the active site Ser104 

residue (Figure 5). A mass increment of 

+316.9 Da was observed in the presence of 

CyC17 within the global mass of untreated 

TesA (Figure 5A). Conversely, no change 

in global mass was observed with the 

inactive TesAS104A protein, as expected 

(Figure 5B).  

Peptide mass fingerprinting (PMF) is 

a useful tool to identify proteins and probe 

mass modifications within specific peptides 

[36]. This technique was used to show that 

TesA catalytic Ser104 covalently binds to 

CyC17 (Figure 5C-D), excluding any non-

covalent inhibition (i.e. fixation of the 

inhibitor near the active site, blocking its 

access). Both TesA and TesAS104A exposed 

to CyC17 were digested (in-gel) using 

trypsin to generate peptide mixtures which 

were then analyzed using MALDI-TOF 

mass spectrometry. Trypsin cuts 

preferentially after positively charged 

residues like Arg or Lys. In absence of 

inhibitor, tryptic digest of native TesA 

produced a 23 amino acid peptide harboring 

the catalytic serine 

(I94DDPVAFFGHS104MGGMLAFEVALR
116) with a mass of 2480.27 Da (Figure 5C, 

upper panel). Similarly, TesAS104A 

produced a 2464.34 Da fragment (Figure 

5D, upper panel).  

There was no peptide modification 

observed when comparing TesAS104A and 

the TesAS104A-CyC17 mixture, confirming 

once again the role of Ser104 in the catalytic 

process (Figure 5D, lower panel).  

In contrast with native TesA, the 

peptide fragment incorporating Ser104 was 

absent in the TesA-CyC17 modified protein 

suggesting mass modification (Figure 5D, 

lower panel). After digestion, the Ser104 

incorporating peptide is expected to be 

shifted by a mass increment of +316.9 Da 

due to the addition of the CyC17 inhibitor. 

However, no isotopic peptides with the 

desire mass shift were detected in the 

digested TesA-CyC17 complex mass 

spectra.  

It is noteworthy, however, that the 

observed 316.9 Da mass shift increment in 

global mass was 129.38 Da lower than the 

expected CyC17 theoretical molecular mass 

of 446.28 Da (Figure 5). This size 

difference may arise from the specific 

chemical properties of phosphate inhibitor, 

as already described in a previous study 

with the Antigen 85 (Ag85) complex (i.e., 

Ag85A, Ag85B, and Ag85C) [37]. These 

secreted enzymes are responsible for the 

biosynthesis of trehalose dimycolate 

(TDM) and mycolylation of 

arabinogalactan, two essential lipid 

components of the mycobacterial cell wall 

[38, 39]. In all cases, the nucleophilic attack 

of the catalytic serine at the phosphorus 

center of CyC17 induces ring opening. The 

new phosphate triester thus generated can 

then be rapidly hydrolyzed in the presence 

of water molecules, resulting in the 

cleavage and the release of the methyl 2-

acetyl-4-hydroxybutyrate group (i.e., 124.1 

Da), accounting for the molecular mass 

discrepancy observed experimentally 

(Figure 5E). Finally, this transiently 

obtained penta-coordinate phosphorus 

adduct may slowly rearrange to reach its 

stable thermodynamic state. Such 

mechanism is not only perfectly in line with 

the data generated by the proteomic 

experiments, but above all, it was further 

confirmed by the 3D structure determined 

below. 

Overall, these data confirm the 

formation of a covalent complex between 

the TesA catalytic Ser104 and CyC17. 

Moreover, our results are consistent with 

the known and classical mechanism of 

action of phosphate based inhibitors [19, 

37].  

Crystal structure of TesA-CyC17 
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Crystallization trials of TesA alone 

or in the presence of 

phosphonate/phosphate inhibitors were 

performed. Only the TesA-CyC17 complex 

led to diffracting crystals. Datasets were 

collected at the European Synchrotron 

Radiation facility (ESRF, Grenoble, 

France) or at SOLEIL (St Aubin, France). 

The structure was solved by molecular 

replacement using the structure of the core 

domain of type II thioesterase RifR from 

Amycolatopsis mediterranei [40] as 

template model (PDB id: 3FLB), and 

refined to 2.6 Å resolution (Table 1). 

Crystals belong to space group C2221 and 

contain 8 molecules per asymmetric unit. 

Analysis of the contacts between monomers 

with the PISA server [41] indicated that four 

groups of dimers can be identified (AC, BD, 

EG, FH). Moreover, the TesA dimer 

observed in solution might result from the 

hydrophobic association of the lids and 

active site area of two symmetry related 

monomers (Figure S1). This association 

buries an area of 1120 Å2, amounting to 

~10% of the total surface (11930 Å2). In the 

eight copies, the amino-acid chains could be 

traced from residues 24/28 to 258/260, 

depending upon the chain. However, two 

segments at positions 64 to 70/74 and 

155/158 to 168/174 could not be traced in 

the electron map density. A positional 

variation was observed between the eight 

copies involving the segment 135-180. In 

particular, the loop 135-145 exhibited two 

different tracks (Figure S2). 

The structure of TesA consists of a 

core of 7 α-helices around 6 stranded 

parallel β-sheets, upon which protrudes a 

domain formed of an extended stretch 

followed by 2 α-helices, with connectivity 

β1-α1-β2-α2-β3-α3-β4-(ext-α4-α5)-β5-α6-

β7-α7 (Figure 6A). Several structurally 

similar folds haves been previously 

reported and belong to the thioesterase fold 

of the α/β-hydrolase family [42]. TesA 

structure is characterized by a central 

parallel β-sheet and a Ser-His-Asp catalytic 

triad involving here Ser104, His236 and 

Asp208. However, the true hallmark of a 

α/β-hydrolase are the catalytic serine loop 

signature G-X-S-X-G and its special 

conformation, with φ and ψ angles values of 

~60° and ‒120°, respectively [42]. These 

characteristics are indeed observed in TesA. 

Serine 104 is located in a loop with the 

sequence G-H-S-M-G and has the expected 

φ and ψ angles (Figure 6B). TesA was 

crystallized with the CyC17 phosphonate 

inhibitor, which was found to be covalently 

bound to Ser104. The hydrocarbon tail of 

CyC17 could be only traced to the first 4 

carbon atoms of 16. Therest of the chain 

was not visible in the electron density map, 

probably due to disordering (Figure S3). In 

many complexes of lipases or esterases with 

phosphate, an oxygen atom of the 

phosphate moiety is involved in an 

hydrogen bond to the so-called "oxyanion 

hole" of the enzyme, one component being 

the NH group of the residue following the 

catalytic serine [43]. In the present 

complex, the phosphonate P-O1 establishes 

hydrogen bonds to the main NH groups of 

Ala37 and Met105 residues (Figure 6A).  

Within the α/β-hydrolase family, 

many lipolytic enzymes have their active 

site controlled by a so-called (mobile) lid, 

formed by a surface loop [29, 35, 44, 45]. In 

all the cases studied, the lid domain was 

found to undergo a conformational change 

in the presence of an inhibitor, making the 

active site accessible to solvent [35]. In 

brief, the lid is a short domain that exhibits 

dramatic conformational changes between 

the apo- and the holo-forms. Since the 

structure has been obtained in complex with 

an inhibitor, we suspect that the protruding 

domain formed from an extended stretch of 

the peptide backbone, followed by two α-

helices (α4 and α5) might be the TesA lid in 

an open conformation. The TesA apo-form 

could not be crystallized to confirm the 

identification of the lid. However, we 

performed a DALI server search [46] to 

detect structurally similar proteins having 

possibly closed and open lids, that could be 

used in a comparison with TesA structure. 

The DALI server returned several 

tens of structures with Z>15 and root mean 
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square deviations (rmsd) lower than 3 Å. 

Among them, and of special interest, were 

the two crystal structures of RifR; i.e, PDB 

ids 3FLB (Z=22; rmsd=1.2 Å; used for the 

molecular replacement) and 3FLA (Z=22; 

rmsd=1.2 Å) [40]. When the RifR and 

3FLA structures were superimposed to 

TesA, the core of the two enzymes 

coincided within 1.4 Å rmsd. However, the 

putative lid of TesA (ext-α4-α5) does not 

superpose to the lid of 3FLA (Figure 7A). 

We noticed that three helices of 3FLA do 

not superpose with their TesA counterparts 

and stack against 3fla core domain. 

Conversely, the domain ext-α4-α5 does not 

superpose with their 3FLA counterparts 

(Figure 7A). Therefore, we suggest that the 

ext-α4-α5 domain conformation is the result 

of a ~90° rotation of two helices. However, 

one of the helices is not structurally ordered 

in TesA and forms the "ext" segment 

(Figure 7A). The α5 helix results from a 

smaller conformational change than the one 

observed with some lipases like Dog and 

Human Gastric Lipases [47, 48]. 

Confirming the "lid" character of the ext-

α4-α5 domain, is the fact that the two lid 

helices from 3FLA cover entirely the core 

domain of TesA, in particular the catalytic 

machinery (Figure 7B). These observations 

convinced us that the ext-α4-α5 domain is a 

bona fide lid. 

Conversely, we scanned the DALI 

server hits to find a structure well 

superposed with TesA lid. The recently 

determined structure of the thioesterase 

domain of M. tuberculosis Polyketide 

Synthase 13 (Pks13; PDB id: 5V3X; Z= 20; 

rmsd=2.2 Å) [49] returned as an excellent 

hit by DALI. This structure is in complex 

with an inhibitor (TAM1), and indeed, the 

superposition with TesA shows that both lid 

domains coincide well. In addition, the 

Pks13 thioesterase inhibitor TAM1 is 

located close to CyC17 (Figure 7A). 

However, a Pks13 thioesterase extra 

domain of two α-helices does not exist in 

TesA (Figure 8A and B). TAM1 is 

sandwiched between these two α-helices 

and the lid, resulting in a catalytic crevice of 

Pks13 thioesterase being much more 

restricted and deeper than that of TesA 

(Figure 8A and B).  

 

Discussion 

 

Although M. tuberculosis, the main 

cause of human TB, can be traced back to 

70,000 years ago [50], it currently remains 

the ninth cause of death worldwide and 

represents the primary cause of death by 

single infectious pathogen, even ranking 

above HIV/AIDS [1]. The difficulties in 

treating the disease mainly result from the 

fact that M. tuberculosis encounters diverse 

microenvironments and can be found in a 

variety of metabolic states during the 

infection of the human host [51]. Available 

antituberculosis drugs cannot act against all 

metabolic states of the bacteria, e.g. 

replicating vs non-replicating M. 

tuberculosis, or against multi- and 

extensively-drug resistant M. tuberculosis 

(M/XDR-TB) vs. classical strain. 

Moreover, despite the use of promising new 

drugs; such as bedaquiline which inhibits 

ATP synthase, and the nitroimidazoles 

delamanid and pretomanid which inhibit 

mycolic acid synthesis as well as energy 

production [52, 53]; there is an urgent need 

to discover new drugs to fight several 

mycobacterial infections such as 

Tuberculosis, Leprosis and Buruli Ulcer. 

The majority of drugs commercially 

available target a single molecule/process 

involved in the synthesis pathways essential 

for the bacterial survival during the 

infection process. Unfortunately, impairing 

only one protein may lead to the rapid 

emergence of resistant strains. 

Consequently, to overcome these 

challenges, TB treatment is a 6-month 

regimen of antibiotics: isoniazid, 

rifampicin, ethambutol and pyrazinamide. 

This treatment regimen is often extended to 

9-12 months to treat difficult cases. The 

inherent difficulty to be compliant with 

such a long treatment is in part responsible 

for the appearance of resistant strains, 

representing a new challenge to achieve 
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control of the disease. As reported by 

Zumla et al. in 2013 “there is growing 

awareness of the need for drugs that can kill 

M. tuberculosis in its different physiological 

states” [54]. The priority for new drug 

development against TB should thus be 

focused on the discovery of new candidates 

that would be able to i) reduce the treatment 

duration and cost; ii) impact several target 

enzymes; and iii) act on several 

physiological states of the bacteria.  

In this context, we have 

demonstrated that the CyC analogs 

represent powerful and selective inhibitors 

of mycobacterial enzymes [14, 15], with no 

effect on the mammalian enzymes initially 

targeted by natural parent molecules [14-

17]. The selectivity of the CyC derivatives 

toward the mycobacterial but not the human 

enzymes, is therefore highly valuable and 

prompted us to consider them as potential 

anti-tubercular agents. Accordingly, among 

the set of 27 CyC analogs previously 

evaluated against M. tuberculosis H37Rv, 

eight compounds were able to efficiently 

inhibit M. tuberculosis growth either 

extracellularly or within macrophages at 

similar concentrations as isoniazid and 

ethambutol [19]. Importantly, the best CyC 

compounds showed absence of toxicity in 

mammalian cells at concentrations up to 

100 µM [19]. More particularly, CyC6β, 

CyC7β and CyC8β were mainly active 

against intracellularly-replicating 

mycobacteria (MIC50 of 12.6, 3.1 and 11.7 

µM, respectively). In contrast, CyC17 was a 

potent inhibitor of in vitro growth (MIC50 ~ 

0.5 µM) but failed to show activity against 

intracellular bacilli. These findings suggest 

that there are several modes of action of 

these related compounds (extracellular vs. 

intracellular) and that they probably target 

several enzymes. Using an activity-based 

protein profiling (ABPP) approach, 23 

putative protein targets for CyC17 were 

identified, including the thioesterase TesA 

[19].  

Overall, these first results support 

the assumption that CyC inhibitors are 

multi-target compounds leading to the 

inhibition of M. tuberculosis growth 

through the inhibition of various 

mycobacterial Ser- or Cys-containing 

enzymes involved in important 

physiological processes. In addition, the 

lack of cytotoxicity towards host cells [19], 

makes these CyC analogs exciting 

molecules to be further evaluated as new 

lead candidates for treating the disease.  

Herein we provide clear evidence 

that TesA is strongly inhibited by CyC17 but 

not by CyC6β, CyC7β or CyC8β (Figure 

3A). As showed in the crystal structure of 

TesA in complex with the CyC17, the 

enzyme inhibition results from the 

phosphorylation of the catalytic Ser104 

(Figure 6A). The inhibitory effect of CyC17 

on TesA allows the validation, a posteriori, 

of this enzyme as an effective target of this 

molecule, as initially postponed via 

previous ABPP experiments [19].  

However, the absence of in vitro 

inhibition of TesA by CyC6β, CyC7β or 

CyC8β strengthens the fact that M. 

tuberculosis bacterial clearance inside 

infected macrophages, observed during ex 

vivo experiments in presence of these 

molecules [19], does not result from the 

inhibition of this enzyme. In contrast the 

Antigen 85 complex is targeted by CyC7β, 

CyC8β as well as CyC17 [37]. From a 

structure-activity relationship (SAR) point 

of view, CyC6β, CyC7β and CyC8β are 

phosphonate analogs while CyC17 is a 

phosphate (Figure 3). However, such a 

chemical change (i.e., phosphonate vs. 

phosphate) is not a sufficient criteria to 

explain the observed difference in their 

inhibitory potency, since any catalytic 

serine/cysteine is able to react similarly 

with both chemical species [14, 19]. A more 

plausible explanation relies on the core 

structure of these compounds and more 

precisely on the positioning of the alkyl 

chain. If phosphonates CyC6-8 are best 

described by the relationship between the 

OMe on phosphorus and the H-substituent 

on the C-5 carbon atom, being here in a cis 

(β-isomer) conformation; with CyC17, the 

lipophilic C16-alkyl chain is directly 
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carried by the phosphorus atom. 

Accordingly and as reported previously 

[14], the presence of such lipophilic alkyl 

chain on the γ-carbon of the enol-

phosphonate ring may significantly affect 

and modify the biological activity of the 

corresponding monocyclic analogs. The 

exquisite chemoselectivity exerted by TesA 

for CyC17 phosphate over the phosphonates 

could result from a steric hindrance 

provided by lateral alkyl chain located at the 

C5-carbone atom in CyC6-8 phosphonates 

making reaction between the phosphorus 

atom with the catalytic Ser104 extremely 

difficult, as already observed with 

mammalian lipases [14]. 

The biochemical and mass 

spectrometry experiments involving CyC17, 

coupled with site directed mutagenesis 

conducted on Ser104 have confirmed the 

covalent binding of CyC17 to the catalytic 

serine of TesA. Remarkably, after 

phosphorylation of the serine by CyC17, a 

rearrangement of the inner structure of the 

bound inhibitor occurs with the release of 

methyl 2-acetyl 4-hydroxybutyrate group 

(Figure 5E). Such chemical rearrangement 

that has been previously observed in the 

inhibited Ag85C-CyC17 complex [37], and 

can therefore be considered as a signature of 

the CyC17 reactivity with Ser- and Cys-

containing enzymes. 

As found in some other thioesterases 

and many lipolytic enzymes, TesA 3D 

structure reveals the presence of a lid 

protecting the catalytic site and composed 

by 2 α-helices [40, 49, 55]. These structural 

observations are in line with the results of 

pNP ester hydrolysis showing a clear 

increase in TesA activity in presence of 

surfactant (i.e., Triton X-100 – Figure 2B). 

In the structure depicted in Figure 6, the lid 

is in open conformation allowing the 

interaction between CyC17 and the active 

Ser104. Moreover, in this crystal structure 

the polar head of CyC17 is also clearly 

covalently bound to Ser104 and its 

hydrocarbon tail seems to be floating 

towards the hydrophobic crevice located 

between the core and the lid. Only a few of 

the carbons close to the phosphate group 

could be modelled in the electron density 

map (Figure S2). Despite many attempts, 

no suitable crystals were obtained in 

absence of inhibitor suggesting that TesA is 

difficult to crystallize in closed 

conformation. The presence of the inhibitor 

could, however promote the lid opening 

which results in the formation of dimers 

(Figure 4C) that allows good quality of 

crystals to form.  

In the present study, we bring new 

evidence that the CyC analogs impair 

various target enzymes with different 

activities. Consequently, a way to enhance 

the efficiency of this new family of anti-

tubercular molecules would be the use of 

these CyC as a cocktail mixture, or together 

with known antibiotics to treat intra and/or 

extracellular bacteria. 

 

Material and Methods  

Bacterial strains and growth condition 

Escherichia coli DH10β cells 

(Invitrogen) used in cloning experiments 

were grown at 37°C in Luria Bertani (LB) 

or on LB agar plates. In the expression 

experiments, Escherichia coli T7 Iq pLysS 

strain was used to carry the expression 

vector and express protein. Terrific Broth 

(TB) broth (Difco) was used to grow the 

strain with shaking at 250 rpm and 37 °C. 

All the media were supplemented with 100 

µg/mL ampicillin.  

Cloning, expression and purification of 

proteins 

From genomic DNA of M. 

tuberculosis H37Rv, full-length of Rv2928 

gene (786 pb) encoding TesA enzyme (261 

AA, MW 29,077 Da, pI 5.11) was amplified 

using the Phusion® DNA polymerase 

(ThermoFisher Scientific). After 

purification the PCR product was cloned 

into the Gateway pDEST14 expression 

vector using Gateway cloning technology 

as described previously. The forward 

primers used is TesA-Fwd 5’ GGGG ACA 

AGT TTG TAC AAA AAA GCA GGC 

TTC GAA GGA GAT AGA ACC ATG 
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CAT CAC CAT CAC CAT CAC GAA 

AAC CTG TAC TTC CAG GGT CTG 

GCC CGT CAC GGA CCA CGC TAT G 
3’, and the reverse primer is TesA-Rev 5’ 

CTA AGC TCG ATC ATG CCA TTG 

GAG TG 3’. The final construct encodes the 

TesA gene fused to a N-terminal 

hexahistidine tag followed by a TEV 

cleavage site (bold). After checking the 

integrity of the DNA sequence by DNA 

sequencing (GATC-BIOTECH, Germany), 

the recombinant vector was transformed 

into Escherichia coli T7 Iq pLysS cells 

(New England Biolabs) and then expressed 

and purified. Briefly, the cells were grown 

in Terrific Broth (TB) at 37°C until OD600nm 

reached 0.6-1.0. Expression of TesA was 

induced by 0.5 mM isopropyl-β-thio-

galactoside (IPTG) for overnight at 17°C. 

Cells were harvested by centrifugation at 

4,000 × g for 15 min at 4°C, resuspended in 

lysis buffer (50 mM Tris-HCl, pH 8, 300 

mM NaCl, 10 mM imidazole, 0.25 mg/mL 

lysozyme) and lysed by sonication at 50% 

power during 4 min, with 45 short burst of 

45 s followed by intervals of 15 s for 

cooling. The lysate was cleared by 

centrifugation at 18,000 × g for 45 minutes 

and the supernatant was loaded onto a Ni2+ 

affinity chromatography column (HisTrap 5 

mL, GE Healthcare). The protein was 

washed with buffer A (20 mM Tris-HCl, pH 

8, 150 mM NaCl) containing 50 mM 

imidazole and eluted with buffer A 

containing 250 mM imidazole. The 

hexahistidine tag was cleaved by incubation 

of the protein with the histidine-tagged TEV 

protease (ratio 40:1, protein: TEV, w/w) 

overnight, coupled with dialysis against 

buffer A to eliminate imidazole. The 

untagged TesA was obtained in the flow 

through of a second Ni2+ affinity 

chromatography and further purified by 

preparative Superdex 75 (GE Healthcare) 

gel filtration in buffer A. TesA was 

concentrated to 15 mg/mL for 

crystallization studies and other 

experiments. Complexes of TesA with 

different CyC inhibitors (CyC17, CyC7β, 

CyC8β) were prepared by mixing pure TesA 

with each CyC, previously dissolved in 

DMSO, at a molar excess (xI) of 100. The 

mixture was left at 4 °C for at least 1 h 

before submitted to an additional 

preparative Superdex 75 gel filtration in 

buffer A. TesA-inhibitor complexes were 

concentrated to 15 mg/mL for further 

crystallization studies.  

TesA mutant construction 

The pDEST14-TesAS104A mutant 

plasmid was constructed by the 

QuickChange method using pDEST14-

TesA as matrix, the Phusion® DNA 

polymerase (ThermoFisher Scientific), the 

forward primer TesAS104A-Fwd 5’ G GTG 

GCA TTC TTT GGG CAC GCT ATG 

GGC GGA ATG CTA GCC TTC 3’, and the 

reverse primer TesAS104A-Rev 5’ GAA GGC 

TAG CAT TCC GCC CAT AGC GTG 

CCC AAA GAA TGC CAC C 3’ (Ser-to-Ala 

mutation in bold). After DNA sequencing, 

the recombinant plasmid was transformed 

into Escherichia coli T7 Iq pLysS cells and 

the recombinant enzyme was produced and 

purified as described above.  

MALS/QELS/UV/RI-coupled size 

exclusion chromatography 

Size exclusion chromatography was 

performed on an Alliance 2695 HPLC 

system (Waters) using a precalibrated 

KW802.5 column (Shodex) run in 20 mM 

Tris-HCl, pH 8, 150 mM NaCl at 0.5 

mL/min. MALS, UV spectrophotometry, 

QELS and RI were achieved with 

MiniDawn Treos (Wyatt Technology), a 

Photo Diode Array 2996 (Waters), a 

DynaPro (Wyatt Technology) and an 

Optilab rEX (Wyatt Technology), 

respectively, as described [56]. Mass and 

hydrodynamic radius calculation was done 

with ASTRA software (Wyatt Technology) 

using a dn/dc value of 0.185 mL/g. 

Enzymatic activity 

Esterase activity  

The esterase enzyme activity was 

performed as previously described with 

minor modifications [57]. In brief, para-

nitrophenyl (pNP) esters (Sigma-Aldrich, 
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Saint-Quentin Fallavier, France) with 

different carbon chain lengths were used as 

substrates, including pNP acetate (pNP-

C2), valerate (pNP-C5), caprylate (pNP-

C8), laurate (pNP-C12), myristate (pNP-

C14) palmitate (pNP-C16) and stearate 

(pNP-C18). Stock solution (from 20 to 100 

mM) of each substrate was freshly prepared 

in acetonitrile. Release of pNP was 

monitored at 410 nm and pH 7.5 using a 96-

well plate spectrophotometer 

(PowerWaveTM, Bio-Tek Instruments) and 

quantified using a pNP calibration curve (10 

µM to 0.5 mM) with apparent Ɛ(λ=410nm) = 

8.4 mM-1 and 6.0 mM-1 when using 0.5% 

(w/v) Triton X-100. Enzymatic reactions 

were performed at 37 °C over a period of 20 

min in a 96-well microplate filled with 100 

mM Tris-HCl buffer (pH 7.5) containing 

100 mM NaCl to a final volume of 200 µL. 

In each well, 2 mM of substrate and 50 µg 

of enzyme (8.6 µM final concentration) 

were added. For each pNP ester, the assay 

was performed in presence or absence of 

0.5% (w/v) Triton X-100 in the buffer. 

When Triton X-100 was present, the pNP 

esters were first solubilized in the buffer by 

sonication in a water bath for 1 min. 

Activities were expressed in international 

units (U), corresponding to 1 µmol of pNP 

released per min. Specific activities were 

expressed as mU/mg of pure enzyme. The 

same conditions were also applied to the 

inactive TesAS104A catalytic mutant. 

Negative controls included denaturated 

enzyme (10 min boiling) and protein 

filtrates (obtained during concentration 

steps). All experiments were performed at 

least in triplicate. 

Thioesterase activity assay 

Hydrolysis of Palmitoyl-CoEnzyme 

A (Palmitoyl-CoA) (Sigma-Aldrich) was 

used to measure thioesterase activity. After 

hydrolysis of the thioester bond, the free 

sulfur on CoA is attacked by DTNB (5-5'-

Dithio-bis (2-nitrobenzoic acid)) (Sigma-

Aldrich) which releases a measurable 

nitrophenyl group, TNB2-(5-Thio-2-

nitrobenzoate) ion detectable at 415 nm. 

Fresh stock solution of Palmitoyl-CoA (1 

mM) and DTNB (0.4 mM) were prepared in 

water. Palmitoyl-CoA and DTNB were 

added in each well of a 96-well microplate 

at final concentration of 10 µM. The 

thioesterase activity of TesA (23.5 µg – 4.0 

µM final concentration) was compared to 

that of Cut6 (Rv3802c) (7.5 µg – 1.1 µM 

final concentration) [28] which was used as 

positive control. Triplicate assays were 

done at pH 8.0 in 10 mM Tris, 300 mM 

NaCl buffer. The absorbance at 415 nm was 

continuously measured and the release of 

TNB2- was quantified using a calibration 

curve. 

Inhibition by CyC17, CyC7β, CyC8β and 

Orlistat 

Inhibition experiments were carried 

out using a classic lipase inhibitor pre-

incubation method, as previously described 

[14, 15]. Mother solution of each inhibitor 

CyC17, CyC6, CyC7β, CyC8β and Orlistat 

were prepared in DMSO at a concentration 

of 4.6 mg/mL, 5.7 mg/mL, 5.9 mg/mL and 

5.0 mg/mL, respectively. TesA was pre-

incubated for 30 min at 37 °C with each 

CyC at various inhibitor molar excess (xI) 

ranging from 1 to 100 related to 1 mol of 

enzyme. In each case, control experiments 

were performed with the same volume of 

solvent, without inhibitor. Residual 

activities were assayed using the 

colorimetric assays with the substrate pNP-

C8 as described above. The variation in the 

residual enzyme activity allowed 

determination of the inhibitor molar excess 

which reduced the enzyme activity to 50% 

of its initial value (xI50). Results are 

expressed as mean values of at least two 

independent assays (CV%, 5.0%). 

In view of the specific mechanism of 

action of lipolytic enzymes [35], the 

Michaelis-Menten–Henri model no longer 

applies [58] and the Km, Ki and IC50 values 

often estimated for lipolytic enzymes and 

expressed in terms of volume 

concentrations are irrelevant when 

insoluble substrates and/or inhibitors are 

involved, or when conformational changes 

related to lid opening are occurring [29]. 
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The use of more appropriate kinetic 

constants such as the inhibitor molar excess 

leading to 50% enzyme inhibition (i.e., xI50 

value) [14, 15, 59] is therefore 

recommended when assessing the 

inhibitory potency of insoluble inhibitors, 

such as these cyclic enol-phosphorus 

derivatives. Thereby, a xI50 value of 0.5 is 

synonymous with a 1:1 stoichiometric ratio 

between the inhibitor and the lipolytic 

enzyme, and is therefore the highest level of 

inhibitory activity that can be achieved. 

Mass spectrometry analyses 

Total mass analyses  

Total mass analyses were performed 

on a MALDI-TOF-TOF Bruker Ultraflex 

III spectrometer (Bruker Daltonics, 

Wissembourg, France) controlled by the 

Flexcontrol 3.0 package (Build 51). This 

instrument was used at a maximum 

accelerating potential of 25 kV and was 

operated in linear mode using the m/z range 

from 20,000 to 100,000 (LP_66 KDa 

Method). Five external standards (Protein 

Calibration Standard II, Bruker Daltonics) 

were used to calibrate each spectrum to a 

mass accuracy within 200 ppm. Peak 

picking was performed with Flexanalysis 

3.0 software (Bruker) with an adapted 

analysis method. To eliminate salts from the 

samples solutions, 10 µL of each 

preparation was submitted to a desalting 

step on a C4 Zip-Tip µcolumn (Millipore). 

One µL of desalted sample was mixed with 

1 µL sinapinic acid matrix in a 50% 

acetonitrile/0.3% trifluoroacetic acid (TFA) 

mixture (1:1, v/v). Then 1 µL was spotted 

on the target, dried and analysed with the 

LP_66Kda method. Peak picking was 

performed with Flexanalysis 3.0 software 

(Bruker) with an adapted analysis method. 

Parameters used were as follows: SNAP 

peak detection algorithm, S/N threshold 

fixed to 6 and a quality factor threshold of 

30. 

Tryptic digestions and peptide mass 

analyses 

Protein denaturating SDS-PAGE 

was performed on Nu-Page 4-12% Bis-Tris 

gels (Invitrogen, Life Technologies, 

Carlsbad, CA). The gel was stained with 

Coomassie blue (Imperial Protein stain, 

Pierce). Protein spots (~ 10 µg) excised 

from Coomassie blue stained gels were 

subjected to in-gel digestion with trypsin (2 

µL – 12.5 ng/µL) (Sequencing grade 

modified porcine trypsin; Promega, 

Madison, WI, USA) according to a 

modified protocol from Shevchenko et al. 

[60]. Tryptic peptides were then extracted 

from the gel by successive treatment with 

5% formic acid and 60% acetonitrile/5% 

formic acid, each treatment followed by a 

10 min sonication. Extracts were pooled 

and dried in a Speedvac evaporator. 

Peptide mass analyses were 

performed on a MALDI-TOF-TOF Bruker 

(as described above) operating in reflectron 

mode using the m/z range from 600 to 3700 

(RP Proteomics_2017 Method). The laser 

frequency was fixed to 200 Hz and 

approximately 500 shots by sample were 

cumulated. Five external standards (Peptide 

Calibration Standard, Bruker Daltonics) 

were used to calibrate each spectrum to a 

mass accuracy within 50 ppm. One µL of 

sample was mixed with 1 µL of a saturated 

HCCA (α-cyano-4-hydroxycinnamic acid) 

solution in acetonitrile/0.3% TFA (1:1, v/v). 

Then 1 µL was spotted on the target, dried 

and analysed with the RP Proteomics_2015 

method. Peak picking was performed with 

Flexanalysis 3.0 software (Bruker), using 

the following parameters: SNAP peak 

detection algorithm, S/N threshold fixed to 

6 and a quality factor threshold of 30. 

Crystallization and data processing of 

TesA  

Crystallization trials were carried 

out using the sitting-drop vapour diffusion 

method [61]. The reservoirs of the Greiner 

plates were filled with a TECAN pipetting 

robot, and nanodrops were dispensed by a 

Mosquito robot (TTP Labtech). No crystal 

hits were found when using apo-form of 

TesA, although many different screening 

conditions and protein concentrations were 

used. All three complexes of inhibitor-
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bound TesA (TesA-CyC17, TesA-CyC7β, 

TesA-CyC8β, at a molar excess (xI) of 100) 

resulted in different crystal forms, however 

only crystals of TesA-CyC17 appeared in 

45% PEG 600, 0.1 M HEPES pH 7.5 

diffracted well. The resolution of these 

crystals was improved by adding of 10% 

(v/v) 2-methyl-2,4-pentanediol (MPD) and 

5 mM β-Octyl glucoside into the well 

solution before drop preparation. Crystals 

were directly cryo-cooled in well solution 

without any cryo-protection. Datasets were 

collected at the SOLEIL synchrotron (St 

Aubin, France). Data were processed with 

XDSME [62] and the structure was solved 

by molecular replacement with the structure 

of the core domain of RifR a thioesterase 

from the rifamycin biosynthetic pathway 

from Amycolatopsis mediterranei as search 

model (PDB id: 3FLB) [40] and using 

Phaser from the PHENIX software suite 

[63]. 

Crystal form 1 had the F222 space group 

with unit cell parameters: a=77.58, 

b=224.65, c=226.62 Å and α = β = γ = 90°, 

4 molecule of TesA in 1 asymmetric unit. 

Crystal form 2 had the C2221 space group 

with unit cell parameters: a=79.07, 

b=224.58, c=222.21 Å and α = β = γ = 90°, 

8 molecules of TesA in 1 asymmetric unit. 

Manual adjustments of the model were 

performed with Coot [64] and the structure 

was refined to 2.75 Å for crystal form 1 and 

2.6 Å for crystal form 2 with BUSTER [65]. 

Covalent link between CyC17 and catalytic 

serine and restraints for the inhibitor were 

generated by Jligand [66]. Data collection 

and refinement statistics are displayed in 

Table 1. 
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Table 1. Data collection and refinement statistics (numbers in brackets refer to the highest 1 

resolution bin) 2 

DATA 

COLLECTION* 
Form1 Form2 

PDB 6FW5 6FVJ 

Source SOLEIL, PROXIMA 1 SOLEIL, PROXIMA 1 

Detector PILATUS 6M PILATUS 6M 

Wavelength (Å) 0.978570 0.97934 

Space group F222 C2221 

cell (Å) a = 77.58, b = 224.65, c = 226.62 a = 79.07, b = 222.58, c = 222.21 

Angles (°) α=β=γ=90 α=β=γ=90 

Nr. of monomers 4 8 

Resolution limits (Å) 43.87-2.75 (2.91-2.75) 43.80-2.60 (2.75-2.6) 

Rmerge 0.106 (1.001) 0.116 (0.907) 

CC1/2 0.997 (0.743) 0.999 (0.773) 

Unique reflections 24307 (4055) 61244 (9662) 

Mean((I)/sd(I)) 10.00 (1.38) 15.94 (2.43) 

Completeness (%) 93.1 (97.1) 99.6 (98.8) 

Multiplicity 7.18 (7.19) 13.4 (13.5) 

REFINEMENT*   

Resolution (Å) 39.89-2.75 (2.87-2.75) 43.8-2.6 (2.67-2.6) 

Number of reflections 24306 (3026) 61125 (4464) 

Number of protein / 

water / ligand (atoms) 
6766/80/20 12774/327/157 

Test set reflections 1216 (152) 3056 (223) 

Rwork/Rfree (%) 27.2/28.1 (29.4/31.2) 23.4/25.4 (25.6/25.3) 

r.m.s.d.bonds (Å) / 

angles (°) 
0.011/1.23 0.008/1.04 

B-Wilson / B-mean Å 145.61/133.02 85.66/85.27 

Ramachandran: 

preferred / allowed / 

outliers (%) 

92.17/6.56/1.27 94.44/3.89/1.67 

Average B-factor per 

chain: 

A/B/C/D/E/F/G/H 

119.2/128.2/142.7/145.7 72.2/67.6/74.8/67.2/87.9/91.2/113.8/112.3 

 3 
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 1 
 2 
Figure 1: (A) The PDIM gene cluster in M. tuberculosis. The tesA genes is shown in red. The 3 
black arrows represent predicted open reading. (B) Schematic representation of phthiocerol 4 

dimycocerosate (PDIM) and phenolphthiocerol (PGL) biosynthesis in M. tuberculosis. The 5 
interaction between TesA and PpsE is represented. The hydrolyzed thioester bond is indicated 6 
by a green arrow in PDIM synthesis pathway, and by a red arrow in PGL biosynthesis. After 7 

condensation with mycoseric acid, the products released by TesA lead to the synthesis of both 8 
PDIM and PGL.  9 
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 1 
 2 
Figure 2: Biochemical characterization: (A) TesA and TesAS104A purification. Lane 1, 3 

standard from Euromedex; lane 2 and 3, 3 µg of purified TesA and TesAS104A mutant after Tev 4 
proteolysis. (B) Esterase activity on pNitrophenyl esters with chain lengths varying from C2 to 5 

C18 in presence or in absence of 0.5% Triton X-100. (C) Thioesterase activity measurements 6 
corresponding to Palmitoyl-CoEnzyme A hydrolysis. Cut6 (Rv3802c) was used as positive 7 
control for the thioesterase activity. Each experiment is the mean of three independents assays. 8 
NA, no activity. 9 

 10 

 11 

  12 
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 1 
 2 

Figure 3: Chemical structures of CyC6β, CyC7β, CyC8β cis-monocyclic enol phosphonate 3 
analogs to Cyclophostin and CyC17 a monocyclic enol phosphate analog to Cyclipostins. 4 
Adapted from [19]. 5 
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 1 
 2 

Figure 4: Inhibition of the TesA esterase activity is mediated by the covalent binding of 3 
CyC analogs. (A) The enzymatic activity of TesA was tested using pNP ester assay in the 4 

presence of different concentrations of CyC7β, CyC8β, CyC17 and Orlistat as control. The 5 

inhibitory effect was determined at the maximum rate of the reaction. Error bars represent the 6 
standard deviation calculated from three independent experiments. Dose-response curves for 7 

CyC7β, CyC8β, CyC17 and Orlistat were fitted in Kaleidagraph 4.2 Software (Synergy 8 
Software). (B) Equal amounts of either TesA or TesAS104A were pre-treated with CyC17, 9 
incubated with TAMRA-FP, separated by SDS-PAGE and visualized by Coomassie blue 10 

staining (upper panel) or in-gel fluorescence visualization (middle panel). The merged image 11 
is shown in the lower panel. TAMRA labelling of TesA is blocked by the covalent binding of 12 
the CyC analogs to the catalytic Ser104 as evidenced with the TesAS104A variant. (C) 13 

MALS/QELS/UV/RI analysis. The corresponding curve depicting the variation in UV 14 
absorbance at 280 nm as a function of time (min. after sample injection in the High Performance 15 

Liquid Chromatography system) for TesA (orange brown chromatogram) and TesA-CyC17 16 

complex (grey chromatogram) have been superimposed and reported on the same 17 

chromatogram. The traces indicating the molar mass (indicated on the left, in Da) are shown on 18 
each peak by an arrow. Molecular masses of 31,800 Da (CV% <5%) for the monomer and 19 
56,000 Da (CV% <4%) for the dimer have been calculated by the ASTRA software (Wyatt 20 

Technology).  21 
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 1 
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Figure 5: Mass spectrometry analyses. Global mass modification of TesA (A) and TesAS104A 3 

(C) without (blue and pink spectra) or pre-incubated with CyC17 (green and blue spectra), as 4 
determined using an Ultraflex III mass spectrometer (Brucker Daltonics) in linear mode with 5 

the LP_66kDa_method. In order to localize the peptide containing the catalytic Ser104, TesA 6 
and TesAS104A were digested by trypsin. (B) and (D), peptide mass fingerprint on the digested 7 
TesA/TesAS104A (upper spectra, blue and pink), and peptide mass fingerprint on the digested 8 

TesA/TesAS104A pre-treated by CyC17 (lower spectra, green and blue). (E) Mechanism of action 9 
of the phosphate analog CyC17 based on mass spectrometry analyses. 10 
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Figure 6 1 

 2 
 3 
Figure 6: (A) Ribbon view of overall structure of TesA, face view and 90° rotation around 4 
vertical axis. The α-helices are colored cyan blue and the β-strands magenta. (B) The catalytic 5 

machinery of TesA. The catalytic triad Ser104-His236-Asp208 side chains are colored by atom 6 
type (N: blue, O: red, C: grey) with black labels. The hydrogen bonds are colored green. The 7 

oxyanion hole residues (Ala37 and Met105) are labelled in white with yellow colored hydrogen 8 
bonds. 9 
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Figure 7: Identification of TesA lid. (A) Ribbon view of the superposition of TesA with RifR 3 
(PDB id: 3FLA; Type II thioesterase from Rifamycin NRPS/PKS biosynthetic pathway). TesA 4 
and RifR are colored in orange and blue, respectively. The hypothetical rotation from closed to 5 

open form is identified by a blue arrow. (B) Left: surface representation of TesA (orange) with 6 
the inhibitor CyC17 (stick representation) in the active site. Right: same as on the left, but with 7 

the ribbon view of RifR (PDB id: 3FLA) superimposed. The helices of RifR lid (blue color) 8 
cover the catalytic site of TesA.  9 
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Figure 8: Comparison of TesA with the thioesterase domain of M. tuberculosis Polyketide 3 
Synthase 13 (Pks13). (A) Ribbon view of the superposition of TesA with the thioesterase 4 
domain of Pks13 (PDB id: 5V3X) colored orange and cyan blue, respectively. TesA and Pks13 5 

inhibitors are represented as sticks and spheres, respectively. Both lids superimposed well and 6 
are in open conformation. The grey arrow identifies the two helices insertion in Pks13 7 

thioesterase domain. (B) Left: Surface representation of Pks13 thioesterase domain (cyan blue) 8 
and its inhibitor. Right: Surface representation of TesA (orange) and inhibitor CyC17. The grey 9 

arrow identifies the position of the two helices insertion in Pks13 thioesterase domain. 10 
 11 
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Figure S1 1 

 2 
 3 
Figure S1: Dimer formation of TesA in presence of inhibitor CyC17 4 
  5 
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Figure S2  1 

 2 
Figure S2: Superposition of 8 monomers of TesA identified in the asymmetric unit  3 
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Figure S3 1 

 2 
 3 
Figure S3: 2Fo-Fc electron density map contoured at 1 σ of the ligand (CyC17) and 4 

residues within a 8 Å radius from ligand to each atom 5 
 6 


