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ABSTRACT

A novel coumarin-based molecule, designed as a fluorescent surrogate of a
thiacetazone-derived antitubercular agent, was quickly and easily synthesized from
readily available starting materials. This small molecule, coined as Coum-TAC,
exhibited a combination of appropriate physicochemical and biological properties,
including resistance towards hydrolysis and excellent antitubercular efficiency similar
to that of well-known thiacetazone derivatives, as well as efficient covalent labeling of
HadA, a relevant therapeutic target to combat Mycobacterium tuberculosis. More
remarkably, Coum-TAC was successfully implemented as an imaging probe that is
capable of labeling Mycobacterium tuberculosis in a selective manner, with an
enrichment at the level of the poles, thus giving for the first time relevant insights
about the polar localization of HadA in the mycobacteria.



INTRODUCTION

Despite being one of the ancient and deadliest diseases affecting mankind,
tuberculosis (TB) still is today a major health burden by being the leading cause of
mortality due to an infectious disease worldwide.! In actual fact, Mycobacterium
tuberculosis (M.tb), the prime causative agent of TB, is nowadays infecting more than
one-quarter of the world’s population, with no fewer than 10 million new cases and
1.5 million deaths per year. The main obstacle to TB control is the emergence of M.tb
strains that exhibit resistance to the frontline anti-TB drugs such as isoniazid (INH),
rifampicin (RIF), ethambutol (EMB) and pyrazinamide (PYR).}? As these M.tb drug-
resistant strains are spreading further at an alarming rate, there is an urgent need for
the development of novel effective drugs and/or therapeutic targets to combat this
scourge.

Currently, most of efficient anti-TB strategies take advantage of the unique cell wall
composition of M.tb which is particularly rich in lipids. It is indeed well established that
mycobacteria’s ability to survive is directly dependent on the integrity of its outer
membrane called mycomembrane.® The unique mycomembrane composition is due
to the presence of specific fatty acids, namely mycolic acids (MAs), as major lipid
components which are synthesized by two types of fatty acid-synthase system (FAS),
i.e. FAS-l and FAS-II (Figure 1).

Among the FAS-II, four enzymes operate in tandem in each cycle of elongation. In
particular, the third step of the fatty acid elongation is promoted by pB-hydroxyacyl-
ACP dehydratase complex (HadABC) via dehydration of B-hydroxyacyl-ACP to trans-
2-enoyl-ACP,* HadA and HadC being the substrate binding subunits and HadB the
catalytic subunit. Of significance is that the HadABC knock-out mutant in M.tb proved
to be not viable® and further studies showed that HadA and HadB are essential for

cell viability but not HadC>.
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Figure 1. The FAS-II pathway in M.tb with enzymes in bold.

Thus, these results make Had proteins, especially HadA and HadB, relevant
therapeutic targets to combat M.tb. Among the existing compounds targeting Had
proteins, thiacetazone (TAC) is an anti-TB drug that had been widely used in
combination with the prodrug isoniazid (INH) in South America and Africa (Scheme
1). TAC is a prodrug that has to be activated by the mycobacterial monoxygenase
EthA that is also able to activate the two other well-known anti-TB drugs ethionamide
(ETH) and isoxyl (1SO).%"®9 Activated TAC and 1SO have been shown to inhibit the
dehydration step of the FAS-II system pathway, while ETH after activation acts as an
inhibitor of enoyl-ACP reductase InhA.° Biochemical and proteomic evidences
established that TAC specifically and covalently reacts with a cysteine residue (i.e.,
Cys61) of HadA subunit of the dehydratase (Scheme 1).'! Unfortunately, attempts to
characterize the HadA"'-drug complexes have failed so far due to the presence of
Cys105 able to displace the drug to afford a disulfide bridge Cys61-Cys105, possibly
formed either in the mycobacteria or during the isolation of the HadA-drug

complexes.
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Scheme 1. Thiacetazone (TAC): structure and suggested mechanism of HadA inactivation.

In that context, there is an actual need to develop effective tools for increasing
knowledge about HadA due to its relevance as therapeutic target. The localization of
HadA in the mycobacteria would be a first step forward. Despite intensive efforts to
localize proteins from the FAS-II system in the mycobacteria, the localization of HadA
is indeed still unknown, unlike other FAS-II proteins, including MabA, InhA, KasA and
KasB, which were localized in the same region at the poles (Figure 1).*? To achieve
this goal, we intend to provide a novel chemical tool enabling the imaging and the
identification of HadA in the mycobacteria.

Herein, we precisely report a structurally-simple and easy-to-prepare probe able to
play a dual role of covalent inhibition and imaging. The present work thus details the
rational design and straightforward synthesis of the envisaged probe, as well as the
evaluation of its potential not only as an efficient covalent inhibitor of HadA and MAs
biosynthesis in mycobacteria, but also as a useful fluorescent probe in M.tb.

RESULTS AND DISCUSSION
Design and synthesis of Coum-TAC. As depicted in Figure 2, the design of the

envisaged probe (i.e., Coum-TAC) relied on the construction of a covalent conjugate

of a known anti-TB agent with a fluorescent moiety (Figure 2). To find a judicious



anti-TB agent, we focused our attention on already reported TAC analogues, bearing
thus the thiocarbazone group prone to target HadA protein (Scheme 2). In fact,
various TAC analogues have been reported in the literature as efficient anti-TB
agents.**** While most of the reported analogues feature distinct substitution

patterns on the aryl ring of TAC,">*

some heteroaryl (i.e., thiophenyl, pyridinyl,
quinoleinyl ...) derivatives were also found to exhibit good to excellent activities
against M.tb™. Regarding these data, we selected the thiophenyl-based TAC
analogue (right hand blue structure in Figure 2) to be conjugated with a fluorescent
moiety. This choice was motivated not only by the excellent anti-TB activity of this
analogue (i.e., MIC (H37Rv) < 1 ug/mL), but also by its ease of chemical
incorporation in the targeted Coum-TAC probe. As fluorescent moiety, our choice
went to the coumarin scaffold, a popular heterocyclic chromophore responsible for
the fluorescence of numerous compounds of imaging relevance.'® More particularly,
7-(N,N)-diethylaminocoumarin, commonly referred to as coumarin 466 (left hand red
structure in Figure 2), was selected due to its well-known photophysical properties.*’
Of note, the coumarin skeleton is also a privileged scaffold in life sciences due its
presence in numerous biologically-relevant natural or synthetic products.'® The range
of biological activities of coumarins is indeed quite broad, coumarin-based
compounds having been reported in the literature as antitumor,*® antidepressant,?

anti-Alzheimer,?*  anti-inflammatory,®? antioxidant,® anti-HIV** but also as anti-TB

agents?>.
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Figure 2. Coum-TAC probe as a covalent conjugate of an anti-TB agent (in blue, see ref 14 for
details) with a fluorescent moiety (in red).

We next planned the synthesis of Coum-TAC which was successfully achieved in

four steps from 4-(N,N)-diethylaminosalicylaldehyde and 2-thiopheneacetonitrile as



commercially available starting materials (Scheme 2). The two first steps allowed the
construction of the required coumarin moiety via base-catalyzed cyclocondensation
of 4-(N,N)-diethylaminosalicylaldehyde with 2-thiopheneacetonitrile followed by acid-
mediated hydrolysis of the iminocoumarin intermediate 1. The so-formed coumarin 2
equipped with a thiophenyl residue was next subjected to Vilsmeier-Haack conditions
to furnish formylated coumarin 3. Coum-TAC was finally obtained by condensation
between 3 and thiosemicarbazide in refluxing ethanol. Noteworthy are the efficient,
straightforward and easy-to-synthesize features of this four-steps sequence without

the need for any chromatographic purification step.
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Scheme 2. Synthesis and photophysical properties of Coum-TAC. * Maximum absorption wavelength
in nm.  Molar extinction coefficient in M cm™. ¢ Maximum emission wavelength in nm. 4 Fluorescence

guantum yield at 461 nm.

Stability and photophysical evaluation of Coum-TAC. Additional properties of
Coum-TAC were required before moving forward with its biological profile.

First, we evaluated the stability of Coum-TAC under aqueous conditions in order to
confirm the robustness of its hydrazone function towards hydrolysis. This data of
robustness will provide relevant information about the stability of Coum-TAC under
the conditions applied thereafter in the course of its biological evaluation. Hence, its
stability was evaluated for 21 days at 37 °C in a mixture CH3CN/H,O 8:2 and
monitored by LC/MS (Figure S1 in the Supporting Information). Under such

conditions, Coum-TAC exhibited sufficient resistance towards hydrolysis (less than 5



% decrease over the investigated period), thus revealing an adequate stability profile
of Coum-TAC for its biological evaluation, which is to follow.

For imaging purposes, we also evaluated photophysical properties of Coum-TAC by
means of UV-vis and fluorescence spectroscopies. Shifting from coumarin 466 to
Coum-TAC led, as expected, to a substantial red shift at the apex of both absorption
and emission peaks (maximum wavelengths increase of 80 nm and 91 nm in
acetonitrile, respectively). Coum-TAC indeed exhibits a strong and sharp absorption
band at 461 nm and a strong emission band at 539 nm, thus revealing a large Stokes
shift (ie. 78 nm). These data make Coum-TAC a fluorescent candidate suited to

imaging experiments detailed later in this study.

Evaluation of the anti-TB activity of Coum-TAC. The antitubercular activity of
Coum-TAC was determined against M.tb H37Rv (entry 1, Table 1), showing a MIC
of 0.5 pug/mL very similar to MIC of various TAC analogues found in the literature***3
and more specifically to that of the thiophenyl-based TAC analogue selected as anti-
TB moiety of Coum-TAC (i.e., with a reported MIC (H37Rv) of 0.8 pg/mL) (Figure
2)'. As a control, no antimycobacterial effect was observed for the synthetic
precursor 3 of Coum-TAC, thus revealing the crucial effect of the thiocarbazone
group. MIC of Coum-TAC was also determined for M. smegmatis mc®155 strain. As
expected,?®® the MIC in M. smegmatis is > 256 pg/mL, thus revealing that M.
smegmatis strain is resistant to Coum-TAC as for TAC. As a control, INH presents a
MIC in M. smegmatis of 16 pg/mL. To investigate whether Coum-TAC has a
bacteriostatic or cidal activity against M.tb H37Rv, Kkill kinetics were performed
comparing the activity of Coum-TAC with that of TAC. M.tb cultures were exposed at
MIC concentration (0.5 and 1 pg/ml, respectively) and 10-fold MIC values, and
viability was measured. TAC has a bacteriostatic effect on M.tb cultures, as reported
literature,” and cultures treated with Coum-TAC also showed a similar bacteriostatic
activity (Figure S2 in the Supporting Information).

Consequently, in order to study the mechanism of action of Coum-TAC, a panel of
nine M.tb mutants already available and harboring different mutations in genes
encoding for drug targets (NTB1, DR1, 88.1, 88.7), activators (53.3 and 81.10) and
inactivator (Tyl) was used. More specifically: i) 53.3 mutant harbours a mutation in
Rv2466¢ coding for the activator of the TP053 thienopyrimidine (entry 2, Table 1),%°
i) NTB1 presents a mutation in dprE1l, coding for the benzothiazinone target (entry



3),%" iii) DR1 mutant harbours a mutation in mmpL3, which codes for the cellular
target of BM212 and other compounds (entry 4),%® iv) TY1 has a mutation in Rv3405c
coding for the repressor of Rv3406, an enzyme inactivating the Ty38c
carboxyquinoxaline (entry 5),%° v) 88.1 mutant harbours a mutation in coaA coding for
PanK which is the target of thiphenecarboxamides (entry 6),% vi) 88.7 presents a
mutation in pyrG coding for the CTP synthetase which is the second target of
thiophenecarboxamides (entry 7),*! vii) 81.10 compound has a mutation in ethA
coding for the activator of TAC, ethionamide (ETH) and isoxyl (ISO) (entry 8)%!.
Finally, Coum-TAC was evaluated for its activity against two M.tb multi-drug resistant
clinical isolates CI1 and CI2 (entries 9-10).%

As expected, 81.10 mutant (mutated in ethA gene) and the two clinical strains, i.e.
Cl1 and CI2 (also resistant to ETH), were resistant to Coum-TAC, suggesting that
this compound could be activated by EthA similarly to TAC (entries 8-10). All the
other mutants are sensitive to Coum-TAC, thus highlighting that their mutations are
not linked to the mechanism of action/resistance of this compound.

Table 1. Activity of Coum-TAC against M.tb H37Rv and several drug-resistant strains

Entry M.tb strains MIC (pg/mL) References
Coum-TAC

1 WT H37Rv 0.5

2 53.3 (Rv2466¢c, W28S) 0.5 27
3 NTB1 (DprEl, G387S) 0.5 28
4 DR1 (MmpL3, V681l) 0.5 29
5 Tyl (Rv3405c, c190t) 0.5 30
6 88.1 (CoaA, Q207R) 0.5 31
7 88.7 (pyrG, V186G) 0.5 32
8 81.10 (EthA, A1109-37) >20 26
9 Cl1#e >20 33
10 Cl2%° >20 32

aDrug resistance profiles of M.tb clinical isolates (ClI): CI1 resistant to STR, INH, RIF, EMB, ETH / CI2 resistant to
STR, INH, RIF, EMB, ETH, PYR, capreomycin).

Pwith STR: streptomycin, INH: isoniazid, RIF: rifampicin, EMB: ethambutol, ETH: ethionamide, PYR:
pyrazinamide.

°For structures of INH, RIF, EMB and ETH, see Figure 1.

Activation of Coum-TAC by EthA. To further confirm the role of EthA in Coum-TAC
activation, the ability of the enzyme to metabolize the compound was investigated.
Using a direct spectrophotometric assay, which measures the decrease In
absorbance of the NADPH cofactor during the catalysis, we performed a steady state

kinetic analysis vs both TAC and Coum-TAC (Figure 3), demonstrating that Coum-
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TAC is effectively a substrate of EthA. The enzyme showed kinetic parameters for
TAC (Keat = 4.83 = 0.7 min™; Ky, = 0.153 + 0.011 mM) in accordance with those
previously reported.® The ke value for Coum-TAC (0.72 + 0.17 min™), was lower
than the one for TAC, but the affinity was about 10 fold higher with a K, of 0.016 +
0.002 mM. Thus, EthA shows a similar specificity towards both substrates with Kcai/Kn,
of 45.0 £ 6.2 min™ mM™ for Coum-TAC vs 31.5 + 7.6 min™ mM™ for TAC.
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Figure 3. Steady-state kinetics of EthA as a function of Coum-TAC as a substrate. Data are mean *
SD of at least three independent determinations. In the inset the comparison between the steady-state
kinetics of TAC (red curve) vs Coum-TAC (black curve) is reported.

Inhibition of the synthesis of mycolic acids in M.tb H37Ra by Coum-TAC. To
investigate whether Coum-TAC inhibits the synthesis of mycolic acids similarly to
TAC, *C acetate metabolic labeling of M.tb H37Ra treated with Coum-TAC or TAC
was performed. When the cells of M.tb H37Ra reached OD (600 nm) ~ 0.27, Coum-
TAC or TAC were added in final concentrations 0.01, 0.05, 0.1 and 0.25 pg/ml. After
24 h of treatment, **C label was added followed by further 24 h cultivation. Lipids and

mycolic acids isolated from the C labeled cells were analyzed by TLC. While
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Coum-TAC did not affect the synthesis of any of major phospholipids, it completely
abolished the synthesis of trehalose monomycolates (TMM) and trehalose
dimycolates (TDM) in tested conditions (Figure 4A). Correlating with this
observation, Coum-TAC did not inhibit the synthesis of standard fatty acids, however
it completely blocked the synthesis of all forms of mycolic acids (Figure 4B). Coum-
TAC thereby exhibits the same inhibition effect as TAC.

- ' - FANIE > —. - - —
- - - - -
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Coum-TAC TAC Coum-TAC TAC

Figure 4. TLC analysis of (A) lipids and (B) methyl esters of fatty (FAME) and mycolic (MAME) acids
isolated from **C labeled M.tb H37Ra cells treated with Coum-TAC or TAC. Lipids were separated in
chloroform/methanol/water (20:4:0.5) and detected by autoradiography. Different forms of methyl
esters were separated in n-hexane/ethyl acetate (95:5; 3 runs) and detected by autoradiography (with
TDM: trehalose dimycolates; TMM: trehalose monomycolates; PE: phosphatidylethanolamine; CL:
cardiolipin; alpha-, methoxy- and keto- refer to the forms of MAMES).

Resistance against Coum-TAC resulting from overproduction of HadABC in
M.tb. To confirm that Coum-TAC targets the dehydratase in FASII system, the
HadABC protein complex was overproduced in M.tb H37Ra using pVV16-hadABC
construct*®. The analysis of MIC of Coum-TAC and TAC against i) control M.tb
H37Ra strain carrying empty plasmid pVV16 and ii) against M.tb H37Ra strain
overproducing HadABC revealed dramatically increased MIC values of both
compounds due to overproduction of HadABC reaffirming the same mode of action of
TAC and Coum-TAC in mycobacterial cells (Table 2). As expected, no difference in
MIC of Coum-TAC was observed after overproduction of another protein of FAS-II

complex, enoyl-acyl-ACP reductase InhA.

Table 2. Activity of Coum-TAC and TAC against different M.tb H37Ra strains
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Entry M.tb strains MIC (ug/mL) MIC (ug/mL)

Coum-TAC TAC
1 pVvV16 0.01-0.02 0.02
2 pVV166-hadABC >50? >50%
3 pMV261 0.01-0.02 0.02
4 pMV261-inhA 0.01-0.02 0.02

*Higher concentrations were not tested due to solubility issues.

Stimulation of in vitro HadA dimerization by TAC and Coum-TAC. In a previous
work, it was shown that in mycobacterial cells, TAC covalently binds to Cys61 of
HadA protein.'® We have therefore investigated, whether Coum-TAC exerts the
same behavior. We performed in vitro reactions containing isolated proteins HadA
and EthA, NADPH and Coum-TAC. Alternatively, the reaction mixtures contained
TAC to compare the effects of both compounds. After 1h incubation of the reactions
at 37 °C, the proteins were analyzed on SDS-PAGE in non-reducing and reducing
conditions. Interestingly, the addition of both compounds, TAC, as well as Coum-
TAC, led to the formation of HadA dimer that depended on the presence of EthA
activator (Figure 5). The addition of the reducing agent, 2-mercaptoethanol, to these
samples resulted in disintegration of dimer and appearance of HadA monomer. It was
suggested, that the presence of the second Cys residue (Cys105) in HadA may
cause the HadA-drug adducts unstable, causing the formation of intramolecular
Cys61-Cys105 disulfide bond in the protein (Scheme 1).** We suggest that in our
cell-free system containing isolated HadA protein in the presence of activated drugs,
Cys61 interacts preferentially with Cys61 of another HadA molecule and thus

observed homodimers are formed.
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Figure 5. Formation of HadA dimer under cell-free conditions. SDS-PAGE analysis of proteins from
reaction mixtures containing: (A) isolated proteins HadA and EthA, as well as TAC or Coum-TAC. The
samples were analyzed in non-reducing environment. Up: gel stained with Coomassie Brilliant Blue;
Down: immunodetection using anti-His antibodies; (B) only isolated protein HadA and TAC or Coum-
TAC. The samples were analyzed in non-reducing environment. Up: gel stained with Coomassie
Brilliant Blue; Down: immunodetection using anti-His antibodies; (C) isolated proteins HadA and EthA,
as well as TAC or Coum-TAC. The samples were analyzed in the presence of 2-mercaptoethanol.
Left: gel stained with Coomassie Brilliant Blue / Right: immunodetection using anti-His antibodies.

Covalent binding of EthA-activated Coum-TAC to HadA. To demonstrate that
once activated Coum-TAC might act on HadA, the EthA activation reaction was
performed in the presence of HadA protein. The blank control was performed omitting
NADPH to hinder the EthA-catalyzed reaction. After 1 h incubation of the reaction at
37 °C, HadA was re-purified by Ni-NTA chromatography, to remove EthA as well as
any unbound compound, and dialyzed. Finally, the UV-visible spectra of the HadA
samples were analyzed. As depicted in Figure 6A, the UV-Vis spectrum of HadA
incubated with EthA reaction shows an additional peak at 470 nm, which is
characteristic of the Coum-TAC compound. This peak being also present in the

blank reaction, it is conceivable that Coum-TAC can bind HadA with low affinity,
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which is greatly increased upon EthA activation that mediates the formation of
interaction. Thus, to ascertain if a covalent bound is formed between HadA and the
activated Coum-TAC, the protein was subjected to heat denaturation. The
denaturated protein was centrifuged, the pellet was resuspended in 10 % sodium
dodecylsulfate solution and for both pellet and supernatant, UV-Vis spectra were
recorded. As shown in Figure 6B, the peak at 470 nm of Coum-TAC was present in
the spectrum of the denaturated HadA, only if the protein had been incubated with
the complete reaction. Moreover, the labeled protein showed a fluorescence
spectrum similar to that of the Coum-TAC (Figure 6C); once again, the protein after
thermal denaturation showed fluorescence only after incubation with Coum-TAC,
EthA and NADPH (Figure 6D).

The fluorescence properties of Coum-TAC are not altered by the EthA activation or
by the formation of the complex with HadA, as shown by the fact that the spectra of
the reaction mixture did not change during the incubation (Figure S3 in the
Supporting Information). Finally, to further confirm that Coum-TAC covalently bind
HadA, the enzyme treated with EthA and the compound as above, was dialyzed and
subjected for mass analysis. As shown in (Figure S4 in the Supporting Information),
HadA protein incubated with DMSO showed a MW of 18060 Da. By contrast, the
protein showed a MW of 18440 Da after incubation with Coum-TAC, with a mass

increase of 380 + 40 Da thus compatible with the formation of a covalent adduct.

Taken together, these data clearly demonstrate that EthA promotes the formation of
a covalent adduct between Coum-TAC and HadA.
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Figure 6. Covalent binding of EthA-activated Coum-TAC to HadA. (A) UV-vis spectrum of HadA
protein, re-purified after the reaction with EthA and Coum-TAC (black line), compared with the blank
reaction (red line). Green line represents the spectrum of Coum-TAC, while yellow line is the
spectrum of HadA before incubation. (B) UV-vis spectrum of HadA/Coum-TAC adduct after heat
denaturation (black line), compared with the blank reaction (red line). (C) Emission spectra (excitation
at 470 nm) of HadA/Coum-TAC adduct at 0.5 mg/mL (green line), 1 mg/mL (red line) and 2 mg/mL
(black line). (D) Emission spectra (excitation at 470 nm) of HadA/Coum-TAC adduct after heat
denaturation (black line), compared with the blank reaction (red line).

Fluorescent labeling of M.tb mycobacteria in the presence of Coum-TAC. With
the previous results in hand, we further investigated the ability of Coum-TAC to
image M.tb cells growths using fluorescence microscopy with the idea to label HadA
and to get insights on its localization in the mycobacteria. From previous studies,
FAS-Il enzymes were shown to colocalize at the poles and septa of the
mycobacterial cells.*> With this in mind, we decided to monitor the location of
fluorescence over time in a M.tb H37Rv strain in the presence of Coum-TAC at 0.5
pHg/mL. Time-lapse fluorescence microscopy analyses of Coum-TAC incorporation in
mycobacteria show a preferential accumulation at the poles and septa of the
mycobacteria (Figures 7A-B).*® Interestingly Coum-TAC accumulation can be

observed as soon as 2 hours after incubation with manifest peaks after 18 hours. To
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go further and explore whether the so-observed pattern of Coum-TAC incorporation
can be monitored at the population level, we compared the accumulation of Coum-
TAC in M.tb at 18 hours after incubation with the accumulation of two model
compounds i) coumarin 466, ie. the fluorescent moiety of Coum-TAC and ii)
compound C2, ie. the hydrolyzed form of Coum-TAC (Figure 7E). To do this, we
employed Lattice-Structured Illumination Microscopy (SIM),*® a super-resolution
microscopy technique in order to get a more resolved localization of these fluorescent
compounds in M.tb (Figures 7C-D). The obtained images first revealed that
coumarin 466 is poorly incorporated in M.tb in sharp contrast to C2 and Coum-TAC
compounds. Moreover, the patterns of incorporation of Coum-TAC and C2 are
significantly different, despite the observed heterogeneity which is expected®’2
While Coum-TAC proved to accumulate preferentially in both poles of M.tb in the
form of foci, the accumulation of C2 in M.tb is homogeneous, with a slightly increased
accumulation in one of the poles, without forming foci. Also of significance is that the
noticeable difference of incorporation patterns of Coum-TAC vs C2 further revealed

the stability of Coum-TAC under the applied biological conditions.
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Figure 7. Imaging of M.tb H37Rv strain incubated with Coum-TAC. (A) Monitoring of
fluorescence in M.tb H37Rv mycobacteria expressing m-Cherry (red) with time-dependent
fluorescence increase of Coum-TAC (in green) at the poles and septa. (B) Time-dependent
Coum-TAC distribution along the medial axis of the mycobacteria. (C) Lattice-SIM microscopy of
coumarin 466, C2 and Coum-TAC (in green) in M.tb H37Rv mycobacteria expressing m-Cherry
(red). (D) M.tb was segmented using mCherry fluorescence and intensity profiles of fluorescence
of each compound was measured along the medial axis of each bacilli using the MicrobeJ plugin
of ImageJ. Results show variation of intensity along the medial axis from the first pole (Po) to
the opposing pole at regular intervals (P,). Mean+SEM of >100 individual bacteria per
condition. (E) Chemical structures of coumarin-466 and C2.
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Altogether, our results proving the mechanism of action of Coum-TAC together with

the localization studies in M.tb strongly indicate that it selectively accumulates at the
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poles, thus suggesting the polar localization of HadA enzyme similar as other FAS-II
enzymes.

CONCLUSION

We reported herein the rational design and straightforward synthesis of Coum-TAC,
a covalent conjugate of a thiacetazone-derived anti-TB agent with a fluorescent
coumarin-based moiety enabling the dual covalent inhibition and fluorescent labeling
of HadA. First, Coum-TAC proved to exhibit an excellent anti-TB efficiency with a
profile similar to that of well-known thiacetazone derivatives. The similarity of mode of
action was further confirmed by the effective activation of Coum-TAC by EthA and by
its reaction with HadA to furnish a fluorescent HadA/Coum-TAC adduct. Finally, the
easy-to-prepare molecule Coum-TAC was successfully implemented as an imaging
probe capable of labeling Mycobacterium tuberculosis with a manifest selectivity for
the poles of the bacteria, thus suggesting a polar localization of HadA in M.tb.

EXPERIMENTAL SECTION

Chemistry — synthesis of Coum-TAC (Scheme 2)

General — Starting materials were purchased at the highest commercial quality and used
without further purification unless otherwise stated. Cyclohexane, acetic acid, ethanol
(EtOH), dichloromethane, (N,N)-dimethylformamide (DMF), diethyl ether and ethyl acetate
(EtOAc) and were purchased and used as received. — Reactions were monitored by thin-
layer chromatography carried out on silica plates (silica gel 60 F,s4, Merck) using UV-light for
visualization. — Evaporation of solvents were conducted under reduced pressure at
temperatures less than 30 °C. — Melting points (M.p.) were measured in open capillary tubes
on a Stuart SMP30 apparatus and are uncorrected. — IR spectra were obtained from the
‘Service Commun de Spectroscopie Infrarouge’ of the Plateforme Scientifique et Technique,
Institut de Chimie de Toulouse (FR2599), and values are reported in cm™. — *H and **C NMR
spectra were recorded on a Bruker Avance 300 spectrometer at 300 and 75 MHz,
respectively. Chemical shifts (6) and coupling constants (J) are given in ppm and Hertz (Hz),
respectively. The signal multiplicity is described according to the following abbreviations: s
(singlet), bs (broad singlet), d (doublet), and t (triplet). Chemical shifts (6) are reported
relative to the residual solvent as an internal standard (DMSO-ds: & = 2.50 ppm for *H and &
= 39.5 ppm for *C). — Electrospray (ESI) low/high-resolution mass spectra were obtained
from the 'Service Commun de Spectroscopie de Masse' of the Plateforme Technique, Institut
de Chimie de Toulouse (FR2599). Accurate mass measurements (HRMS) were performed
with a Q-TOF analyzer. — Crystallographic data for compound 3340 \vere collected on a
Bruker-AXS Quazar APEX Il diffractometer using a 30 W air-cooled microfocus source (ImS)
with focusing multilayer optics at a temperature of 193(2)K, with MoK, radiation (wavelength
- 0.71073 A) using phi- and omega-scans. Semi-empirical absorption correction was
employed.** The structure was solved using an intrinsic phasing method (SHELXT),* and
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refined using the least-squares method on F23" All non-H atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were refined isotropically at
calculated positions using a riding model with their isotropic displacement parameters
constrained to be equal to 1.5 times the equivalent isotropic displacement parameters of their
pivot atoms for terminal sp® carbon and 1.2 times for all other carbon atoms.

Synthesis of precursor 3 (5-(7-((N,N)-diethylamino)-2-oxo-2H-chromen-3-yl)thiophene-
2-carbaldehyde) — Step 1 — In a 250 mL three-neck flask equipped with a Dean-Stark
apparatus were successively added 4-(N,N)-diethylaminosalicylaldehyde (15.0 mmol), 2-
thiopheneacetonitrile (15.0 mmol), cyclohexane (25 mL) and activated IRA-900 resin (5 g) as
strong basic catalyst. The resulting mixture was then heated at reflux under nitrogen and
after 8 h stirring, the reaction was complete as revealed by TLC analysis. After cooling to
room temperature, the solid materials were removed by filtration and further washed with
dichloromethane. The resulting organic phase was then evaporated to give the
iminocoumarin intermediate 1 as a solid which was used in the second step without any
further purification. - Step 2 — A mixture of acetic acid (20 mL) and EtOH (10 mL) was next
added to the crude 1. After 4 h stirring at 80 °C, the reaction mixture was cooled to room
temperature and the resulting solid was recovered by filtration, washed with cold EtOH and
dried under vacuum to give the expected coumarin intermediate 2, again used in the next
step without any further purification. - Step 3 - After dropwise addition of DMF (10 mL) to
phosphorus oxytrichloride (3 mL) at 40°C, the resulting mixture was further stirred at 50 °C
for 45 min. After cooling to room temperature, a suspension of crude 2 in DMF (3 mL) was
added and the reaction mixture was heated to 60 °C. After 4 h stirring at this temperature,
the reaction was complete as revealed by TLC analysis and the reaction mixture was then
poured into ice (100 g). After stirring for two additional hours, the solid materials were
recovered by filtration, washed with water and dried in an oven at 50 °C, to furnish the
expected formylated coumarin 3 as orange crystals at >95 % purity as judged by *H NMR. -
Yield 78 %. - This formylated coumarin precursor 3 is a known compound and exhibit
spectroscopic data identical to the previously ones in the literature.*® 44

Synthesis of Coum-TAC ((E)-((5-(7-((N,N)-diethylamino)-2-oxo0-2H-chromen-3-
yhthiophen-2-yl)methylene)hydrazine-1-carbothioamide) — In a ChemSpeed Accelerator
SLT-106 synthesizer reactor equipped with a refrigerant system were successively added
coumarin 3 (0.3 mmol), thiosemicarbazide (0.3 mmol), EtOH (15 mL) as solvent, and 1 M
aqueous HCI (15 uL). After 5 h orbital shaking at 600 rpm and 90 °C, the resulting precipitate
was recovered by filtration, washed with diethyl ether and EtOH and dried under vacuum to
furnish Coum-TAC in pure forms as an orange solid. - Yield 89 %. - M.p. 260 °C. - R; = 0.50
(4:6 cyclohexane/EtOAC). - FTIR-ATR (neat) 3345, 3250, 3165, 1680, 1610, 1575, 1510 cm’
! - H NMR (300 MHz, DMSO-d): 6 = 11.44 (s, 1H), 8.46 (s, 1H), 8.21 (d, J = 0.9 Hz, 1H),
8.19 (bs, 1H), 7.66 (d, J = 4.0 Hz, 1H), 7.54 (bs, 1H), 7.52 (d, J = 9.0 Hz, 1H), 7.43 (d, J = 4.1
Hz, 1H), 6.78 (dd, J = 8.9, 2.4 Hz, 1H), 6.60 (d, J = 2.4 Hz, 1H), 3.46 (g, J = 7.0 Hz, 4H), 1.14
(t, J = 6.9 Hz, 6H). - **C NMR (75 MHz, DMSO): 6 = 177.4, 159.6, 155.4, 150.8, 139.3,
138.1, 138.0, 137.9, 130.6, 129.8, 124.4, 112.3, 109.8, 108.1, 96.2, 44.2, 12.4. - LRMS (ESI,
positive mode): m/z (rel intensity) 401 ([MH]", 100).

Biology —
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MIC determination in vitro — M.tb strain H37Rv, used as the reference strain, and all the
M.tb mutants were grown at 37 °C in Middlebrook 7H9 broth (Difco), supplemented with
0.05% Tween80, or on solid Middlebrook 7H11 medium (Difco) supplemented with oleic
acid-albumin-dextrose-catalase (OADC). MICs for the compounds were determined by
means of the micro-broth dilution method. Dilutions of M.tb wild-type or mutant strains (about
10°-10° cfu/mL) were streaked onto 7H11 solid medium containing a range of drug
concentrations. Plates were incubated at 37 °C for about 21 days and the growth was
visually evaluated. The lowest drug dilution at which visible growth failed to occur was taken
as the MIC value. Results were expressed as the average of at least three independent
determinations. M.tb H37Ra strains carrying empty vectors pMV261 or pVV16 and M.tb
H37Ra InhA41 or HadABC33 overproducing strains were grown in Middlebrook 7H9 broth
(Difco) supplemented with albumin-dextrose-catalase and 0.05 % Tween 80 in 96-well plates
in the presence of 0, 0.001, 0.005, 0.01, 0.02, 0.05, 0.25, 0.5, 1, 5, 25 and 50 pg/mL of
Coum-TAC or TAC. Plates were incubated at 37 °C for 12 days and the growth was
evaluated by measuring the values at OD (600 nm).

Time-killing assay - M.tb H37Rv was cultured in 7H9 broth to mid-log phase. Bacteria were
diluted to about 10> CFU/ml to inoculate 10-mL cultures growing in 50 ml Falcon tubes. TAC
and Coum-TAC were added at MIC concentration (0.5 and 1 pg/ml, respectively) and 10-
fold. At indicated time points, samples were collected, 10-fold serially diluted samples were
plated on Middlebrook 7H11 agar plates supplemented with 10% OADC. After three weeks,
viable counts were determined. Isoniazid was used as control at 0.5-fold MIC concentration.

“C metabolic labeling of M. tb H37Ra and analysis of lipids and mycolic acids - The
M.tb H37Ra strain was grown by shaking at 37 °C in Middlebrook 7H9 broth (Difco)
supplemented with albumin-dextrose-catalase and 0.05 % Tween 80. At OD (600 nm) of
0.27, the culture was divided into 200 pL aliquots and a DMSO solution of the tested
compound was added in 0, 0.01, 0.05, 0.1 and 0.25 pg/mL final concentrations. The final
concentration of DMSO in each culture was kept 2 %. The cells grew 24 h at 37 °C shaking
at 120 rpm. Then [1,2-'*C]-acetate (specific activity 110 mCi/mmol, ARC) was added in the
final concentration 0.5 puCi/mL and the cultures continued growing for next 24 h. The cells
were harvested and the lipids were extracted with 3 mL chloroform/methanol (1:2) at 56 °C
for 2 h followed by two extractions with 3 mL chloroform/methanol (2:1) at the same
conditions. The organic extracts were combined together in the clean tube, dried under N,
and washed by Folch.* Isolated lipids were dissolved in 50 pL of chloroform: methanol (2:1)
and 5 pL were loaded on the thin-layer chromatography (TLC) silica gel plates F254 (Merck).
Lipids were separated in chloroform/methanol/water (20:4:0.5) and the plates were exposed
to autoradiography film Biomax MR (Kodak) at -80 °C for 5 days. Methyl esters of fatty acids
(FAME) and mycolic acids (MAME) were prepared as previously described.*® Dried extracts
were dissolved as described for lipids and 5 puL were loaded on TLC plates and different
forms of methyl esters were separated in n-hexane/ethyl acetate (95:5), 3 runs and detected
by autoradiography. The plates were exposed to autoradiography film Biomax MR (Kodak) at
-80 °C for 5 days.

Production of M.tb EthA and activation of Coum-TAC — EthA from M.tb was expressed
and purified to homogeneity, according to the previously published method.** Enzyme activity
assays were performed by a spectrophotometric method, following the decrease in
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absorbance of NADPH at 340 nm (s = 6.22 mM™ cm™).*! Assays were performed at 37 °C, in
an Eppendorf BioSpectrometer. Reaction mixtures typically contained 50 mM potassium
phosphate pH 8.0, 0.2 mM NADPH, 10 puM bovine serum albumin (BSA), 50 uM of Coum-
TAC, and the reaction was started by adding the enzyme solution (1 uM).

Steady-state kinetics parameters were determined by assaying the enzymes at least at 8
different concentrations of compound. All experiments were performed in triplicate, and the
kinetic constants, K., and K. were determined fitting the data to the Michaelis-Menten
equation using Origin 8 software.

In order to obtain the HadA protein complexed with the EthA activated Coum-TAC, the
enzyme was incubated with the compound in the presence of the monooxygenase. Briefly,
HadA (50 pM) was incubated with EthA (10 pM) in 50 mM potassium phosphate buffer pH
8.0, 200 uM NADPH, 10 uM Bovine Serum Albumin, 100 uM Coum-TAC, at 37 °C. For the
blank control, NADPH was omitted from the reaction mixture, in order to avoid prodrug
activation.

The reaction was followed by monitoring the decrease in absorbance at 340 nm of NADPH,
and after 1 h of incubation, the reaction mixture was loaded on a Ni-NTA column equilibrated
in 50 mM potassium phosphate pH 7.5, 50 mM KCI. The column was washed with the same
buffer to elute EthA, unbound Coum-TAC and metabolite(s), then HadA was eluted with 500
mM imidazole in the same buffer, dialyzed against 50 mM potassium phosphate pH 8.0, and
concentrated. The formation of the HadA-Coum-TAC was assessed by monitoring the UV-
vis and fluorescence spectra. Fluorescence measurements were performed on a Cary
Eclipse Fluorescence Spectrophotometer (Varian). The excitation wavelength was 470 nm (3
nm slit width) and the emission was recorded between 500 and 680 nm (10 nm slit width). To
confirm the covalent nature of the interaction between HadA and the activated Coum-TAC,
the protein and the compound were incubated with EthA, then HadA purified as above. The
protein was then incubated at 100 °C for 10 minutes. The denaturated protein was
centrifuged 15 min at 12000 rpm, resuspended in a 10 % aqueous sodium dodecylsulfate
(SDS) solution, and UV-vis and fluorescence spectra were again recorded and compared to
that of the control reaction, performed as above.

For MS analysis, the samples prepared as above were dialyzed, concentrated to 20 ul,
diluted 1:5 in methanol-water 1:1 containing 0.01% formic acid, and directly analyzed in
mass spectrometry, using an lon Trap (LCQ FleetTM) mass spectrometer with electrospray
ionization (ESI) ion source controlled by Xcalibur software 2.2. Mass spectra, recorded for
two minutes, were generated in positive ion mode under constant instrumental conditions:
source voltage 5.0 kV, capillary voltage 46 V, sheath gas flow 20 (arbitrary units), auxiliary
gas flow 10 (arbitrary units), sweep gas flow 1 (arbitrary units), capillary temperature 210°C,
tube lens voltage 105 V. MS/MS spectra, obtained by CID studies in the ion trap, were
performed with an isolation width of 3 Da m/z, the activation amplitude was 35% of ejection
RF amplitude that corresponds to 1.58 V. Spectra deconvolution was performed using
UniDec 3.2.0 software.

In vitro monitoring the effect of TAC and Coum-TAC on HadA protein — Recombinant
HadA protein carrying C-terminal Hase-tag was produced in M. smegmatis mc®155 strain
using pVV16-hadA construct.’® The cells were grown in LB medium containing 20 ug/mL
kanamycin at 37 °C, shaking (130 rpm) and harvested in the exponential phase of growth.
The cells were resuspended in equal volume of isolation buffer (50 mM TrisHCI pH = 7.5;
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150 mM NaCl; 5 mM Imidazole; 10 pg/mL DNase; Roche EDTA-free Protease Inhibitor) and
disrupted by sonication (20 cycles, 60s on, 90s off). Cell lysate was centrifuged at 10 000 x
g, 15 min, 4 °C and the protein HadA was isolated from resulting supernatant using cobalt-
based affinity chromatography with HiTrap TALON crude 1 mL column connected to AKTA
start chromatography system. The protein was eluted with gradually increasing concentration
of imidazole, up to 500 mM. Selected fractions containing isolated protein HadA were
collected, desalted and concentrated using Amicon Ultra-15 centrifugal filter unit (10 kDa cut
off).

Recombinant EthA protein carrying C-terminal Hase-tag was produced in M. smegmatis
mc?155 strain using pJAM2-ethA construct. The construct was prepared by cloning of PCR-
amplified ethA from M. tuberculosis H37Rv into pJAM2 vector harboring a kanamycin
resistance cassette?’ using ScAl and Xbal restriction sites. M. smegmatis mc?155 pJAM2-
ethA was cultivated in M63 medium at 37 °C until OD = 0.6 at 600 nm. At that point
recombinant protein production was induced by adding 0.2 % acetamide and the cells were
further cultivated for 24 h at 30 °C. The cells were resuspended in equal volume of isolation
buffer (25 mM TrisHCI pH = 7.5; 300 mM NaCl) and disrupted by sonication (20 cycles, 60s
on, 90s off). Cell lysate was centrifuged at 10 000 x g, 15 min, 4 °C and the protein EthA was
isolated from resulting supernatant as described above for HadA protein.

In vitro assay was performed to monitor the effect of TAC and Coum-TAC on HadA protein.
Reaction mixtures contained 10 pug of HadA protein, 10 pg of EthAy, protein, 4 mM NADPH,
100 mM KCI, 100 pg/mL BSA and 0, 1, 2, 5 and 10 pg/mL TAC or 0, 10, 20 and 40 pg/mL
Coum-TAC (dissolved in DMSO, 2 % final concentration in the reaction mixtures) and 50
mM TrisHCI (pH = 7.5) in 50 pL final volume. Reaction mixtures were incubated 1 h at 37 °C
and 10 pl were mixed with non-reducing 2 x sample buffer (without B-mercaptoethanol) and
loaded on SDS PAGE. Alternatively, 10 pL were mixed with reducing 2 x sample buffer
containing B-mercaptoethanol in 2 % final concentration, incubated 10 min at 95 °C and
analyzed by SDS-PAGE. Gels were stained with Coomasie Brilliant Blue R-250 or blotted to
nitrocellulose membrane and detected with antiHis antibodies.

Live fluorescence microscopy — M.tb strain H37Rv constitutively expressing mCherry was
grown to the exponential phase in 7H9 media supplemented with 10 % OADC 0.5 % glycerol
and an aliguot was plated on glass bottom 35 mm petri dishes (ibidi). After 10 minutes, the
liquid was removed to leave a thin lawn of cells. Next, 7H9 media containing 0.2 % Noble
agar and Coum-TAC (0,5 pug/ml) was overlaid on top of cells and left to solidify for 45
minutes at room temperature. The specimen was mounted on a Andor/Olympus spinning
disk microscope equipped with a emCCD camera (Andor iXon Life 888) and kept at 37 °C for
time-lapse imaging. To follow Coum-TAC incorporation overtime, a Z-stack (step 355 nm)
was acquired every 15 min for two channels (525/40 and 607/36) with an Olympus 60x
NA=1.35 objective. The profile of Coum-TAC incorporation was evaluated by drawing a line
at the longest length of the cell, defined by mCherry fluorescence.

Lattice-SIM microscopy — M.tb strain H37Rv constitutively expressing mCherry was grown
to the exponential phase in 7H9 media supplemented with 10 % OADC 0.5% glycerol and
Coum-TAC, C2 or coumarin 466 were added at a concentration of 0.5 pg/mL. 18 hours
later, each bacteria suspension was washed in PBS tween 0.05 % and fixed for 2 hours in
PFA 4 %. An aliquot of the suspension was placed on a slide and included in Prolong Glass
mounting media. Incorporation of compounds was quantified using a Zeiss Elyra 7 Lattice-
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SIM microscope with a Zeiss 63x NA=1.4 objective and image analysis was performed in
acquired Z stacks using Microbed plugin48 in ImageJ Software. More precisely, mCherry
fluorescence of M.tb is used to generate a smoothed particle contour of the bacili using a
skeletonization algorithm. Next, medial axes are generated from the particle contour and
intensity profiles calculated from the first pole (Po) to the opposing pole at regular intervals
(Py). More than 100 individual bacteria were quantified per condition.
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ABBREVIATIONS - to check

TB, Tuberculosis; M.th, Mycobacterium tuberculosis; INH, isoniazid; RIF, rifampicin; EMB,
ethambutol; PYR, pyrazinamide; ETH, ethionamide; I1SO, isoxyl; Mas, mycolic acids; FAS,
fatty-acid synthase; ACP, acyl-carrier-protein; TAC, thiacetazone; MIC, minimum inhibitory
concentration; HIV, human immunodeficiency virus; Ac, acetyl, DMF, (N,N)-
dimethylformamide; LC/MS, liquid chromatography/mass spectrometry; ClI, clinical isolate;
FAD, flavin adenine dinucleotide; DprE1l, decaprenyl-phosphoribose-2’-epimerase; DPR,
decaprenylphosphoryl-B-D-ribose; Dpre2, decaprenyl-phospho-2’-keto-D-arabinose
reductase; DPX, decaprenyl-phosphoryl-2’-keto-D-erythro-pentofuranose; RND, resistance,
nodulation and division; DNA, deoxyribonucleic acid; ATP, adenosine triphosphate; NADPH,
nicotinamide adenine dinucleotide phosphate; SD, standard deviation; OD, optical density;
TLC, thin layer chromatography; TMM, trehalose monomycolates; TDM, trehalose
dimycolates; FAME, fatty acid methyl esters; MAME, mycolic acid methyl esters; PE,
phosphatidylethanolamine; CL, cardiolipin; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; Cys, cysteine; His, histidine; Ni-NTA, nickel-nitrilotriacetic
acid; UV-vis, ultra-violet visible; EtOAc, ethyl acetate; EtOH, ethanol; M.p., melting point; IR,
infrared; NMR, nuclear magnetic resonance; ESI, electrospray ionization; DMSO, dimethyl
sulfoxide; FTIR-ATR, Fourier transform infrared-attenuated total reflectance; OADC, oleic
acid-albumin-dextrose-catalase; BSA, bovine serum albumin; PBS, phosphate-buffered
saline; MS, mass spectrometry.
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RESUME

In this work is reported the rational design, synthesis, antitubercular evaluation and
imaging potential of a small and easy-to-prepare molecule playing the dual role of i)
efficient inhibitor of a relevant therapeutic target, namely HadA, to combat
Mycobacterium tuberculosis, and ii) fluorescent probe to selectively label M.tb and
get insights for the first time on the localization of HadA in the mycobacteria.
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