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terization and biological activity
of fluorescently labeled bedaquiline analogues†

Jeroen A. Rombouts,ab Richard M. P. Veenboer,a Cristina Villellas,c Ping Lu,d

Andreas W. Ehlers,ae Koen Andries,c Anil Koul,c Holger Lill,d Eelco Ruijter,b

Romano V. A. Orru,b Koop Lammertsma,ae Dirk Bald*d and J. Chris Slootweg*a

Diarylquinolines represent a new class of antibiotics with high potency againstMycobacterium tuberculosis.

As such, they are of utmost importance in the treatment of drug-resistant bacterial pathogens. In this work,

we report a strategy for preparing fluorescently labeled derivatives of the FDA-approved diarylquinoline-

based tuberculosis drug bedaquiline. The labeled compounds were capable of blocking bacterial growth

and interfered with the function of ATP synthase, the cellular target of diarylquinolines. This indicates

that the chosen labeling strategy does not preclude the antibacterial activity of bedaquiline, and allowed

us to investigate the effect of labeling on drug recognition by bacterial efflux pumps in living M.

tuberculosis strains. These properties, coupled with the efficient fluorescence of the attached BODIPY

fluorophore means that these compounds can be used as a research tool to gain deeper understanding

into the mechanism of action of this class of drugs.
Introduction

In 2014, some 9 million individuals were newly infected
worldwide with Mycobacterium tuberculosis, and ca. 1.5 million
patients died from tuberculosis.1 In particular, multi-drug
resistant and extremely drug resistant strains of M. tubercu-
losis are unyielding to treatment with current tuberculosis
chemotherapy.2 Consequently, new drugs are urgently needed
to counteract the development of drug resistance. The use of
small molecules that inhibit energy metabolism is a new
approach to kill M. tuberculosis and related pathogenic myco-
bacteria.3 Several new or repurposed drug entities are known to
block the oxidative phosphorylation pathway, a key route in
energy metabolism. Clofazimine and related phenothiazines
interfere with the type-II NADH dehydrogenase function,4 the
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imidazopyridines inhibit the cytochrome bc1 complex,5 and the
diarylquinolines inhibit ATP synthase in mycobacteria and
other Gram-positive pathogenic bacteria.6 Bedaquiline, the lead
compound of the diarylquinolines, is a stereo-specic ATP
synthase inhibitor7 which acts strongly bactericidal against M.
tuberculosis.8 Bedaquiline has been approved by the US Food
and Drug Administration and by the European Medicines
Agency for treatment of multi-drug resistant tuberculosis.
Bedaquiline and other drugs targeting energy metabolism may
well contribute to shortening and simplifying tuberculosis
chemotherapy.9

However, a detailed understanding of the mechanism of
action of bedaquiline is required in order to fully exploit its
potential in chemotherapy, and perhaps develop novel beda-
quiline analogues. Utilization of a uorescent drug derivative
can be a valuable strategy to study antibacterial drugs, as re-
ported earlier for the characterization of the benzothiazidinone
class of drugs.10 Two prerequisites must be fullled for
successful implementation of drug labeling in such investiga-
tions, i.e., that the uorescence of the label is not quenched by
interactions with the drug or the environment, and that the
antibacterial action and target binding of the drug is not
precluded by the presence of the label.

In this study we report on the design and execution of
a labeling strategy for bedaquiline, by covalently attaching
a BODIPY uorophore to the quinoline ring system of beda-
quiline (see Fig. 1). The synthesis and photochemical charac-
terization of two such uorescent derivatives is described, and
their antibacterial activity is determined. This specic uores-
cent label is chosen by virtue of the compact size,
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Structural formula of bedaquiline and schematic depiction of
fluorescent label. Using a Sonogashira cross-coupling, the alkyne-
terminated polar linker attached to the BODIPY fluorophore will be
covalently coupled to the aryl bromide position of bedaquiline.
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photochemical stability and ease of chemical synthesis and
modication of BODIPY-type compounds.11 A linear polar
spacer of variable length is used to separate the drug and the
label, with the aim of keeping bactericidal activity intact and the
uorescence of the label unperturbed by the coupling to beda-
quiline. Considering the importance of creating labeled
compounds that are sufficiently similar to the parent
compound under investigation, we also evaluated if the newly
prepared compounds share affinity for the same drug efflux
pump system in M. tuberculosis as the parent compound.
Materials and methods
Assay of ATP synthesis by mycobacterial membrane vesicles

Inverted membrane vesicles were prepared fromM. smegmatis12

and ATP synthesis was measured as described earlier.13 Briey,
membrane vesicles (1 mg mL�1) from M. smegmatis were incu-
bated in 50 mM morpholino-ethanesulfonic acid (MES, pH 6.5,
5 mM MgCl2), 2 mM ADP, 20 mM KH2PO4, 100 mM P1,P5-di(a-
denosine-50) pentaphosphate (Ap5A), 25 mM glucose, 11.8 U
mL�1 hexokinase (Sigma), and protease inhibitors (complete,
EDTA-free; protease inhibitor cocktail tablets from Roche).
Samples (0.25 mL) were incubated at 37 �C with vigorous stir-
ring in 18 mL asks. The reaction was initiated with 5 mM
succinate. Aer 2 hours, each reaction was stopped with 25 mM
EDTA, followed by transfer to ice. Samples were transferred to
Eppendorf tubes, boiled for 5 min, and centrifuged (10 000g, 20
min) to remove denatured protein. In supernatants, the
synthesized glucose-6-phosphate was quantied by NADP+ (2.5
mM) reduction in the presence of 3 U mL�1 of glucose-6-
phosphate dehydrogenase (Roche). NADPH formation was
monitored with a spectrophotometer at 340 nm.
MIC determination by resazurin microtiter assay

The MIC of bodipy-labeled bedaquiline compounds againstM.
tuberculosis in the presence or absence of the efflux inhibitor
verapamil (at 40 mg mL�1) was measured by the resazurin
microtiter assay (REMA).14 Serial 2-fold dilutions of antibiotics
were performed in 7H9/0.5% glycerol/10% OADC (7H9 broth),
in 96-well microtiter plates, with a nal volume of 100 mL per
well. A volume of 100 mL of inoculum suspension was added to
each well. For preparation of this inoculum either liquid
This journal is © The Royal Society of Chemistry 2016
cultures in logarithmic phase were adjusted to OD600� 0.3 and
diluted 1/100 in 7H9 broth. Plates were incubated 7 days at
37 �C. To each well, 40 mL of a resazurin solution 0.1 mg mL�1

were added, and plates were incubated for an additional 48
hours at 37 �C. Resazurin is an indicator of bacterial growth; as
a consequence of the metabolic activity of bacteria, resazurin
(blue color, weakly uorescent) is reduced to resorun (pink
color, uorescent). Interpretation of results was based on
visual inspection of change of color (blue to pink). MIC was
dened as the lowest concentration of antibiotic that pre-
vented growth.
Synthetic protocols; general information

CH2Cl2 (HPLC grade) was obtained from VWR and used as
received. Anhydrous N,N-dimethylformamide (DMF) was ob-
tained from Sigma-Aldrich and used as received. THF was
distilled from sodium/potassium alloy and stored in a Schlenk
ask before use. Solvents used for chromatography were of
HPLC or spectrographic grade. All other reagents were ob-
tained from Sigma-Aldrich or VWR and used as received.
Column chromatography was performed on Merck “Type E”
aluminum oxide (particle size 150 mesh) or SiliCycle silica gel
(SiO2, 40–63 mm particles) using the described eluent systems.
Thin Layer Chromatography (TLC) was performed using TLC
plates from Merck (Al2O3: “Neutral F60” with F254 indicator
on aluminium backing. SiO2: “Kieselgel F60” with F254 indi-
cator on aluminium backing) and compounds were visualized
by visual inspection and UV detection at 254/366 nm. Melting
points were measured using DT ¼ 1 �C min�1 on a Stuart
Scientic SMP3 melting point apparatus on the temperature
range 50–400 �C, and are uncorrected. Boiling points were
measured in a similar manner, using an open-ended boiling
point tube. Infrared (IR) spectra were recorded neat using
a Shimadzu FTIR-8400s spectrophotometer and wavelengths
are reported in cm�1. 1H, HSQC, HMBC and 13C (Attached
Proton Test) nuclear magnetic resonance (NMR) spectra were
used to characterize prepared compounds, and were recorded
on a Bruker Avance 500 (125.78 MHz for 13C) or Bruker Avance
400 (100.64 MHz for 13C) using the residual solvent as internal
standard. 19F spectra were recorded on a Bruker 250 spec-
trometer without any calibration. Electrospray ionisation (ESI)
mass spectrometry was carried out using a Bruker micrOTOF-
Q instrument in positive ion mode (capillary potential of 4500
V). Electron Impact (EI) mass spectrometry was carried out
using a Shimadzu GCMS-QP2010 Plus. Determination of
absorption and emission spectra and the related parameters
was performed using a Shimadzu UV-2501PC spectropho-
tometer (absorption measurements) and a Jobin Yvon Fluo-
rolog spectrophotometer (uorescence measurements).
Bedaquiline fumarate was obtained from Johnson & Johnson;
the free base used during synthesis was prepared by extracting
a CH2Cl2 solution of the fumarate three times with saturated
NaHCO3 solution. The identity and purity of the free base thus
afforded from the material supplied by Johnson & Johnson was
veried using HRMS, chiral HPLC and multinuclear NMR
spectroscopy.
RSC Adv., 2016, 6, 108708–108716 | 108709
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Synthesis of 4-(but-3-yn-1-yloxy)benzaldehyde (A1)

To dry THF (200 mL) kept at 0 �C under an N2 atmosphere was
added 3-butyn-1-ol (1.00 g, 8.20 mmol, 1.0 eq.), triphenylphos-
phine (2.26 g, 8.60 mmol, 1.05 eq.) and 4-hydroxybenzaldehyde
(574 mg, 8.20 mmol, 1.0 eq.).19 Aer ve minutes of stirring,
diethylazodicarboxylate (DEAD; 2.2 M toluene solution, 3.73
mL, 8.20 mmol) was added via syringe. The solution was
warmed up to room temperature overnight; a color change from
yellow to colorless was observed. Aer 48 h, the solution was
concentrated in vacuo. Column chromatography (SiO2

stationary phase, gradient elution 5% EtOAc in cyclohexane to
15% EtOAc in cyclohexane) afforded 4-(but-3-yn-1-yloxy)
benzaldehyde (354 mg, 2.03 mmol, 25%) as a white crystalline
solid. TLC (4 : 1 cyclohexane : EtOAc): Rf ¼ 0.50, visualized
using 254 nm light. 1H NMR (500 MHz, DMSO): d 9.87 (s, 1H,
–CHO), 7.86 (d, 2H, 3J(H,H)¼ 8.5 Hz, CH), 7.14 (d, 2H, 3J(H,H)¼
8.5 Hz, CH), 4.18 (t, 2H, 3J(H,H) ¼ 6.4 Hz, –OCH2–), 2.92 (t, 1H,
4J(H,H) ¼ 2.5 Hz, –CCH), 2.68 (dt, 2H, 4J(H,H) ¼ 2.5 Hz, 3J(H,H)
¼ 6.4 Hz, –CH2CC–) ppm. 13C NMR (125.8 MHz, DMSO, 293 K):
d 191.4 (–CHO), 163.2, 131.9, 129.8, 115.0, 81.19 (–CCH), 72.7
(–CCH), 66.2 (–OCH2–), 18.8 (–CH2CC–) ppm. HRMS (ESI): calc.
[M + H]+: 175.0754; found 175.0746. MS (EI+ mode): calc. [M]+:
174.1; found 174.1. Calc. [M–CHO]+: 145.1; found 145.1. Calc.
[M-O(CH2)2CCH]+: 121.0; found 121.0. IR: 3209, 2824, 2806,
2745, 1672, 1601, 1576, 1529, 1508, 1393, 1250, 1215, 1163,
1109, 1038, 893, 827, 729, 652 cm�1. MP: 68–70 �C.
Fig. 2 Structural formula of bedaquiline-butynoxy-BODIPY. The
numbering scheme used in this work for elucidation of NMR spec-
troscopic data is shown.
Synthesis of but-3-yn-1-yloxy-BODIPY (B1)

To dry THF (100 mL) under an N2 atmosphere was added
aldehyde A1 (300 mg, 1.73 mmol, 1.0 eq.), 2,4-dimethylpyrrole
(362 mg, 3.81 mmol, 2.2 eq.) and 2 drops of triuoroacetic acid.
Aer 16 hours of stirring at room temperature, DDQ (398 mg,
1.73 mmol, 1.0 eq.) was added as a solution in 10 mL THF. Aer
1 hour of stirring, the reaction mixture was cooled to 0 �C using
ice, and NEt3 (2.0 mL, 14.3 mmol, �8 eq.) was added via syringe
followed by BF3$OEt2 (2.5 mL, 25.3 mmol, �15 eq.). The reac-
tion mixture was allowed to warm up to room temperature over
the course of two hours, aer which it is ltered over celite. The
celite is washed with 100 mL CH2Cl2; pooled organic phases are
concentrated in vacuo. The brown, sticky solid thus obtained is
diluted with 100 mL of EtOAc and washed with satd. NaHCO3,
satd. NH4Cl, water and brine. Aer drying over Na2SO4,the
organic layer is concentrated in vacuo. Column chromatography
(SiO2 stationary phase, gradient elution cyclohexane to 20%
EtOAc in cyclohexane) afforded but-3-yn-1-yloxy-BODIPY B1
(335 mg, 0.38 mmol, 22%) as a orange crystalline solid. TLC
(2 : 1 cyclohexane : EtOAc): Rf ¼ 0.85, red spot with green uo-
rescence. 1H NMR (500.2 MHz, CDCl3, 293 K): d 7.17 (d, 2H,
3J(H,H) ¼ 8.5 Hz, phenyl CH), 7.12 (d, 3J(H,H) ¼ 8.5 Hz, 2H,
phenyl CH), 5.98 (s, 2H, pyrrole CH), 4.16 (t, 3J(H,H) ¼ 7.0 Hz,
2H, –OCH2–), 2.74 (dt, 2H, 4J(H,H) ¼ 2.0 Hz, 3J(H,H) ¼ 7.0 Hz,
–CH2CC–), 2.55 (s, 6H, pyrrole –CH3), 2.08 (d, 4J(H,H) ¼ 2.0 Hz,
2H, –CCH), 1.43 (s, 6H, pyrrole –CH3) ppm. 13C NMR (125.8
MHz, CDCl3, 293 K): d 159.0, 155.3, 143.1, 141.7, 131.8, 129.3
(phenyl CH), 127.5, 121.1 (pyrrole CH), 115.2 (phenyl CH), 80.2
(–CCH), 70.1 (–CCH), 66.0 (–OCH2–), 19.6 (CH2CCH), 14.6 (both
108710 | RSC Adv., 2016, 6, 108708–108716
pyrrole –CH3 groups, signals overlap) ppm. 19F NMR (235.4
MHz, CDCl3, 293 K): d �146.3 (q, 1J(F,B) ¼ 33.2 Hz, BF2) ppm.
HRMS (ESI): calc. [M + H]+: 393.1872; found 393.1919. MS (EI+
mode): calc. [M]+: 392.2; found 392.3. Calc. [M � HF]+: 372.2;
found 372.3. IR: 3283, 2957, 2943, 2926, 2910, 2887, 1607, 1541,
1506, 1456, 1433, 1408, 1372, 1364, 1340, 1306, 1283, 1248,
1109, 1022, 1013, 892, 581 cm�1. MP: 151–154 �C
(decomposition).
Synthesis of bedaquiline-butynyloxy-BODIPY (C1)

To a 20 mL glass reactor was added bedaquiline fumarate
(68 mg, 102 mmol, 1.0 eq.) and butynoxy-BODIPY B1 (60 mg, 153
mmol, 1.5 eq.) in NEt3 (3 mL). The solution was degassed with
argon for 5 minutes, aer which CuI (2 mg, 10 mmol, 0.1 eq.)
and Pd(PPh3)4 (12 mg, 10 mmol, 0.1 eq.) in 3 mL argon-degassed
DMF was added via syringe from stock solutions prepared and
kept under argon. The reactor was capped with a Teon-lined
plug. Aer stirring the reaction mixture at 90 �C for 2 hours,
the reaction mixture was poured into 1 : 1 ethyl acetate : satd.
NaHCO3. The ethyl acetate layer was washed twice with water
and once with brine. The organic phase was dried over Na2SO4

and concentrated in vacuo. Column chromatography (rst
column SiO2 stationary phase using 6 : 1 pentane : EtOAc to
1 : 1 pentane : EtOAc; second column SiO2 stationary phase
using 1 : 1 pentane : EtOAc to 100% EtOAc) afforded
bedaquiline-butynyloxy-BODIPY C1 (Fig. 2, 32.5 mg, 38 mmol,
37%) as a bright orange solid.

TLC (Pentane : EtOAc 1 : 1): Rf ¼ 0.4, red spot with green
uorescence. 1H NMR (500.2 MHz, CDCl3, 293 K): d 8.94 (s, 1H,
CH7), 8.61 (d, 1H, 3J(H,H) ¼ 8.5 Hz, naphthyl CH), 7.94 (s, 1H,
CH9), 7.89 (t, 2H, 3J(H,H) ¼ 6.5 Hz, naphthyl CH), 7.77 (d, 1H,
3J(H,H) ¼ 8.5 Hz, CH12), 7.66 (d, 1H, 3J(H,H) ¼ 8.0 Hz, naphthyl
CH), 7.62 (m, 1H, naphthyl CH; signals overlap), 7.61 (m, 1H,
CH11; signals overlap), 7.49 (t, 1H, 3J(H,H) ¼ 7.0 Hz, naphthyl
CH), 7.31 (t, 1H, 3J(H,H) ¼ 7.5 Hz, naphthyl CH), 7.20 (d, 2H,
3J(H,H)¼ 8.5 Hz, phenol CH), 7.12 (br. s, 2H, phenyl CH19), 7.08
(d, 2H, 3J(H,H) ¼ 8.5 Hz, phenol CH), 6.89 (br. s, 3H, phenyl
CH20/CH21), 5.98 (s, 2H, pyrrole CH), 5.89 (s, 1H, CH5), 4.28 (t,
2H, 3J(H,H) ¼ 7.0 Hz, OCH2–), 4.22 (s, 3H, OCH3), 3.01 (t, 2H,
3J(H,H) ¼ 7.0 Hz, –OCH2CH2–), 2.56 (s, 6H, pyrrole –CH3), 2.5
(1H, –CH2

3–, signals overlap), 2.13 (t, 1H, 3J(H,H) ¼ 13 Hz,
–CH2

3–), 1.98–1.92 (m, 2H, –CH2
2–; signals overlap), 1.94 (s, 6H,
This journal is © The Royal Society of Chemistry 2016
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N(CH3)2), 1.45 (s, 6H, pyrrole –CH3) ppm. 13C NMR (125.8 MHz,
CDCl3, 293 K): d 161.6, 159.1, 155.3, 144.6, 143.2, 141.8, 140.6,
139.4, 134.7, 131.8, 131.8, 131.8, 131.3, 129.9, 129.9, 129.3,
128.2, 127.4, 127.3, 127.1, 126.8, 125.8, 125.3, 125.3, 125.2,
125.1, 124.5, 121.2, 118.5, 115.3, 85.3 (–CH2CC–), 82.3 (–CH2CC–
), 66.4 (–OCH2–), 56.4 (C5), 54.2 (–OCH3), 49.5, 44.7 (N(CH3)2),
33.4, 20.6 (–CH2CC–), 14.7 (pyrrole CH3), 14.6 (pyrrole
CH3) ppm. 19F NMR (235.4 MHz, CDCl3, 293 K): d �146.3 (q,
1J(F,B) ¼ 32.4 Hz, BF2) ppm. HRMS (ESI): calc. [M + H]+:
867.4252; found 867.4201. No bedaquiline starting material was
found. IR: broad peak at 3000–2700 cm�1. 1543, 1508, 1454,
1400, 1369, 1350, 1306, 1286, 1242, 1192, 1155, 1119, 1080,
1038, 1014, 926, 833, 806, 737, 704 cm�1. MP: 137–145 �C
(decomposition).

Synthesis of pentynyloxy-eg4-OH

To dry DMF (12 mL) and tetraethylene glycol mono THP ether
(4.90 g, 17.6 mmol, 1.0 eq.), prepared according to Baker et al.18

and kept in a dry Schlenk ask under nitrogen atmosphere, was
added NaOMe (1.19 g, 22.0 mmol, 1.25 eq.) at 0 �C. The clear
solution was warmed up to room temperature over the course of
30 minutes. Aer again cooling down the reaction mixture to
0 �C, 5-chloro-1-pentyne (1.81 g, 17.6 mmol, 1.0 eq.) and of
sodium iodide (0.15 g, 1 mmol, 5 mol%) were added. The
reaction mixture was heated to 80 �C for 16 hours. Subse-
quently, the reaction mixture was quenched with a little
aqueous saturated NaHCO3 solution, diluted with approxi-
mately 100mL CH2Cl2 and extracted three times with water. The
organic phase was concentrated in vacuo and dissolved in
methanol (100 mL) to which was added para-toluenesulfonic
acid monohydrate (150 mg). The methanolic solution was stir-
red at room temperature for 72 hours, aer which it was
concentrated in vacuo, dissolved in 100 mL CH2Cl2 and extrac-
ted once with saturated aqueous NaHCO3 and twice with water.
The organic phase was dried over magnesium sulfate, concen-
trated in vacuo and subjected to column chromatography (SiO2

stationary phase, 100% EtOAc) to afford pentynyloxy-eg4-OH
(695 mg, 2.67 mmol, 15%) as a colorless oil. TLC (100% EtOAc):
Rf ¼ 0.20, visualized using iodine vapour or CerMop staining.
1H NMR (500 MHz, CDCl3): d 3.68 (2H, br. s), 3.6–3.5 (10H, m),
3.56 (4H, m), 3.51 (2H, t, 3J(H,H) ¼ 6.3 Hz), 2.24 (2H, dt, 3J(H,H)
¼ 7 Hz, 4J(H,H) ¼ 2.5 Hz, HCCCH2–), 1.91 (1H, t, 3J(H,H) ¼
2.5 Hz, HCC–), 1.75 (2H, m, –CH2CH2CH2O–) ppm. 13C (125
MHz, CDCl3): d 84.0 (–CCH), 72.6 (–CCH), 70.6, 70.6, 70.6, 70.3,
70.2, 69.6, 68.5, 61.7 (–OCH2CH2CH2–), 28.5 (–OCH2CH2CH2–),
15.2 (–OCH2CH2CH2–) ppm. HRMS (ESI): calc. [M + H]+:
261.1690 m/z. Found: 261.1697 m/z. Calc [M + Na]+: 283.1518 m/
z. Found: 283.1516 m/z. IR: n 3485.1, 3427.3, 2908.5, 2358.8,
1249.8, 1120.6, 1110.9, 1072.4, 1033.8, 731.0, 530.4, 505.3,
493.7m 418.5, 405.0 cm�1. Boiling point: 374 �C.

Synthesis of pentynyloxy-eg4-benzaldehyde (A2)

To dry THF (20 mL) kept at 0 �C under an N2 atmosphere was
added pentynoxy-eg4-OH (550 mg, 2.11 mmol, 1.0 eq.), triphe-
nylphosphine (583 mg, 2.11 mmol, 1.0 eq.) and 4-hydrox-
ybenzaldehyde (257 mg, 2.11 mmol, 1.0 eq.). Aer ve minutes
This journal is © The Royal Society of Chemistry 2016
of stirring, DEAD (918 mg, 2.11 mmol, 1.0 eq.) was added as a 40
wt% solution in toluene via a syringe. The solution was warmed
up to room temperature over night; a color change from yellow
to colorless was observed in the rst 15 minutes. Aer 48 h, the
solution was concentrated in vacuo. Column chromatography
(SiO2 stationary phase, gradient elution 100% cyclohexane to
1 : 1 EtOAc : cyclohexane followed by a second SiO2 column
using 8 : 1 EtOAc : CH2Cl2) afforded pentynyloxy-eg4-benzalde-
hyde A2 (259 mg, 0.71 mmol, 34%) as a colorless oil. TLC (1 : 1
EtOAc : cyclohexane): Rf ¼ 0.25, visualized using 254 nm light.
1H NMR (400 MHz, CDCl3): d 9.83 (s, 1H, –CHO), 7.78 (d, 1H,
3J(H,H)¼ 8.8 Hz, CH), 6.97 (d, 1H, 3J(H,H)¼ 8.8 Hz, CH), 4.16 (t,
2H, 3J(H,H) ¼ 4.8 Hz, benzaldehyde-OCH2–), 3.84 (t, 2H, 3J(H,H)
¼ 4.8 Hz, benzaldehyde-OCH2CH2–), 3.7–3.6 (m, 12H,
–(OCH2CH2)3), 3.57 (t, 2H, 3J(H,H) ¼ 6.3 Hz, –OCH2CH2CH2-
CCH), 2.23 (dt, 2H, 3J(H,H) ¼ 6.9 Hz, 4J(H,H) ¼ 2.8 Hz,
HCCCH2), 1.91 (t, 1H, 4J(H,H) ¼ 2.8 Hz, HCC–), 1.74 (m, 2H,
–CH2CH2CH2O–) ppm. 13C NMR (100 MHz, CDCl3): d 190.9
(–CHO), 163.9 (C1), 132.0 (C3), 130.00 (C4), 114.9 (C2), 84.0
(–CCH), 70.9, 70.6, 70.6, 70.6, 70.6, 70.2, 69.5, 69.4, 67.8, 63.6
(–OCH2CH2CH2–), 28.5 (–OCH2CH2CH2–), 15.2 (–OCH2CH2-
CH2–) ppm. HRMS (ESI): calc. [M + H]+: 365.1951 m/z. Found:
365.1959 m/z. Calc [M + Na]+: 387.1784 m/z. Found: 387.1778 m/
z. IR: n 2869.9, 1685.7, 1600.8, 1577.7, 1311.5, 1258.5, 1217.0,
1161.1, 1057.0, 833.2, 651.9 cm�1. Boiling point: 337 �C
(decomposition).

Sonogashira test reaction forming 3-(quinolin-6-yl)prop-2-yn-
1-ol

In a 10 mL glass reactor, 6-bromoquinoline (210.5 mg,
1.01 mmol, 1 eq.), 3-butyn-1-ol (141.0 mg, 2.01 mmol, 2 eq.),
Pd(PPh3)4 (61.0 mg, 0.05 mmol, 5 mol%), CuBr (9.1 mg,
0.06 mmol, 6 mol%) and triethylamine (4 mL, 0.25 M) were
dissolved, degassed using N2 and reacted by heating the
mixture to 90 �C for 70 minutes.20 The reaction mixture was
partitioned between a saturated aqueous solution of (NH4)2SO4

and diethyl ether. The water layer wasmade alkaline by addition
of a saturated aqueous solution of NaHCO3 followed by
extraction with diethyl ether. The combined organic layers were
dried (Na2SO4), volatiles were removed in vacuo and the crude
was subjected to column chromatography (SiO2, gradient of
pure cyclohexane to ethyl acetate) to yield the product, which
was obtained as an oil (151 mg, 0.78 mmol, 77%). TLC (2 : 1
cyclohexane : EtOAc): Rf ¼ 0.50. 1H NMR (500 MHz, CDCl3):
d 8.89 (m, 1H), 8.08 (d, 1H, 3J(H,H) ¼ 8.5 Hz), 8.01 (d, 1H,
3J(H,H) ¼ 8.5 Hz), 7.88 (s, 1H), 7.60 (d, 1H, 3J(H,H) ¼ 8.5 Hz),
7.40 (q, 1H, 3J(H,H) ¼ 4 Hz), 3.87 (t, 2H, 3J(H,H) ¼ 6.0 Hz), 2.75
(t, 2H, 3J(H,H) ¼ 6.0 Hz), 2.28 (br, 1H, OH). 13C NMR (125 MHz,
CDCl3): d 150.9, 147.6, 135.8, 132.5, 131.2, 129.6, 128.1, 121.9,
121.8, 88.2, 82.1, 61.224.1.

Synthesis of pentynyloxy-eg4-BODIPY (B2)

To dry THF (30 mL) under an N2 atmosphere was added alde-
hyde A2 (200 mg, 0.55 mmol, 1.0 eq.), 2,4-dimethylpyrrole
(115 mg, 1.21 mmol, 2.2 eq.) and 1 drop of triuoroacetic acid.
Aer 16 hours of stirring at room temperature, DDQ (125 mg,
RSC Adv., 2016, 6, 108708–108716 | 108711
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Fig. 3 Structural formula of bedaquiline-pentynoxy-eg4-BODIPY C2.
The numbering scheme used in this work for elucidation of NMR
spectroscopic data is shown.
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0.55 mmol, 1.0 eq.) was added as a solution in 1 mL THF. Aer 1
hour of stirring, the reaction mixture was cooled to 0 �C using
ice, and NEt3 (444 mg, 4.4 mmol, 8 eq.) of NEt3 was added via
syringe followed by BF3$OEt2 (780 mg, 5.5 mmol, 10 eq.). The
reaction mixture was allowed to warm up to room temperature
over the course of two hours, aer which it was ltered over
celite. The celite was washed with CH2Cl2; pooled organic
phases are concentrated in vacuo. The brown, sticky solid thus
obtained was diluted with CH2Cl2 and washed with satd.
NaHCO3, satd. NH4Cl, water and brine. The pooled aqueous
layers were back-extracted once with CH2Cl2. Aer drying over
Na2SO4, the organic layer was concentrated in vacuo. Column
chromatography (SiO2 stationary phase, isocratic elution with
1 : 1 EtOAc : cyclohexane) gave pentynyloxy-eg4-BODIPY B2
(141.7 mg, 0.23 mmol, 54%) as a brown-orange waxy solid. TLC
(1 : 1 EtOAc : cyclohexane): Rf ¼ 0.20, red spot with green uo-
rescence. 1H NMR (500 MHz, CDCl3): d 7.14 (d, 2H, 3J(H,H) ¼
8.5 Hz, phenol CH), 7.01 (d, 3J(H,H) ¼ 8.5 Hz, 2H, phenol CH),
5.97 (s, 2H, pyrrole CH), 4.17 (t, 2H, 3J(H,H) ¼ 5.0 Hz, –CH2–),
3.90 (t, 2H, 3J(H,H) ¼ 5.0 Hz, –CH2–), 3.76–3.59 (m, 12H,
–OCH2CH2O–), 3.55 (t, 2H, 3J(H,H)¼ 6.3 Hz, –OCH2(CH2)2CCH),
2.54 (s, 6H, pyrrole CH3), 2.28 (dt, 2H, –CH2CCH), 1.93 (t, 1H,
–CCH), 1.79 (m, 2H, –OCH2CH2CH2–), 1.41 (s, 6H, pyrrole) ppm.
13C NMR (125 MHz, CDCl3): d 159.4, 155.3, 143.3, 141.9, 132.0,
129.3 (phenol CH), 127.3, 121.2 (pyrrole CH), 115.3 (phenol CH),
84.1 (–CCH), 71.0, 70.8, 70.7, 70.4, 69.8, 69.7, 68.6, 67.6, 28.6
(–OCH2CH2CH2–), 15.3 (–CH2CCH), 14.8 (both pyrrole CH3

groups, signals overlap) ppm. 19F NMR (235.4 MHz, CDCl3, 293
K): d �146.3 (q, 1J(F,B) ¼ 32.9 Hz, BF2) ppm. HRMS (ESI): calc.
[M + Na]+: 605.2969 m/z. Found: 605.2982 m/z. IR: n 2922.0,
2864.1, 2358.8, 2337.6, 1608.5, 1541.0, 1508.2, 1467.7, 1407.9,
1363.6, 1305.7, 1286.4, 1245.9, 1191.9, 1155.3, 1982.0, 1049.2,
1012.6, 974.0, 853.1, 763.8, 704.0, 601.8, 582.5 cm�1. Melting
point: 158–164 �C (decomposition).
Synthesis of bedaquiline-pentynoxy-eg4-BODIPY (C2)

To a 10 mL glass reactor was added bedaquiline fumarate
(76.6 mg, 114.5 mmol, 1.0 eq.) and pentynoxy-eg4-BODIPY B2
(99.7 mg, 172 mmol, 1.5 eq.) in 5 mL NEt3. The solution was
degassed with argon for 5 minutes, aer which CuI (1.1 mg, 6
mmol, 5 mol%) and Pd(PPh3)4 (26.4 mg, 23 mmol, 0.2 eq.) in 5
mL argon-degassed DMF were added via syringe from stock
solutions prepared and kept under argon. The reactor was
capped with a Teon-lined plug. Aer stirring the reaction
mixture at 90 �C for 2 hours, the reaction mixture was poured
into 1 : 1 ethyl acetate : satd. NaHCO3. The ethyl acetate layer
was washed twice with water and once with brine. The organic
phase was dried over Na2SO4 and concentrated in vacuo.
Extensive column chromatography (SiO2 stationary phase using
3 : 1 pentane : EtOAc to 1 : 1 pentane : EtOAc; followed by Al2O3

stationary phase using 8 : 1 hexane : EtOAc to 100% EtOAc)
followed by washing of the obtained solid with about 5 mL of
isopropanol gave bedaquiline-pentynoxy-eg4-BODIPY C2 (Fig. 3,
17.9 mg, 17.0 mmol, 15%) as a bright orange solid.

TLC (3 : 1 EtOAc : cyclohexane): Rf ¼ 0.22, red spot, green
uorescence. 1H NMR (500 MHz, CDCl3): d 8.86 (s, 1H), 8.54 (d,
108712 | RSC Adv., 2016, 6, 108708–108716
1H, 3J(H,H) ¼ 9.0 Hz), 8.31 (br. s, 1H, –OH), 7.81 (m, 3H), 7.67
(d, 1H, 3J(H,H) ¼ 8.5 Hz), 7.58 (d, 1H, 3J(H,H) ¼ 8.0 Hz), 7.54 (t,
1H, 3J(H,H) ¼ 7.75 Hz), 7.50 (d, 1H, 3J(H,H) ¼ 8.5 Hz), 7.42 (t,
1H, 3J(H,H) ¼ 7.5 Hz), 7.23 (t, 1H, 3J(H,H) ¼ 7.75 Hz), 7.08 (d,
2H, 3J(H,H) ¼ 9.0 Hz, phenol CH), 6.95 (br. s, 2H), 6.94 (d, 2H,
3J(H,H) ¼ 8.5 Hz, phenol CH), 6.81 (t, 3H, 3J(H,H) ¼ 3 Hz), 5.98
(s, 2H, pyrrole CH), 5.82 (s, 1H, CH5), 4.13 (s, 3H, –OMe), 4.10 (t,
2H, 3J(H,H) ¼ 4.6 Hz), 3.83 (t, 2H, 3J(H,H) ¼ 5 Hz, –CH2–), 3.7–
3.5 (m, 14H, –CH2–), 2.49 (s, 6H, pyrrole CH3), 2.5 (m, 2H,
–CH2

a–), 2.5 (m, 1H, diastereotopic –CH2
3– protons), 2.05 (t, 1H,

3J(H,H) ¼ 12.5 Hz, diastereotopic –CH2
3– protons), 1.9 (m, 2H,

–CH2
2–), 1.90 (s, 6H, –NMe2), 1.9–1.8 (m, 2H, –CHb

2–), 1.34 (s,
6H, pyrrole CH3) ppm. 13C NMR (125 MHz, CDCl3): d 161.6,
159.5, 155.3, 144.5, 143.3, 142.0, 141.9, 140.8, 139.4, 134.8,
132.0, 131.1, 130.1, 130.0, 129.3 (phenol CH), 128.3, 127.5,
127.3, 127.2, 126.9, 125.5, 125.4, 125.4, 124.6, 121.2 (pyrrole
CH), 119.3, 115.3 (phenol CH), 89.5, 82.8, 81.1, 71.0, 70.8, 70.5,
70.0, 69.9, 67.6, 56.5 (C2), 54.3 (OMe), 49.6 (C5), 44.9 (C1), 33.5
(C3), 29.0 (Cb), 16.4 (Ca), 14.8 (pyrrole CH3), 14.7 (pyrrole
CH3) ppm. 19F NMR (235.4 MHz, CDCl3, 293 K): d �146.3 (q,
1J(F,B) ¼ 32.9 Hz, BF2) ppm. HRMS (ESI): calc [M + H]+:
1057.5457, [M + H + Na]2+: 540.2675, [M + 2H]2+: 529.2765, [M +
H–F]2+: 519.2734 m/z. Found resp. 1057.5426, 540.2656,
529.2739, 519.2715 m/z. IR: n 2922.0, 2860.2, 2358.8, 2331.8,
1606.6, 1543.0, 1508.2, 1456.2, 1438.8, 1400.2, 1305.7, 1245.9,
1193.9, 1155.3, 1116.7, 1105.1, 1080.1, 1062.7, 1051.1, 1012.6,
975.9, 910.3, 835.1, 729.0, 704.0, 640.3, 603.7, 582.5, 455.2 cm�1

MP: 165–170 �C (decomposition).
Results and discussion
Synthesis of uorescent alkynyl-BODIPY labels

Considering the presence of an aryl bromide moiety in the
molecular structure of bedaquiline, we arrived at a labeling
strategy using Sonogashira cross-coupling chemistry to form
a carbon–carbon bond between the bromoquinoline position
and an alkyne-functionalized uorophore.15 In principle,
labeling of bedaquiline on the 6-position of the quinoline ring is
expected to keep binding affinities towards the microbial target
protein intact, as modication of the 6-position of the quinoline
moiety has been previously applied for covalent linkage to
a Biacore chip and an affinity resin.6 Furthermore, the bromo-
quinoline moiety has been shown to project away from the
This journal is © The Royal Society of Chemistry 2016
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central binding pocket in the c-subunit of ATP synthase, with
the bromo-moiety located at the distal position.14 Notwith-
standing the apparent feasibility of this approach, it is obvious
that close proximity of the uorophore will lead to undesired
uorophore–protein interactions. Thus, we chose to investigate
the synthesis of two alkyne-functionalized BODIPY13 uo-
rophores, which were subsequently used to prepare two uo-
rescently labeled bedaquiline analogues having a shorter (�6 Å)
or longer (�22 Å) linear spacer between drug and uorophore.

Fluorescent alkynyl-BODIPY derivatives B1 and B2 were
prepared using a two-step route (see Fig. 4) starting from the
Mitsunobu aryl ether synthesis of aldehydes A1 and A2, where
the phenolic oxygen of 4-hydroxybenzaldehyde is alkylated by
a butynyloxy or pentynyloxy-tetraethyleneglycol terminal
alkyne, respectively. Subsequent acid-catalyzed condensation
of the benzaldehyde with 2,4-dimethylpyrrole followed by
oxidation and boron triuoride chelation allowed us to obtain
the target uorophores, albeit in rather poor overall yields of
5% (B1) and 18% (B2) due to the typically poor yields of
BODIPY preparations,13 and the difficulties encountered in
separating the aryl ethers from the byproducts of the Mitsu-
nobu reaction.
Fig. 4 Synthesis of alkyne-functionalized BODIPY derivatives. Reac-
tion conditions: (i) 4-hydroxybenzaldehyde (1 eq.), alcohol R1-OH or
R2-OH (1 eq.), PPh3 (1.05 eq.), DEAD (40 wt% in toluene, 1 eq.), THF,
0 �C / rt, overnight. (ii) A (1 eq.), 2,4-dimethylpyrrole (2.2 eq.), TFA
(cat.), THF, rt, 16 h; then DDQ (1 eq.), rt, 1 h; then NEt3 (excess), BF3-
$OEt2 (excess), 0 �C / rt, 2 h.

Fig. 5 Labeling of bedaquiline using a Sonogashira coupling. Reaction c
Pd(PPh3)4 0.2 eq. in 10 mL 1 : 1 DMF : NEt3 added under Argon atmosph

This journal is © The Royal Society of Chemistry 2016
Sonogashira-based labeling of bedaquiline

Initially, we ascertained the synthetic feasibility of our labeling
strategy by reacting 3-butyn-1-ol with 6-bromoquinoline as
model for bedaquiline under typical18 Sonogashira conditions
(1.2 : 1.0 Cu : Pd stoichiometry), affording the desired coupling
product in 77% isolated yield. We found that a direct trans-
lation of these conditions to the reaction of our BODIPY labels
with bedaquiline led to the formation of the labeled drug,
contaminated with a signicant amount of the homo-coupled
diyne as a side product. We speculate that the presence of the
bedaquiline moiety is to blame for the appearance of this side
product through the action of its Lewis basic sites, which can
serve as a competitive bidentate ligand to one of the catalytically
active metal species.19,21 However, encouraged by the presence
of the target molecule, we then attempted to prepare the labeled
bedaquiline analogues using relatively little CuI catalyst with
respect to Pd0 (1 : 4 Cu : Pd stoichiometry); considering that the
homocoupled bisalkyne is likely formed via the copper-
catalysed Glaser coupling mechanism,22 lowering the relative
onditions. (iii) Bedaquiline fumarate 1 eq., Bodipy 1.5 eq., CuI 0.05 eq.,
ere at rt; reaction heated at 90 �C for 2 h.

Fig. 6 Emission and absorption curves for compounds C1 and C2.
Normalized absorption (solid lines) and emission (dashed lines) plots,
recorded in acetonitrile solution. The inset tabulates absorption and
emission wavelength maxima labs and lem and the corresponding
quantum yield of fluorescence F, calculated using fluorescein in 0.1 M
aqueous NaOH as a reference. Peak normalized instrument responses
for absorption measurements correspond to an extinction coefficient
of respectively 3 ¼ 7.6 � 104 (C1) or 6.8 � 104 (C2) cm�1 M�1.

RSC Adv., 2016, 6, 108708–108716 | 108713
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copper concentration should suppress this side reaction.23

Under these conditions, a satisfactory conversion to the target
compound was observed. Repeated purication was required to
remove any traces of the unreacted parent drug, which accounts
for the poor yields of, respectively, 37% and 15% for C1 and C2
(see Fig. 5).
Photophysical properties of uorescent bedaquiline
analogues

Using steady-state light absorption and uorescence measure-
ments, acetonitrile solutions of compounds C1 and C2 were
characterized photophysically (see Fig. 6). In the chosen solvent,
varying distance between label and drug appears to have no
inuence on the properties under study, as virtually identical
wavelength maxima labs and lem were observed, with a Stokes
shi of 10 nm for both compounds. The quantum yield of
uorescence is also independent of linker identity, showing the
expected isolation of the uorophore from linker and drug. The
absorption and emission wavelength maxima of C1 and C2 are
essentially identical in methanol, a protic solvent of similar
polarity to acetonitrile (see ESI†). We also conrmed that the
parent compound bedaquiline did not show emission peaks in
Fig. 7 Inhibition of mycobacterial ATP synthesis activity by BODIPY-
bedaquiline (BDQ) compounds. ATP synthesis activity wasmeasured in
inverted membrane vesicles from M. smegmatis using the glucose-6-
phosphate dehydrogenase method. BODIPY-bedaquiline compounds
(open bars: C1, butynyloxy linker, closed bars, C2, pentynyloxy-eg4
linker) were added at the indicated concentrations. 100 nM BDQ and
the ATP synthase inhibitor DCCD were used as control.

Table 1 Growth inhibition of M. tuberculosis by BODIPY-bedaquilines. S
generated Rv0678mutant with increased efflux pump activity against BDQ
pCVGA30) and with empty overexpression plasmid as control (H37Rv pS
inhibitory concentrations (MICs) were measured using the resazurin me

Strain BDQ BDQ + VER C1

H37Rv 1.1 � 10�7 7.0 � 10�9 1.8 �
CV37 9.1 � 10�7 2.3 � 10�7 >2.9
H37Rv pCVGA30 4.5 � 10�7 <5.7 � 10�8 7.3 �
H37Rv pSD5 1.1 � 10�7 7.0 � 10�9 1.8 �

108714 | RSC Adv., 2016, 6, 108708–108716
the 400–600 nm wavelength range (not shown in Fig. 6). As is
typical for BODIPY derivatives13 no changes in the absorption
spectrum were seen when a cuvette of C1 was le standing
under ambient illumination for several weeks; nor could we
over time observe any degradation in the 1H NMR spectrum of
C1. The labeled bedaquiline derivatives described can thus be
regarded as stable, suitable uorescent probes for biological
applications.

BODIPY-labeled bedaquiline compounds inhibit ATP
synthesis

Aer successful preparation of the BODIPY-bedaquiline
compounds, we sought to ascertain their antibacterial action,
and to investigate if their mode of action is sufficiently similar
to the parent compound; only sufficiently parent-like probe
molecules are expected to yield useful results in follow-up
studies on the mode of action of diarylquinoline antibiotics.
To do so, the ability of C1 and C2 to inhibit the function of the
biological target of the parent drug, ATP synthase, was evalu-
ated. We measured the impact of the compounds on ATP
synthesis activity using inverted membrane vesicles derived
from Mycobacterium smegmatis. As depicted in Fig. 7, both C1
and C2 blocked the ATP synthesis activity in a dose-dependent
manner. However, inhibition was clearly more efficient in case
of C2 (IC50� 2.0 mM). The lower activity of C1 (IC50 > 10 mM)may
be due to the shorter linker, interfering with effective binding of
the compound to its binding pocket, which is located close to
the center of the hydrophobic, membrane-spanning part of ATP
synthase.16 These IC50 values are higher than those reported for
the parent compound (IC50 between 10–100 nM),7,24 but
comparable to and consistent with values reported for uores-
cent derivatives of other anti-tuberculosis drugs, e.g. for ben-
zothiadizinones.13 The results conclusively prove that the
presented labeling strategy allows the preparation of bedaqui-
line analogues that retain the ability to inhibit ATP synthesis,
given the correct spacing distance between label and drug.

BODIPY-labeled bedaquiline compounds inhibit bacterial
growth

Next, we evaluated their ability to interfere with growth of living
bacteria. As shown in Table 1, both C1 and C2 suppressed
growth of M. tuberculosis, with minimal inhibitory concentra-
tions of 1.8 mM and 7.3 mM, respectively (Table 1), compared to
0.1 mM for the parent compound bedaquiline.6 This indicates
trains tested were a M. tuberculosis reference strain (H37Rv) an in vitro
(CV37), the reference strain with over-expressed efflux pumps (H37Rv

D5). VER: efflux pump inhibitor verapamil. BDQ ¼ bedaquiline. Minimal
thod as in ref. 14 and are expressed in mol L�1

C1 + VER C2 C2 + VER

10�6 9.1 � 10�7 7.3 � 10�6 9.1 � 10�7

� 10�5 >2.9 � 10�5 >2.9 � 10�5 >2.9 � 10�5

10�6 9.1 � 10�7 >2.9 � 10�5 >2.9 � 10�5

10�6 4.5 � 10�7 3.6 � 10�6 9.1 � 10�7
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that labeling of bedaquiline with the BODIPY moiety and
introduction of the linker decreased, but did not abolish, the
antibacterial activity of the drug. In M. tuberculosis, efflux
pumps can be an important determinant for the sensitivity
towards antibacterials.17 Recently it was reported that the efflux
pump inhibitor verapamil enhanced the susceptibility of M.
tuberculosis for bedaquiline17 whereas upregulation of the
mycobacterial efflux pump MmpS5–MmpL5 decreased the
sensitivity for this drug.14,17 Therefore we evaluated the meta-
bolic similarity of the labeled compounds to bedaquiline by
checking if they are also recognized by the efflux system.
Addition of the efflux pump inhibitor verapamil increased the
sensitivity of M. tuberculosis reference strains H37Rv for C1 and
C2 (respectively twofold and eightfold, Table 1), suggesting that
both BODIPY-bedaquiline analogues are indeed transported by
an efflux pump. We also tested growth inhibition of two M.
tuberculosis strains with elevated levels of the MmpS5–MmpL5
efflux pump: one strain carrying a mutation in the regulator of
MmpS5–MmpL5 (CV37) and one laboratory strain carrying
a plasmid for over-expression of MmpS5–MmpL5 (H37Rv
pCVGA30). Both efflux pump overexpressing strains displayed
considerably lower sensitivity towards C1 and C2, as well as to
the parent compound (Table 1), suggesting that the uorescent
analogues are substrates of the same efflux system as
bedaquiline.

Conclusions

The obtained results show that we successfully designed
a labeling strategy for bedaquiline that generates compounds
sufficiently similar to the parent drug to be of use in scientic
research. The obtained uorescent analogues C1 and C2 can
successfully interfere with ATP synthesis, the biological target of
bedaquiline. Growth of living M. tuberculosis bacteria is sup-
pressed at approximately 20- or 70-fold higher minimum
inhibitory concentrations compared to bedaquiline, dependent
on the spacing (6 Å versus 22 Å, respectively) between uores-
cent label and drug. The probe compounds also share the
affinity for the MmpS5–MmpL5 drug efflux system with the
parent compound. Thus, uorescent antibiotics prepared using
the method described in this work are promising tools for
deeper uorescence-based experimentation on diarylquinoline-
based tuberculosis drugs. Applications may include investiga-
tion of drug in/efflux at the level of either the bacterial pop-
ulation or the individual mycobacterial cell, determination of
sub-cellular drug or target localization in the bacterium, as
well as biochemical studies on binding of the drug to its target.
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