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ABSTRACT

Patients with cystic fibrosis (CF) have a significantly higher risk of acquiring nontuberculous
mycobacteria infections, predominantly due to M. abscessus, than the healthy population. Because
M. abscessus infections are a major cause of clinical decline and morbidity in CF patients, improving
treatment and the detection of this mycobacterium in the context of a polymicrobial culture represents
a critical component to better manage patient care. We report here the synthesis of fluorescent Dansyl
derivatives of four active Cyclipostins and Cyclophostin analogs (CyC) and provide new insights
regarding the CyC lack of activity against Gram-negative and Gram-positive bacteria, and above all
into their mode of action against intramacrophagic M. abscessus cells. Our results pointed out that
the intracellularly active CyC accumulate in acidic compartments within macrophage cells; that this
accumulation appears to be essential for their delivery to mycobacteria-containing phagosomes, and
consequently, for their antimicrobial effect against intracellular replicating M. abscessus; and that
modification of such intracellular localization via disruption of endolysosomal pH strongly affect the
CyC accumulation and efficacy. Moreover, we discovered that these fluorescent compounds could
became efficient probes to specifically label mycobacterial species with high sensitivity, including
M. abscessus in presence several other pathogens like P. aeruginosa and S. aureus. Collectively, all
present and previous data emphasized the therapeutic potential of unlabeled CyC, and the
attractiveness of the fluorescent CyC as potential new efficient diagnostic tool to be exploited in
future diagnostic developments against mycobacterial-related infections, especially against

M. abscessus.
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Pulmonary diseases caused by mycobacterial species still continues to result in significant morbidity
and mortality to human health. In addition to Mycobaterium tuberculosis the ethiologic agent of
tuberculosis (TB),* non-tuberculous mycobacteria (NTM) are opportunistic pathogens responsible for
a wide spectrum of clinical syndromes, ranging from skin infections (i.e., Mycobacterium ulcerans
and Mycobacterium marinum?) to pulmonary infections (Mycobacterium avium and Mycobacterium
abscessus complexes) in humans with compromised natural defenses.>* Although the NTM group
comprises more than 200 different species,” M. avium and M. abscessus complexes are the most
frequently encountered pathogenic species. They are associated with pulmonary diseases, accounting
for >90% of all reported cases of NTM-pulmonary infection.®” M. abscessus causes TB-like
pulmonary diseases in immunocompromised® and vulnerable individuals, including cystic fibrosis
(CF) and bronchiectasis patients.’* M. abscessus exists as two distinct colony morphotypes, smooth
(S) and rough (R), which may evolve differently in response to host immunity, resulting in different
fates for the mycobacteria in its host.'>** The R variant is often associated with severe pulmonary
infections®>'° and is likely to persist for years, especially in infected CF patients.'” Moreover, lung
infection of CF patients is usually polybacterial*®*° including combinations of Gram-negative (i.e.,
Pseudomonas aeruginosa, Haemophilus influenzae and Burkholderia cepacia complex) and Gram-
positive bacteria (i.e., Staphylococcus aureus), as well as NTM species where M. abscessus represents
up to 68% of all isolated NTM.® 2°-2* Furthermore, the fact that this mycobacterium is one of the most
drug-resistant mycobacterial species, often referred to as an “antibiotic nightmare”,? its presence
prior to lung transplantation is a major risk factor for developing a pulmonary infection or a
disseminated disease post-surgery.”® Therefore, there is an emergency to discover new efficient
antibiotics and in the context of polybacterial infection involving mycobacteria, it is of utmost
importance to discriminate between the various species, and in particular to quickly detect the
presence of M. abscessus to rapidly determine a specific therapeutic course.

To reach this objective, the Cyclipostins and Cyclophostin analogs (namely the CyCs — Figure 1)

represent useful and powerful tools.” Indeed, a series of 38 monocyclic enol-phosphate (X=0,



Figure 1A) and -phosphonate (X=CH, CF, Figure 1A) derivatives have been found to efficiently
inhibit the growth of M. tuberculosis both in vitro as well as in infected macrophages with very low
toxicity towards the host cells.”> Furthermore, susceptibility testing conducted on various
mycobacterial clinical isolates and bacteria responsible for nosocomial infections; including 6 Gram-
negative and 5 Gram-positive bacteria, 29 rapid-growing mycobacteria belonging to the M. chelonae—
abscessus clade and 2 slow-growing mycobacteria (M. marinum, M. bovis BCG); revealed that some
CyCs exhibited very promising minimal inhibitory concentrations (MIC) values, but also that their
antibacterial activity was exclusively restricted to mycobacteria.?® Notably, the enolphosphate CyCa7
was found as the most potent extracellular inhibitor (Figure 1) with MICs comparable to those of
most classical antibiotics used to treat either M. tuberculosis or M. abscessus infections.?>?°
Interestingly, its phosphonate analog (i.e., CyCi1) was inactive against the latter two mycobacteria
with MIC > 100 uM.? ?" Moreover, among all tested CyC analogs, only CyCrp) and CyCsp)
(Figure 1) were able to impair intracellular replication of M. tuberculosis®® and M. abscessus?’ inside
Raw264.7 macrophages, with MICsoraw Values better than those of the reference antibiotics
rifampicin and imipenem, respectively.

Since these inhibitors act via the formation of a covalent bond between the enol-phosphorous atom
and the catalytic Ser or Cys residue,?® %2 by using activity-based protein profiling (ABPP), the target
enzymes impacted by the CyCs were next identified, demonstrating that these compounds are multi-
target inhibitors. Indeed, the CyCs impair various mycobacterial (Ser/Cys)-base enzymes mostly
involved in the whole bacterial lipid metabolism or cell-wall synthesis processes.?’

Collectively, all these results emphasized the attractiveness of the CyCs, that are non-toxic towards
mammalian cells and specific to mycobacteria, to be exploited in future therapeutic developments
against mycobacterial-related infections, especially against M. abscessus.?®

In this context, the modification of the CyC core-structure by the direct introduction of a fluorescent
moiety (Figure 1) could result in an activity-based probe (ABP), as a means to specifically label

living mycobacterial species through the covalent binding to (Ser/Cys)-based enzymes. Such a



fluorescent CyC-ABP would also help monitoring and quantifying the CyC penetration inside the
bacterial cells based on the fluorescent signal.***

By synthetizing several selected fluorescent CyC that displayed potent antibacterial activity against
either extracellular or intracellular replicating mycobacteria, we not only evaluated their penetration
properties, but above all developed a new, powerful and efficient diagnostic tool to specifically
identified M. abscessus in a polybacterial mixture to help in the treatment of diseases related to

mycobacterial infection.

RESULTS

Synthesis of new fluorescent CyC affinity probes. The CyCr« and CyCrsp active against
intramacrophagic mycobacteria, and the CyCa7 active against extracellular replicating mycobacteria
as well as its inactive phosphonate counterpart CyCi1, were chosen for incorporation of a fluorescent
tag. Moreover, with regards to the mechanism of action of these three CyCs towards Ser-/Cys-based
enzymes,”® 2520 the fluorophore would be placed either on the terminal R? chain at the C-5 carbon
atom for the cis and trans isomers of CyC~7 (n=6, Figure 1C); or on the phosph(on)ate ester moiety
for the CyCi7 and CyCu1 (n=13, Figure 1C) by adaption of the chemistry already developed for the
synthesis of such derivatives.” %" *3° Based upon its spectral properties such as a large Stokes shift,
its wide usage in such areas as pharmacology, toxicology, organic synthesis and biochemistry,*®-’
and because it is the smallest available fluorophore, the Dansyl group was chosen as a fluorescent
probe.

Introduction of a Fluorescent group at the C-5 carbon atom. The initial approach to introduce a label
at C-5 employed late stage installation of the fluorescent group via coupling to a primary amine, an
approach biologically compatible with fluorescent Dansyl molecule. This chemical route (Figure S1)
involved the application of the phthalimide protecting group at the terminal alkyl chain on the C-5 of

the enolphosphonate 9, which after removal would react with Dansyl-chloride therefore giving the



desire CyCr-pansyl derivative. However, despite all our efforts, the desire molecule was only obtained
in very low overall 4% vyields.

Given the difficulties experienced with the late stage introduction of the fluorescent label, an
alternative approach was devised in which the fluorescent tag is introduced earlier in the synthesis.
The amine 2 was first reacted with Dansyl-chloride under stirring at room temperature in CH2Cly,
giving alkenyl sulfonamide 11 in 81% yields. Further coupling reaction with phosphonate 4 via cross-
metathesis using Grubb’s second-generation catalyst afforded carbonate 12 in 90% vyields. Then the
fluorescent monocyclic enolphosphonate CyCr(q,p)-Dansyt Was obtained in racemic form following
classical route (Figure 2A): i) palladium(0)-catalyzed reaction of carbonate 12 with methyl
acetoacetate, ii) reduction with hydrogen over palladium on carbon in methanol, and iii) selective
mono-demethylation with sodium iodide followed by cyclization with HBTU.

As previously demonstrated in the synthesis of racemic bicyclic phosphonate analogs,”® CyCr
compound was characterized by the relationship between the OMe on phosphorus and the
H-substituent on the C-5 carbon atom as being either in a trans (a-isomer) or cis (B-isomer)
relationship (Figure 1B). Accordingly, the two racemic diastereoisomers CyC7o-Dansyl and
CyCrp-pansyl Were further separated by careful silica gel column chromatography.

Introduction of a Fluorescent label at Phosphorus. In order to introduce the Dansyl group on the
alkyl chain at the phosphorus atom, we first examined the use of cross metathesis to build the required
functionalized alkane chain with CyCui, the phosphonate analog of CyCi7. Two alternative routes
were used (Figure S2). The first one involved metathesis of 6-bromohex-1-ene and Dansyl-amide
alkene 11 using Grubb’s second-generation catalyst, followed by coupling reaction of resulting alkyl
bromide 15 with CyCs,?* ** and finally, hydrogenation of the resulting phosphonate ester 16 (Figure
S2A). Alternatively, the CyCuii-pansyt Was obtained by transesterification of CyCas with 6-bromo-1-
hexene, followed by cross metathesis reaction with the Dansyl-amide alkene 11 and subsequent
hydrogenation (Figure S2B). In both cases, HRMS data and LC-MS spectra showed the presence of

a mixture of compounds with various chain lengths (i.e., M-CH2, M and M+CH, — Figure S2C-D).



Similar variation of ring size from ring closing metathesis reaction had previously been observed in
the total synthesis of Dolabelide C.*® These later byproducts were presumed to occur from double
bond isomerization followed by ring-closing metathesis, and resulting there in smaller macrocycles.
Here, the chain length variation may also result from the isomerization of the terminal double bond
during the cross metathesis (Figure S2C).

To overcome such product heterogeneity, two new Dansyl-labeled CyCs were synthesized starting
from commercially available 11-Bromo-1-undecanol 18 (Figure 2B). The enolphosphonate CyCsi1
analogue of CyCayz, and its phosphate derivative CyCsz analogue of CyCaa, were then obtained with
a shorter C11Ho3 alkyl chain on the phosphorus atom versus a C1sH3s chain for the CyCi7 and CyCaua.
Briefly, following a published procedure,® compound 18 was first converted to the 11-amino-1-
undecanol 19*° in a Gabriel synthesis employing the Ing-Mansk** variation. Treatment with boiling
HBr*? converted the alcohol group of 19 to the bromine 20, which was reacted with Dansyl-chloride
to give the Dansyl-labeled bromide compound 21 in 55% vyields. Ester exchange reaction process
with either the phosphate CyCis** * or the phosphonate CyCs in presence of an excess Dansyl-
bromide 21 and TBAI in refluxing toluene yielded the corresponding fluorescent labeled alkyl
phosphate CyCasi-pansyl Or phosphonate CyCsz-pansyl derivative in 43% yields (Figure 2B). In parallel,
the respective unlabeled analogs, i.e. CyCs1 and CyCsz, were also synthesized in 38-42% yields using
the one-pot ester exchange process from CyCis and CyCa, respectively, and the commercially

1-bromoundecane (Figure 2C).

The new CyC-Dansyl affinity probes retain antibacterial activity similar to that of their parent
molecules. The antimicrobial potency of the selected CyCs [CyCr(q,p)-Dansyl, CyCsi-pansyl, CyCaz-
pansyl, a5 Well as CyCai and CyCsz] was next evaluated towards the non-pathogenic M. smegmatis
strain, four pathogenic mycobacterial species (i.e., M. marinum, M. bovis BCG, M. tuberculosis
mc?6230, and both S/R variants of M. abscessus), 2 Gram-negative (i.e., Escherichia coli and

Pseudomonas aeruginosa) and 1 Gram-positive (i.e., Staphylococcus aureus) bacteria. The



corresponding CyCs minimal concentration leading to 90% bacterial growth inhibition (i.e., MI1Cqo),
as determined by the resazurin microtiter assay (REMA),?** are reported in Table 1.

As previously reported with the other CyCs? the in vitro growth of E. coli, P. aeruginosa and S.
aureus was not impacted. Satisfyingly, the trans-(o)- and cis-(B)-isomers of the CyC7-pansyi retained
extracellular activity comparable to the parent unlabeled molecules, with a fold change in MICg
ranging from 0.7-3.2 uM (Table 1). In addition, each respective labeled and unlabeled pair of the
new phosphate and phosphonate esters bearing a medium lipophilic C11 alkyl chain at the R® position,
i.e., CyCs1/ CyCasi-pansyt and CyCsz / CyCsz-pansyl (Figure 2B-C), displayed similar antibacterial
activity against the five mycobacteria, respectively. Interestingly, CyCs1 and CyCs2 exhibited similar
MICgo values to CyCi7 against M. bovis BCG (MICgo = 0.87-1.1 vs. 0.80 uM) and M. tuberculosis
(MICg = 5.3 vs. 2.6 uM). Surprisingly, in the case of M. abscessus, although the CyCs2 / CyCs2-pansyi
phosphonate analogs were almost inactive, the CyCs1 and CyCasi-pansyl phosphate esters displayed
very good (MICgo = 1.2-6.1 pM) to moderate (MICgo = 27.1-63.4 uM) antimycobacterial activity
against the S and R variant, respectively (Table 1).

The cytotoxicity of the 6 new CyCs was also assessed using murine Raw264.7 macrophages.*® As
expected from previous toxicity results obtained with the CyCi-30,°> ? these new CyCs showed again
a very low toxicity towards host mammalian cells with CCso>100 uM (Table 2), similarly to AMK
(CCso >150 uM).** Given these results, the ability of the CyC analogs to inhibit M. abscessus
intramacrophagic growth was investigated as reported previously.?’” Murine Raw264.7 macrophage
cells were infected with M. abscessus S-LuxAB*® at a multiplicity of infection (MOI) of 10, and then
incubated for 24 h with various concentration of each CyC-pansyt, Or imipenem (IMP; 267 uM,;
43xMICgq) used as positive drug control. First, whatever the concentration used, the CyCasi-pansyl,
CyCs2-pansyl as well as the unlabeled CyCsi and CyCas2 remained fully inactive towards infected
macrophages (Table 2). Conversely, and in agreement with previous work,?’ both (a)- and (B)-

isomers of CyCr-pansyl, inactive against extracellular bacilli, displayed a moderate activity against



intracellular M. abscessus S with a calculated MICsoraw 0f 39.9 UM and 80.6 uM, respectively, similar
to that of unlabeled CyCra and CyCrp (Table 2).

Overall, these results indicate that incorporation of a fluorescent Dansyl group either at the C5 carbon
atom (i.e., CyCr-pansyl) Or at the R® chain on the phosphorus (i.e., CyCai-pansyl & CyCaz-pansyl) does
not affect the extracellular or intracellular antibacterial activity of the resulting CyC-pansy fluorescent

affinity-based probes, as compared to the unlabeled parent molecules.

The CyC-pansyl analogs label mycobacterial strains whatever their antibacterial activity. To
further investigate whether the fluorescent CyCs were able to penetrate into the above-mentioned
bacteria, each strain was preincubated with the CyC-pansyl. The obtained CyC-pansyi-treated bacteria
were visualized by fluorescence microscopy, and total fluorescence related to the Dansyl group was
quantified using a Tecan Spark 10 M multimode microplate reader (Figure 3 & Figure S3).

Surprisingly, each of the four CyC.pansyi Were found to penetrate efficiently and label all
mycobacterial species tested, regardless of their respective MIC values (Figure 3A). In particular,
the CyCro-pansyl and CyCrp-pansyt almost exclusively active against intracellular bacterial growth, are
also able to efficiently tag mycobacteria in vitro. Quantification of total fluorescence intensity of the
four CyC-pansyl incubated with the mycobacterial strains revealed a similar overall profile (Figure
S3). However, significant variations in fluorescence level were obtained between each CyC (Figure
3B). Indeed, the mean fluorescence values of the CyCrp-pansyi-treated M. smegmatis (23,000+8,756
au) and both the CyCq(ap)-Dansyi-treated M. abscessus S (34,874+5,363 au) and M. abscessus R
(18,066+2,279 au) were found significantly 1.2- to 2.8-fold higher (p-value<0.001, Figure 3B) than
those of the respective CyCsi-pansyl and CyCsz-pansyi-treated mycobacteria. In contrast, no significant
difference was observed with M. Marinum, M. bovis BCG or M. tuberculosis labeled strains whatever
the CyC-pansyl used (Figure 3B). When CyCra-Dansyl- (data not shown) or CyCai-pansyi-treated M.
abscessus S cells were subjected to cellular fractionation followed by in-gel fluorescence scanning,
the inhibitor was found within both the insoluble (i.e., cell wall/membrane) and soluble (i.e.,
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cytoplasm) fractions (Figure 3C & Figure S4). Moreover, 3-D reconstruction of confocal laser
scanning microscopy images of CyCasi-pansyi-treated M. abscessus S cells confirmed that the diffuse
fluorescence (i.e., green and orange resulting colors) observed with the CyC-pansyi-treated strains
would result from a homogeneous distribution of these inhibitors in the cell wall and in the cytoplasm
(Figure 3D and Movie S1). Such observations agree with our all previous works, where identified
protein targets of the CyCs in M. abscessus (CyCiz and CyCzs) and M. tuberculosis (CyCi7) were

originated from both cellular compartments.?* 2/

The CyC-pansyl @analogs are unable to label Gram-positive and Gram-negative bacteria, but can
react with their respective lysates. Conversely and in good agreement with MIC data and previous
published work with the CyC,?° no significant fluorescence signal was detected when treating E. coli,
P. aeruginosa or S. aureus with the four CyC.pansyi probes (Figure S5), thus suggesting that the CyCs
would not be able to cross the cell wall of these latter bacteria. To check if these inhibitors would
however be able to react with bacterial enzymes, a lysate of each of the three above-mentioned
bacteria was incubated with each CyC-pansyi, then equal amounts of the obtained labeled proteome
were separated by 12% SDS-PAGE and visualized by Coomassie staining or in-gel fluorescence for
Dansyl detection using a ChemiDoc MP Imager (Bio-Rad) (Figure S6). In each treated lysate, clear
distinct fluorescent bands were detected corresponding to bacterial (Ser/Cys)-enzymes that
presumably had reacted with the CyC-pansyt probes. Given together, these findings confirm that the
absence of antibacterial activity of the CyCs clearly result from their inability to cross the cell wall
of Gram-positive and Gram-negative bacteria.

In the context of CF patients, the presence of numerous Gram-negative and Gram-positive bacteria
from the microbiota represents a significant challenge for detecting mycobacteria in sputum.®®
Therefore, we examined the ability of the CyC.pansyt to specifically label M. abscessus in
polymicrobial cultures. Exponential cultures of P. aeruginosa, S. aureus and M. abscessus S
harboring a tdTomato fluorophore were mixed at a 10:10:1 cell ratio, incubated overnight in a 7H9-S

medium for mycobacteria enrichment, and then stained with CyCsi-pansyi probe. In line with our
10



results, we observed the selective staining of M. abscessus in this mixed microbial culture (Figure
3E). To assess the sensitivity of the CyCai-pansyi, different ratios of the polymicrobial culture were
tested. Imaging results showed that the CyCai-pansyt could detect a single mycobacterium in the
presence of 1000 other bacteria (Figure 3E). Taken together, these results confirm that the CyC-pansyi

are highly specific and selective for mycobacteria with high sensitivity.

The CyC-pansyl affinity probes efficiently label intramacrophagic M. abscessus. In parallel, we
investigated the ability of the CyC-pansyl analogs to interact with M. abscessus S-tdTomato within
infected Raw264.7 macrophage cells. Raw264.7 macrophages were first incubated with each CyC.
pansyl probe at a 100 uM final concentration for 24 h, and then processed for fluorescent microscopy
(Figure 4 & Figure S7). At this stage, and despite a similar hydrophobicity between all CyC-pansyi
(i.e., mean Log P = 4.51+0.24), two different fluorescence profiles were observed depending on the
compounds used (Figure 4A,C & Figure S7A,C).

With the CyCsi-pansyl (Figure 4A) and CyCsz2-pansyl (Figure S7A) a large and diffuse fluorescence
was observed inside the macrophage. Remarkably, and despite the absence of intracellular
antibacterial activity, infection of the latter CyCasi/s2-pansyi-treated cells with M. abscessus S-dtTomato
resulted in a clear re-colocalization of the Dansyl inhibitors with the mycobacteria. Moreover, when
the Raw264.7 were infected prior to incubation with CyCsus2-pansy1, the same final colocalization was
also observed. A quantitative analysis of CyCau/s2-pansyt accumulation in M. abscessus S-tdTomato
infected macrophages revealed a higher level of each CyC-pansyi associated with the mycobacteria
than the Raw264.7 cells (average mean intensity [au] of 99.38+1.32 vs. 21.29+£1.10 and 156.9+1.91
vs. 25.41+1.19 for CyCasi-pansyt and CyCsz-pansyl pOSitive bacteria vs. positive Raw264.7 cells,
respectively; p-value < 0.001) (Figure 4E & Figure S7E). Analysis of the distribution of each CyC.
Dansyl Mean intensity between intracellular M. abscessus S-tdTomato and Raw264.7 cells areas by
density plot confirms that M. abscessus bacteria displayed a higher CyC-pansyi Signal enrichment than

macrophage cells (Figure 4F & Figure S7F). These findings are consistent with a dynamic relocation
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process of the CyC inside the macrophage and leading to a clear tropism of both CyCs1/32-pansy for
intracellular M. abscessus S.

In contrast, when macrophages were treated with the CyCr(,p)-Dansyt, Which are active mainly in
intracellular conditions, a totally different behavior than the other two CyCsui/32-pansyl cCOMpounds was
reached (Figure 4C & Figure S7C). Indeed, their fluorescence was mainly localized into foci as if
these two inhibitors accumulated in specific cell compartments. Interestingly, after infection both
CyCr(a,p)-Dansyl colocalized with the intracellular mycobacteria (Figure 4C,D & Figure S7C,D), as
also observed with the CyCsus2-pansyl inhibitors. In addition, the quantitative analysis of CyCr(a.p)-
pansyl accumulation in M. abscessus S-tdTomato infected macrophages revealed a higher level of each
CyCr-pansyl associated with the mycobacteria than the Raw264.7 cells (average mean intensity [au]
of 144.6£2.25 vs. 31.85+2.34, and 137.2+2.13 vs. 48.78+2.25 for CyCra-Dansyl and CyCrp-pansyl
positive bacteria vs. positive Raw264.7 cells, respectively; p-value < 0.001) (Figure 4E & Figure
S7E). Such tropism was further confirmed by analysis of the distribution of CyCr(a,p)-Dansyl
fluorescence intensity between intracellular M. abscessus S-tdTomato and Raw264.7 cells by density

plot (Figure 4G & Figure S7G).

The CyCr,p)-pansyl analogs accumulate in acidic intracellular compartments. Among the four
CyC-pansyl analogs tested, the fact that only the CyCr(q.p)-pansyl are active against intramacrophagic
replicating bacteria (Table 2) prompted us to investigate further their particular localization as foci-
like inside macrophages. More precisely, the fact that lysosomes are acidic and hydrolytic organelles
responsible for the degradation of macro and small molecules inside macrophages,”’ we tested
whether these two compounds accumulate in acidic compartments. Raw264.7 macrophages were then
treated with 100 uM of each of the four CyC-pansyi cOmpounds, and acidic compartments were labeled
using BioTracker™ NIR633, a deep red-fluorescent dye that labels acidic organelles in live cells.
First, in agreement with our previous observation (Figure 4 & Figure S7), the CyCsi-pansyl and
CyCas2-pansyl exhibited a diffuse fluorescence and only few colocalization between the Dansyl and the

BioTracker signals were observed inside Raw264.7 cells (Figure S8). Conversely, the CyCr(a,p)-Dansy!
12



displayed a clear colocalization with BioTracker positive regions (Figure 5A,B). Quantitative
analysis of the Dansyl fluorescence signal in these BioTracker positive regions showed a significant
1.5 to 1.8-fold change in the average mean intensity for CyCra-pansyl (85.5+0.76 au) and CyCrp-pansy!
(79.84£0.89 au) vs. CyCsi-pansy (48.2+0.85 au) and CyCsz-pansyi (51.8+0.89 au) (Figure S9), therefore
confirming the preferential colocalization of the CyCr(ap)-Dansyt Within acidic compartments.

From these findings, CyCr-pansyi-treated macrophages were next incubated in presence of the
vacuolar-type H*-ATPase inhibitor Concanamycin A (ConA) (i.e., an inhibitor of endolysosomal
acidification).”® Indeed, ConA inhibited endolysosomal acidification resulting in the loss of
BioTracker staining, but unexpectedly also impaired the CyCr-pansyt accumulation phenotype
resulting in a diffuse Dansyl fluorescence all around the cell, similar to those reached with both
CyCsus2-pansyl (Figure 5A,B & Figure S8A,B). Furthermore, with infected macrophages the presence
of ConA results mainly in the loss of the strict colocalization of the CyC-pansyt With the intracellular
mycobacteria (Figure 5C & Figure S8C), as observed above in Figure 4 & Figure S7. Finally,
intracellular antibiotic activity assays performed with 100 nM ConA, led to a complete abrogation of
the CyCr,p) inhibitory effects, without altering intramacrophage M. abscessus growth or intracellular
efficacy of imipenem used as drug control (Figure 5D). Since the intracellular activity of the
compounds appears to be correlated with acidic compartments, we investigated whether low pH was
needed for activating the CyC in extracellular conditions. Then, we conducted susceptibility testing
at various pH in the 5.5-7.0 range, and showed that CyCr@p or CyCs1 MIC values against
extracellular M. abscessus S growth were not modified, thus suggesting that the antibacterial activity

of these compounds is not pH-dependent (Figure 5E).

DISCUSSION
The continuous and rapid emergence of drug-resistant mycobacteria, associated with the lack of new
antibiotics entering the market, has become a global public health concern that threatens the effective

diagnosis and treatment of pulmonary infectious diseases. Infections caused by nontuberculous
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mycobacteria (NTM) have now become clinically relevant and are extremely difficult to treat due to
the intrinsic resistance of such mycobacteria to many common antibiotics. Among NTM, M.
abscessus is the most antibiotic-resistant mycobacterial species responsible for severe respiratory,
skin and mucosal infections in humans, frequently found in immunocompromised patients or patients
with Cystic fibrosis (CF) or chronic obstructive pulmonary disease (COPD).***" In the case of CF
patients, M. abscessus infection may also be exacerbated by poly-bacterial lung infections with other
microorganisms, such as P. aeruginosa and/or S. aureus.”® In this context of co-infection, M.
abscessus would be missed in the absence of effective microbiological surveillance; whereas it is of
great importance to accurately detect its presence in patient’s sputum in order to adapt the
antimicrobial treatment.> “°

Toward the generation of new antibacterial leads, the CyC analogs are not only non-toxic for
mammalian cells, but above all represent a novel class of selective and efficient multitarget inhibitors
leading to the arrest of M. abscessus extracellular and/or intracellular growth through the inhibition
of various mycobacterial enzymes involved in important physiological processes.* Herein, we report
an optimized and efficient total synthesis of fluorescent Dansyl derivatives of four active CyC
analogs, and their use as efficient probes. We demonstrated that these fluorescent CyC-pansyi not only
behave similarly to their parent molecules in terms of antibacterial activity and toxicity towards host
cells, but also specifically label all mycobacterial species tested, including M. abscessus in the context
of a poly-bacterial mixture with P. aeruginosa and S. aureus, with high sensitivity since a single
mycobacterium in the presence of 102 other bacteria can be detected. Moreover, we provide
compelling evidence that the absence of antibacterial effect on Gram-positive and Gram-negative
bacteria results from the inability of these CyCs to cross the bacterial membrane of the latter
microorganisms. The most likely hypothesis is that the hydrophobic nature of the CyCs would favor
their diffusion across the waxy and lipid-rich mycobacterial membrane, unlike that of Gram-positive
and Gram-negative bacteria. Such property could be used to the rapid detection of M. abscessus in

patient’s sputum thus paving the way for new promising applications of the CyCs in diagnostics.
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Another important issue resides in the fact that the penetration of the fluorescent CyC inside the
mycobacteria was not correlated with their respective MIC values (Table 1 & Figure 3).
Accordingly, CyCasz-pansyl and CyCr(a,p)-Dansyl Which are ineffective against M. abscessus extracellular
growth behave similarly to CyCasi-pansyi in terms of bacterial fluorescence labeling (Figure 3B). This
unexpected feature implies that the antibacterial activity of the CyC against the extracellular growth
of M. abscessus would result from the inhibition of mycobacterial target enzymes specific to each
compound, as recently demonstrated in the case of M. tuberculosis,” independently of their
penetration properties since they are all capable to enter the mycobacteria. In other words, the
discrepancy in terms of extracellular activity between the four CyC might simply rely on relative
chemical reactivity between the phosphate (i.e., potent CyCi7 & CyCas1) and phosphonate (i.e.,
inactive CyCra,p) & CyCsz2) chemical groups.

When tested against M. abscessus infected macrophages, each CyC.pansyl probe also perfectly
colocalized with intracellular bacterial cells, regardless of their respective intracellular MICraw values
(Table 2). A distinct fluorescent profile inside Raw264.7 macrophages was however obtained,
depending on the compounds. Following BioTracker labeling, our results clearly suggest that the
CyCr(,p)-Dansyl, Only active against intramacrophagic M. abscessus growth, would accumulate
preferentially in acidic compartments contrary to CyCsuys2-pansyl for which a predominantly diffuse
fluorescence was observed within the cells (Figure 5 & Figure S8). The inhibitor of the vacuolar-
type H*-ATPase Concanamycin A (ConA) disrupted the intracellular accumulation phenotype of
CyCra.p)-Dansyl, drastically abolish their colocalization with intracellular M. abscessus inside infected
macrophages, and impaired their antibacterial efficacy as shown by intracellular antibiotic
susceptibility assays (Figure 4-5). Conversely, the presence of ConA did not significantly alter
CyCasu32-pansyl fluorescent profile inside Raw264.7 cells. These novel results support the idea that in
conditions where acidification is suppressed, the ability of the CyCr.p) to accumulate in specific

acidic compartments and restrict intramacrophagic M. abscessus replication would be limited.
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Moreover, the fact that the extracellular antibacterial activity of the CyC is not pH-dependent (Figure
5E), also presumes that the partitioning and accumulation of CyCr,p) in acidic compartments
represents the crucial step that drives their delivery to the mycobacterial containing phagosomes. In
a similar way to bedaquiline which accumulates in host lipid bodies (LB) and is transferred to M.
tuberculosis as LB are consumed thus leading to enhanced antibacterial activity,>* host cell acidic
compartments constitute a transferable reservoir responsible for the CyCr,pantimicrobial efficacy
against intracellularly replicating M. abscessus. Consequently, even though endolysosomal
acidification appears to be an important determinant contributing to the CyCr,p intracellular
efficacy, their mode of action would differ drastically from that of pyrazinamide®® or clofazimine®*
for which the pH is the critical issue for the activation of the drug against M. tuberculosis infected
macrophages. Given all these findings, it is also tempting to hypothesize that the mostly diffuse

localization of CyCsuys2 inside the cells may be responsible for the lack of intracellular activity.

CONCLUSION

Diseases caused by pathogenic mycobacterial species continue to cause significant morbidity and
mortality to human health. In this context, the discovery few years ago of a very promising family of
multi-targeted inhibitors, called Cyclipostins & Cyclophostin analogs (CyCs), with potent
antimycobacterial activities has opened the way to new therapeutic strategies in the fight against
mycobacterial-related diseases. These include M. tuberculosis and M. abscessus, two major human
pathogens responsible for severe lung infections. Moreover, these CyCs do not alter the growth of
Gram-positive and Gram-negative bacteria and do not exhibit significant toxicity towards mammalian
cells. In this work, using several selected fluorescent CyCs, we brought new insights into their mode
of action against both extracellular and intracellular mycobacterial growth. All this study has not only
reinforced the great interest of the CyC compounds, but above all our results provide a first set of
explanations related to the antibacterial activity of the CyC, both in vitro and ex vivo, underlining the

huge and combined effect of the host-cell environment with antibiotics during mycobacterial

16



infection, and particularly here in the case of M. abscessus infections. Apart from the therapeutic
potential of unlabeled CyC compounds, thanks to their multitargeted covalent mechanism of action,
fluorescent CyC probes could be used to specifically label pathogenic mycobacteria in polybacterial
mixtures thus leading to new efficient, selective and sensitive diagnostic markers. This is of particular
importance to patients with cystic fibrosis for whom identification of M. abscessus is crucial,

especially for transplantation purposes.?®
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METHODS

Chemistry. Detailed procedures and the full chemical characterization (*H, *C and 3P NMR spectra)
of each new analog (i.e., the four CyC-pansyt and CyCsuy32) are reported in Supporting Information.
Stock solutions (10 mM) in which the CyC compounds (purity of >95%) were found to be completely

soluble in dimethyl sulfoxide (DMSQ) were prepared and stored at 4 °C.

Bacterial culture. Escherichia coli DH10B, Pseudomonas aeruginosa PAO1 and Staphylococcus
aureus (clinical isolate) cells were grown in Luria-Bertani (LB) broth (Invitrogen, Carlsbad CA,
USA) at 37 °C under shaking at 200 rpm. M. smegmatis was cultured in Middlebrook 7H9 liquid
media (BD Difco) supplemented with 0.05% Tween 80 (Sigma-Aldrich, Saint-Quentin Fallavier,
France) and 0.2% glycerol (Euromedex, France) (7H9-S). M. abscessus CIP104536" with either a
smooth (S) or a rough (R) morphotype, M. marinum ATCC BAA-535/M, M. bovis BCG Pasteur
1173P2 and M. tuberculosis mc?6230 (H37Rv ARD1 ApanCD®) were cultured in 7H9-S
supplemented with 10% Oleic Albumin Dextrose Catalase (OADC enrichment, BD Difco) (7H9-
SOADC) "In the case of M. tuberculosis mc26230, 24 pg/mL D-pantothenate (Sigma-Aldrich) was also
added in the 7H9-SPAPC medium. Recombinant M. abscessus S carrying pTEC27 (Addgene, plasmid
30182) expressing red fluorescent tdTomato protein was grown in 7H9-S9APC with 500 pg/mL
hygromycin B (Euromedex, France).”® Recombinant M. abscessus S carrying the pSMT3-GFP-
LuxAB plasmid allowing luminescence and fluorescence was grown in 7H9-S°APC with 1,000 pg/mL
hygromycin B (Euromedex, France).*® This latter M. abscessus S-LuxAB strain was a generous gift
from Prof. Jean-Louis Herrmann (Université Versailles-Saint-Quentin-en-Yvelines, France) and was
used for measurement of bacterial load inside infected macrophages. All cultures were incubated at
37 °C, except M. marinum which was cultured at 32 °C. M. smegmatis and M. abscessus were stirred

at 200 rpm; M. bovis BCG, M. tuberculosis mc?6230 and M. marinum at 50 rpm.
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Determination of minimum inhibitory concentrations. Susceptibility testing for mycobacteria was
performed using the Middlebrook 7H9 broth microdilution method. MICs of the CyCs were
determined in 96-well flat-bottom Nunclon Delta Surface microplates with lid (Thermo-Fisher
Scientific, ref. 167008) using the resazurin microtiter assay (REMA\) as described previously.??" >/
Briefly, log-phase bacteria were diluted to a cell density of 5 x 10° cells/mL in appropriate 7H9-S
medium. Then, 100 pL of this bacterial suspension (5 x 10° cells per well) was added to each well
containing 100 uL of the appropriate 7H9-S medium, serial two-fold dilutions of the selected CyCs
or controls to a final volume of 200 pL. Plates were incubated at 37 °C (32 °C for M. marinum) for
either 3-5 days (M. smegmatis and M. abscessus) or 7-14 days (M. marinum, M. bovis BCG and M.
tuberculosis mc26230). Then, 20 pL of 0.025% (w/v) resazurin solution was added and incubation
was proceeded for color change (from blue to pink) in the control well (bacteria without antibiotic).
Fluorescence of the resazurin metabolite resorufin (Aex/Aem = 530/590 £ 10 nm) was quantified using
a Tecan Spark 10M multimode microplate reader (Tecan Group Ltd, France). Relative fluorescence
units were defined as: RFU% = (test well FU/mean FU of growth control wells) x 100. MIC values
were determined by fitting the RFU% sigmoidal dose-response curves® °® in Kaleidagraph 4.2
software (Synergy Software). The lowest compound concentration leading to 90% bacterial growth
inhibition was defined as the MICoo.

In parallel, MICs of E. coli, P. aeruginosa and S. aureus were assessed using the broth microdilution
method.>® Log phase bacteria were diluted in LB medium to around 5 x 10° cells/mL. Then 100 uL
of this latter inoculum were added into each well containing serial dilution of the CyCs, and the plates
were incubated at 37 °C for 18-24 h. After incubation, ODsoonm Was recorded using a Tecan Spark
10M multimode microplate reader (Tecan Group Ltd, France). The MIC was defined as the lowest
concentration of CyC that inhibited visible growth of the bacteria.

Each assay for each strain was carried out at least in triplicate.
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Determination of Cytotoxic Activity for new CyCs. The cytotoxicity of each new synthesized CyC
against eukaryotic cells was measured based on the reduction of resazurin as a value of cellular
viability by metabolic activity.?” °© Murine (Raw264.7) macrophages (American Type Culture
Collection TIB-71) were cultured from a freezer stock in Dulbecco’s modified Eagle medium
(DMEM; Gibco) supplemented with 10% heat-inactivated fetal calf serum (FBS, Invitrogen)
(DMEMF®9), Cells were grown at 37 °C and 5% CO, to subconfluent concentrations. Then 5 x 10*
cells/well were seeded in 96-well flat-bottom Nunclon Delta Surface microplates with lid
(ThermoFisher Scientific) in a final volume of 200 pL per well and incubated for additional 24 h.
The medium was removed by aspiration, and 200 pL of serial two-fold dilution of each compound
(CyCr(a,p)-Dansyl, CyCai-pansyl,CyCa2-pansyl, as well as CyCsz1 and CyCs2) in DMEMFBS were then
added to each well. After 24 h incubation, 20 pL of a 0.025% (w/v) resazurin solution was added to
each well. Fluorescence was measured following a 4 h incubation at 37 °C and 5% CO in the dark,
by excitation at 530 nm and emission at 590 nm as described above, leading to relative metabolic
activities. Addition of DMSO was used as 100% viability reference and addition of 0.2% Triton X-
100 solution served as negative standard (0% viability). All experiments were performed as two

independent triplicates.

Intramacrophage killing assay. Raw264.7 macrophages were grown in DMEM™S medium at 37 °C
and 5% CO; to subconfluent concentrations. Then 5 x 10* cells/well were seeded in 96-well flat-
bottom Nunclon Delta Surface microplates with lid in a final volume of 200 pL per well and cultured
for additional 24 h. The cells were infected with M. abscessus S-LuxAB at a multiplicity of infection
(MOI) of 1:10 and incubated at 37 °C in the presence of 5% CO: for 3 h. Cells were then washed
three times with DMEM then refed with DMEMFBS supplemented with 200 pg/mL amikacin for 1 h.
at 37°C and 5% CO: to kill any extracellular bacteria; washed again three times with DMEM prior to
the addition of 2-fold dilutions of the CyC compounds or imipenem (IMP) in DMEMF™®S

supplemented with 50 pg/mL (i.e., 85.4 uM) amikacin (200 pL final volume). In each plate, negative
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controls consisting of amikacin (50 pg/mL) and 1% DMSO (i.e., infected macrophages only); as well
as positive controls containing amikacin (50 pg/mL) plus 80 pg/mL (i.e., 267 uM) IMP were also
included.”- ®* Plates were incubated for 24 h at 37°C, 5% COs.

Luminescence measurement was then used to check intracellular bacterial viability of M. abscessus
S-LuxAB* following treatment with each CyC compound concentration. Infected macrophage cells
were first washed three times with PBS and lysed by addition of 200 uL cold PBS-0.1% Triton X-
100. A solution of 1% n-decanal (Sigma-Aldrich) in ethanol (20 pL) was added in each well after
lysis of macrophages, and luminescence was read immediately using a Tecan Spark 10M multimode
microplate reader (Tecan Group Ltd, France). DMSO-treated infected macrophages corresponded as
control representing 100% of bacterial viability. The luminescence value obtained was next correlated
to CFU using a calibration curve Logio(Lux) = f(Logio(CFU)) initially built by plating 10-fold serial
dilutions of M. abscessus S-LuxAB on 7H9 agar medium, followed by colonies enumeration after 4-
5 days of incubation at 37 °C. Intracellular MICraw values were further determined by fitting the
CFU% sigmoidal dose-response curves in Kaleidagraph 4.2 software (Synergy Software). The lowest
compound concentration inhibiting 50% of intracellular bacterial growth was defined as the

MICsoraw. Each experiment was done three times independently.

Mycobacteria and infected/non-infected macrophages labeling with the CyC-pansyi. Mid-log
phase mycobacterial suspension in appropriate 7H9-S medium was harvested for 15 min at 3,500
rpm, and resuspended in PBS buffer (pH 7.4) containing 0.05% (v/v) Tween 20 (Euromedex, France)
(PBS-T) at an ODsoo corresponding to 1.5 x 10° cells/mL. Then, the cells were incubated with 200
MM of each CyC-pansyl (i.e., CyCsi-pansyl, CyC32-Dansyl, CyC7q-Dansyt and CyCrp-pansy) or DMSO
(negative control) for 3 h at 37 °C (32 °C for M. marinum) under shaking at 200 rpm. After
incubation, bacteria were washed three times with PBS-T and resuspended in 100 pL PBS-T. For
quantification of total fluorescence, 100 pL of each sample (i.e., 7.5 x 10° cells/mL) in PBS-T was

dispensed in a 96-well Chimney black microplate (Greiner Bio-one, Germany). The fluorescence
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related to the Dansyl group was recorded at Aex/Aem = 400/535 +10 nm using a Tecan Spark 10M
multimode microplate reader (Tecan Group Ltd, France). For microscopy observation, the bacteria
were fixed with 4% paraformaldehyde in PBS for 1 h at room temperature, washed three times with
PBS-T and resuspended in 100 puL PBS-T. Microscopy observations also performed in PBS buffer
but in absence of Tween 20, resulted in similar labeling results, thus excluding any interference of
detergent in the labeling of mycobacteria (data not shown).

Raw264.7 macrophages were grown in DMEM™S medium at 37 °C and 5% CO; to subconfluent
concentration. Then 2.5 x 10° cells/well were seeded in 8-well Nunc Lab-Tek Il Chamber Slide
System, RS glass (ThermoFisher Scientific) in a final volume of 250 pL per well, and cultured for
additional 24 h. Cells were washed three times with DMEM, then refed with DMEMFBS supplemented
with 100 uM fluorescent CyC-pansyt probes and incubated for additional 24 h at 37 °C and 5% COx.
Cells were then washed three times with DMEM, and infected with the fluorescent M. abscessus S-
tdTomato strain at a MOI of 10 and processed as described above (see Intramacrophage killing assay
section). Alternatively, the cells were first infected with M. abscessus S-tdTomato strain prior to a
24 h-incubation period with 100 uM CyC-pansyl probes. After incubation, the infected and non-
infected macrophages were washed three times with sterile PBS, fixed using 4% paraformaldehyde

for 15 min, then washed twice with PBS and re-filed with 250 pL PBS.

Fluorescent Microscopy. Fixed samples (4 uL bacterial suspension, i.e. 3.0 x 107 cells, spotted
between a microscope slide and coverslip; or macrophage cells in Lab-Tek 1l Chamber Slide System)
were analyzed by snapshot fluorescence imaging at room temperature using an Olympus 1X81
confocal microscope equipped with a UPlanSApo 100x 1.40 NA objective and operated with the
FV1000 software. Acquisitions were taken using a 2-line Kalman integration. Exposure time was
10 ps/pixel for both laser transmission and fluorescence images with conserved settings (X, Y, Z,
HV, Gain and offset). The Dansyl was detected by excitation with a 405 nm laser with 39-50%

intensity, and emission was collected using a semitransparent mirror collecting all wavelength under
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560 nm. The tdTomato was detected by excitation with a 515 nm laser with 20-40% intensity, and
emission was collected using a semitransparent mirror collecting all wavelength over 560 nm.

3D-fluorescence images were acquired on a DeltaVision OMX SR imaging system from GE
Healthcare, with an Olympus PlanApo N 60x 1.42 NA and 2 cameras SCMOS. The Dansyl was
detected by a 405 nm diode laser (61 mW) at 2%T during 50 ms and with a 435/31 nm emission filter
and the Nile Red was detected by a 568 nm diode-pumped solid-state laser (61mW) at 2%T during
100 ms and with a 609/37 nm emission filter. 11 sections of images of 512 x 512 pixels (pixel size of
80 nm) were acquired with a section spacing of 0.125 um and a sample thickness of 1.25 um. Images
were then deconvoluted with the microscope software “Softworks 7.0.0” and then analyzed with Fiji
1.53f51. With each CyC-pansyi probe, two biological replicates were made with infected and non-
infected macrophages; and for each sample, 8 different images where taken per frame in order to get
more than 200 macrophage cells in total. Images were next converted to an 8-bit intensity color range.
In all cases, the corresponding control images were taken/checked prior to any fluorescence imaging

and quantification.

Analysis of Dansyl mean fluorescence intensity (adapted from>). A background noise was first
calculated by taking the mean fluorescence intensity of 20 different areas free of any cells for each
channel (i.e., Dansyl and tdTomato frames, respectively), and was subtracted to each frame.
Segmentation and analysis of the images recorded (126.98 x 126.98 um; 512 x 512 pixels) were
performed using the open source program ImageJ/Fiji 1.53f51. Cells segmentation was done by
manually detouring the Raw264.7 cells on the laser transmission frame and transforming it into a
mask. This Raw-mask was then used to determine the Dansyl mean fluorescence intensity of pixels
associated to the macrophage region and corresponding to the inhibitor cellular uptake. For
intracellular bacterial segmentation, a manual threshold was first applied to the tdTomato frame to

create a binary mask, defining all bacterial regions of interest. This bacterial-mask was used to
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measure the Dansyl mean fluorescence intensity of pixels associated to the M. abscessus S-tdTomato

region and corresponding to the inhibitor bacterial uptake.

Live fluorescence imaging and BioTracker staining. For live-cell imaging, infected and non-
infected Raw264.7 macrophages + 100 nM ConA and + 100 pM CyC-pansyt were washed with PBS
buffer (pH 7.4) and stained for 30 min with DMEM™S medium containing 1X BioTracker™ NIR633
Lysosome Dye (Sigma Aldrich) at 37 °C and 5% CO> following the manufacturer recommendations.
Live-cell imaging was further performed by excitation with a 633 nm laser with 10% intensity, and
emission was collected using a semitransparent mirror collecting all wavelength over 560 nm as
described above. Segmentation and analysis were performed as described above. First, the
background was removed from each CyC-pansyi and BioTracker frames as described previously. To
segment BioTracker positive area, a manual threshold was applied to the BioTracker frames in order
to create a binary mask, thereby defining all regions of interest. This BioTracker-mask was further
used to quantify the Dansyl mean intensity inside BioTracker positive areas which allowed to

compare the uptake of each CyC-pansy! inhibitor in acidic compartments inside the macrophages.

Movie S1. Movie was generated using Dragonfly 2022.1 (ORS) using the same data from Figure 3D.
A 3D reconstruction was first made and then different views (zoom, rotation, orthoslice) have been

selected at different key frame to make the movie.

Statistical analyses. Statistical analyses were performed using Prism 4.0 (Graphpad, Inc) and are
detailed in each figure legend. Density plot of the resulting fluorescence data was calculated using
the distplot tool from the seaborn statistical data visualization python library,®” and the sinaplot-

boxplots were generated with the PlotOfData web tool.*
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Movie S1, 3-D reconstruction of a stack of deconvoluted images of CyCasi-pansyi-treated M. abscessus

S cells from an epi-fluorescence microscope (AVI).
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ABBREVIATIONS

ABP, activity-based probe; au, arbitrary unit; AMK, amikacin; CCsg, compound concentration
leading to 50% of cell cytotoxicity; CF, cystic fibrosis; CFU, colony-forming units; ConA,
Concanamycin A; CyC, Cyclipostins and Cyclophostin analogues; IMP, imipenem; INH, isoniazid,
MICsoraw, minimal compound concentration leading to a 50% decrease in CFU count as compared to
untreated cells; MICgo, minimal inhibitory concentration leading to 90% of growth inhibition; NTM,
nontuberculous mycobacterial; REMA, resazurin microtiter assay; RFU%, relative fluorescence

units.
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Table 1. Antibacterial activities of the selected CyC compounds against various bacterial strains @

MICgo (M)
Cpds M smegmatis N T M. bovis M. tuberculosis M. abscessus CIP 1045367 E.coli P.aeruginosa S
mc?155 ~ ATCC BAA-535/M BCG mc?6230 S variant R variant _ DH10B PAO1 '

AMK - 2.9+0.17  0.82+0.05 0.63+0.03 5.8+0.20 10.1+0.45 - - -
INH 29.8+1.0 67.6 +3.5 1.7+0.07 1.5+0.07 >100 >100 - - -
CyCy;® 1.6+0.02 1.7+0.05  0.80+0.03 2.6+0.13 14.4+0.73 0.41+0.01 K3 No effect > |
CyCa 35.1:+0.46 165+2.3  0.87+0.06 5.3+0.15 1.2+0.30 27.1+1.6 B3 No effect > |
CyCsi-pansyi 32.1£1.7 25.1+1.3 5.8+0.31 10.0+0.59 6.1+0.40 63.4+2.9 B3 No effect > |
CyCa 55.5+1.6 37.0+0.56 1.1+0.15 5.4+0.70 168+2.0 >200 K3 No effect >
CyCaa-pansyi 55.7+2.4 37.3+0.90 7.4+0.89 13.3+0.57 >200 >200 |« No effect > |
CyCry " 119+7.2 31.520.77 69.3+2.5 >200 >200 154+3.9 | ¢ No effect > |
CyCro-pansyl >200 44.4+2.0 62.3+1.8 >200 >200 >200 |« No effect > |
CyCrp® 164+3.4 6.0+0.40 47.242.0 37.2+3.9 >200 142420 |« No effect > |
CyCrp-pansyl >200 19.5+1.2 32.0+1.1 60.5+3.0 >200 >200 | ¢ No effect > |

& MICgo: compound minimal concentration leading to 90% of bacterial growth inhibition as determined by the REMA assay. Values are mean + SD of two

independent assays performed in triplicate. ® Data for CyCi7 and CyCrp are from?>?’. AMK, amikacin. INH, isoniazid.
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Table 2. Antibacterial activities of the new CyC analogs against M. abscessus S infected

macrophages
Cpds CCso (UM)® MICsoraw (LM) °
IMP* ND 28.3+4.7
CyCrs ¢ o é&ow >100 29.3+2.9
CyCr© Moo b >70 65.3+6.2
CyCra-pansyl o ol >100 39.946.2
CyCrpoansy e % ‘ >100 80.6+7.1
CyCas1 (X=0) O\\P,oéerMe >100 No effect
CyCa; (X=CHy) e X >100 No effect
CyCsi-pansyl (X=0) . o /on/COQMe >100 No effect
CyCa2-pansyl (X=CHo) >N i_”%dax >100 No effect

3 CCso: compound concentration leading to 50% Raw?264.7 macrophages toxicity. ® MICsoraw: minimal
compound concentration leading to a 50% decrease in CFU count as compared to untreated cells.
Raw264.7 macrophages were infected by M. abscessus S-LuxAB at a MOI of 10, and further treated
with each CyC or IMP for 24 h. The viable mycobacteria were quantified by measurement of
luminescence which was further correlated to CFU. Untreated infected macrophages were used as
control representing 100% of bacterial viability. MICsoraw Were calculated from curve fitting of CFU%
as a function of the inhibitor concentration and are expressed as mean values of three independent

assays. ¢ Data from?’. IMP, imipenem. ND: not determined.
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FIGURE LEGENDS

Figure 1. (A) Chemical structure of Cyclipostins & Cyclophostin analogs (CyC),”* ?" with (B) the best
CyC growth inhibitors. MICg, compound concentration leading to 90% bacterial growth inhibition in
culture medium; MICsoraw, cOMpound concentration leading to a 50% decrease in CFU count in infected
Raw?264.7 macrophages as compared to untreated cells. Log P values were computed using the ALOGPS

2.1 applet (http://www.vcclab.org). (C) Chemical structure of fluorescent CyC affinity probes.

Figure 2. Synthesis of the Dansyl-labeled (A) enolphosphonate CyCip)-pansyi; (B) phosphate
CyCsi.pansyl and phosphonate CyCs,.pansyt analogs of Cyclipostins; as well as (C) the corresponding
CyCs; and CyCs, unlabeled compounds. The 11-bromo-1-undecanamine 20 was prepared according to
literature procedure.®* Log P values were computed using the ALOGPS 2.1 applet

(http://www.vcclab.orq).

Figure 3. The CyC.pansyi probes are able to label all mycobacterial strains regardless of their
antibacterial activity. (A) Representative fluorescence images of M. smegmatis, M. abscessus S and
R, M. marinum, M. bovis BCG and M. tuberculosis mc?6230 strains in presence of fluorescent CyC.
The mycobacteria were exposed to 200 pM CyCpansyi for 3 h, washed and fixed with 4%
paraformaldehyde. Fixed bacteria were imaged using an Olympus 1X81 confocal microscope. Scale
bars: 2 um. (B) Total fluorescence intensity of each CyC.pansyi-treated mycobacteria expressed as
arbitrary units (au) recorded at Aex/Aem = 400/535+10 nm using a Tecan Spark 10M multimode
microplate reader (Tecan Group Ltd, France). Compounds color code is indicated in panel (A).
Statistical significance was assessed with one-way ANOVA followed by Tukey post-hoc test using
Prism 4.0 (Graphpad, Inc): ** p-value<0.01; *** p-value<0.001; ns, not significant (p-value>0.05).
Results are corresponding to n=3 biologically independent experiments performed in triplicate. (C)
Cellular localization of the CyCsi.pansyi in M. abscessus S. The bacteria were exposed to 200 uM
CyCsi-pansyl for 3 h, then washed and lysed. Equal amounts of proteins (50 pg) from total lysate (a),
insoluble (b) and soluble (c) fractions recovered after centrifugation were separated by 12% SDS-PAGE
and visualized by Coomassie blue staining (left) or in-gel fluorescence (right). The CyCsi-pansyi-labeled
proteins were detected by fluorescent gel scanning using trans-UV illumination (Aex 302 nm) as
excitation source, and as emission the 530/28 filter of a ChemiDoc MP Imager (Bio-Rad) before staining

of the gels with Coomassie Brilliant Blue dye. (D) 3-D reconstruction of a stack of deconvoluted images
of CyCai.pansyi-treated M. abscessus S cells from an epi-fluorescence microscope. XY (left panel) and

YZ (right panel) orthogonal views. The bacterium was incubated with CyCasi.pansyl (green fluorescence)

and the bacterial membrane was further stained with Nile Red (red fluorescence). The orange color
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results from merge fluorescence between the Dansyl and the Nile Red (See also Movie S1). Scale bars:
0.5 um. (E) The CyC.pansyi probes specifically label M. abscessus cells in polybacterial cultures.
Fluorescence micrographs of polybacterial cultures formed by M. abscessus-tdTomato, P. aeruginosa
and S. aureus stained by CyCai.pansyi after overnight culture in 7H9 media for mycobacterial enrichment.

Scale bars: 20 um.

Figure 4. The CyCai-pansyi and CyCrq-pansyl Specifically localized on M. abscessus S inside infected
Raw264.7 macrophages. Representative images of the CyCasi-pansyt and CyCra.pansyt distribution in
intracellular M. abscessus S-dtTomato strains. (A, C) Raw264.7 macrophages were preincubated with
100 uM CyCsi-pansyt (A) or CyCre-pansyi (C) for 24 h prior to be infected with M. abscessus S-tdTomato
(MOI 10) for another 24 h. (B, D) Alternatively, M. abscessus S-dtTomato infected Raw264.7 were
treated with each inhibitor for 24 h before chemical fixation and confocal fluorescence imaging. Scale
bars: 5 um. Micrographs are representative of 2 independent experiments. (E) Quantitative analysis of
the Dansyl fluorescence signal per bacterium and Raw264.7 cell positive area shown as a sinaplot-
boxplot and expressed as arbitrary units (au). Results are from two biologically independent
experiments; 122 to 258 cells were observed resulting in 389 to 808 segmented intracellular M.
abscessus S-dtTomato positive regions. The p-values were calculated by using a two-tailed t-statistic

test with Prism 4.0 (Graphpad, Inc): *** p-value<0.001. (F-G) Density plot of the Dansyl-fluorescent

signal profile of M. abscessus S-tdTomato and Raw264.7 positive cells.

Figure 5. CyCruprpansyi accumulate in acidic compartments inside Raw264.7 macrophages.
Raw264.7 macrophages were preincubated with 100 UM CyCrg-pansyi (A) or CyCrp-pansyl (B) for 24 h in
presence or absence of 100 nM Concanamycin A (ConA) prior to be stained with 1X BioTracker™
NIR633 dye and processed for confocal fluorescence imaging. Micrographs are representative of 106 to
136 observed cells from two biologically independent experiments. Scale bars: 5 pm. (C) Disruption of
endolysosomal acidification impairs CyC.pansyl Colocalization with M. abscessus cells inside infected
Raw264.7 macrophages. M. abscessus S-dtTomato infected Raw264.7 macrophages treated with 100
nM Concanamycin A (ConA) were preincubated with 100 uM CyCrq.pansyl OF CyCrp-pansyl for 24 h prior
to be stained with 1X BioTracker™ NIR633 dye and processed for confocal fluorescence imaging.
Micrographs are representative of around 120 observed cells from two biologically independent
experiments. Scale bars: 5 um (D) Addition of ConA suppresses the intracellular antibacterial activity
of CyCs, and CyCss against M. abscessus in infected Raw264.7 murine macrophages. Cells were
infected at a multiplicity of infection (MOI) of 10 with M. abscessus S-LuxAB and treated for 24 h with
50 uM CyCy, / CyCy, or 267 M imipenem (IMP) as positive drug control, in presence or absence of

100 nM ConA. Surviving bacteria were next quantified from macrophage lysates by measurement of
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luminescence, which was further correlated to CFU. Untreated infected macrophages in presence (i.e.,
0.97+0.21 x10° CFU) or absence (i.e., 1.04+0.11 x10° CFU) of ConA were used as control representing
100% of bacterial viability. Results are shown as mean + standard error of the mean of three independent
assays. The p-values were calculated by using a two-tailed t-statistic test with Prism 4.0 (Graphpad,
Inc): ***, p-value<0.001. **, p-value<0.01. ns, not significant (p-value>0.05). (E) The antibacterial
activity of the CyC against extracellular M. abscessus S growth is not pH-dependent. Activity of CyCys,,
CyC7 and CyCasi against M. abscessus S replicating in broth medium, expressed as normalized relative
fluorescence units (RFU%). M. abscessus S strains were grown until reaching mid-exponentially
growing phase in 7H9-S medium, inoculated in fresh media adjusted at pH 7.0, 6.5, 6.0 or 5.5, and
further used in susceptibility testing using the REMA assay towards the three CyC compounds. Each

value is the mean = SD of two independent assays.
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