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The Cyclic Peptide Ecumicin Targeting ClpCl1 Is Active against

Mycobacterium tuberculosis In Vivo
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Drug-resistant tuberculosis (TB) has lent urgency to finding new drug leads with novel modes of action. A high-throughput
screening campaign of >65,000 actinomycete extracts for inhibition of Mycobacterium tuberculosis viability identified ecumicin,
a macrocyclic tridecapeptide that exerts potent, selective bactericidal activity against M. tuberculosis in vitro, including nonrep-
licating cells. Ecumicin retains activity against isolated multiple-drug-resistant (MDR) and extensively drug-resistant (XDR)
strains of M. tuberculosis. The subcutaneous administration to mice of ecumicin in a micellar formulation at 20 mg/kg body
weight resulted in plasma and lung exposures exceeding the MIC. Complete inhibition of M. tuberculosis growth in the lungs of
mice was achieved following 12 doses at 20 or 32 mg/kg. Genome mining of lab-generated, spontaneous ecumicin-resistant M.
tuberculosis strains identified the ClpC1 ATPase complex as the putative target, and this was confirmed by a drug affinity re-
sponse test. ClpC1 functions in protein breakdown with the ClpP1P2 protease complex. Ecumicin markedly enhanced the
ATPase activity of wild-type (WT) ClpC1 but prevented activation of proteolysis by ClpCl. Less stimulation was observed with
ClpC1 from ecumicin-resistant mutants. Thus, ClpCl is a valid drug target against M. tuberculosis, and ecumicin may serve as a

lead compound for anti-TB drug development.

ycobacterium tuberculosis is the cause of one of the most

deadly diseases of mankind, and despite the availability of
effective treatments, tuberculosis (TB) remains a major public
health threat. The difficult challenges in treating multiple-drug-
resistant (MDR) and extensively drug-resistant (XDR) TB and the
importance of shortening the duration of treatment to improve
patients’ compliance make the discovery of new anti-TB drugs
imperative (1-5). Attempts to discover new TB drugs and targets
via large-scale screening against intact mycobacteria have largely
been confined to synthetic compound libraries and to date have
yielded only one new clinical TB drug, the diarylquinoline be-
daquiline (6, 7). Although very potent, to be of maximum benefit,
bedaquiline, a diarylquinoline, and nitroimidazoles (8) require
new companion drugs to be used in a multidrug regimen.

While the intensive search for antibiotics from soil microor-
ganisms in the mid-20th century yielded several clinically useful
TB drugs, the pathogenic nature of M. tuberculosis and its ex-
tremely slow growth rate did not allow classical agar diffusion tests
and excluded M. tuberculosis from the initial target panel. The
discovery of TB drugs of natural origin at that time therefore relied
upon the detection of activity against nonmycobacteria in agar
diffusion assays followed by bioassay-guided isolation of the active
principle, again using nonmycobacteria. Activity against M. tuber-
culosis was only assessed once the active principle was purified.

Because M. tuberculosis is uniquely susceptible to a number of
antimicrobial agents, a high-throughput screening (HTS) of acti-
nomycete extracts directly against the virulent H37Rv strain was
conducted, and this campaign revealed selective anti-TB peptides
produced by a genetically distinct Nonomuraea species, strain
MJM5123. Here, we describe the activity profile of ecumicin, its
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efficacy in infected mice, the identification of its molecular target,
and the elucidation of its unusual mechanism of action.

MATERIALS AND METHODS

High-throughput screening. Approximately 7,000 actinomycete cultures
isolated from Korea, China, Nepal, the Philippines, Vietnam, Antarctica,
and the Arctic Circle and maintained at Myongji University, South Korea,
were fermented in 20-ml cultures in glucose-soybean starch (GSS) me-
dium (rich medium), Bennett’s medium (normal medium), and dextrin-
yeast-corn steep liquor (DYC) medium (minimal medium) (see Table S1
in the supplemental material). The mycelia and culture medium superna-
tants were separated and extracted with methanol and ethyl acetate, re-
spectively. Nine extracts were thus generated from each microbial isolate.
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Each was dissolved in dimethyl sulfoxide (DMSO) and screened for inhi-
bition of replicating M. tuberculosis (9).

Bacterial strains and chemicals. M. tuberculosis strain H37Rv (ATCC
27294) was used in all assays except as otherwise stated. All chemicals were
purchased from Sigma-Aldrich except as otherwise stated.

MICs versus M. tuberculosis. All MICs were determined using the
microplate alamarBlue assay (MABA) as previously described (9) except
that we now use 7H12 medium (instead of 7H9 plus glycerol plus Casitone
plus oleic acid-albumin-dextrose-catalase [OADC]) (10, 11) and resaz-
urin (instead of the alamarBlue reagent). The MIC was defined as the
lowest concentration effecting a reduction in fluorescence of 90% relative
to that of controls.

Cytotoxicity. Compounds were tested for cytotoxicity using Vero cells
(ATCC CRL-1586) (10, 12, 13). After 72 h of exposure, viability was as-
sessed on the basis of cellular conversion of 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS)
into a soluble formazan product using the Promega CellTiter 96 AQueous
nonradioactive cell proliferation assay. Rifampin (RMP) was included as a
control.

Cytotoxicity testing was repeated, using the J774.1 macrophage cell
line since these cells are used in the macrophage assay and were usually
somewhat more sensitive than Vero cells. This was important for inter-
preting data from the macrophage assay.

MICs against monodrug-resistant isolates. The MABA was used to
assess MICs against isogenic M. tuberculosis H37Rv-derived strains from
ATCC with monoresistance to isoniazid (INH) (ATCC 35822), rifampin
(RMP) (ATCC 35838), streptomycin (SM) (ATCC 35820), kanamycin
(KM) (ATCC 35827), cycloserine (CS) (ATCC 35826), moxifloxacin
(MFX), and capreomycin (CAP). The latter two strains were selected in
our laboratory and harbored mutations in gyrA and tylA, respectively.

MIC:s against nonmycobacteria. MICs against Escherichia coli (ATCC
25922), Staphylococcus aureus (ATCC 29213), Acinetobacter baumannii
(ATCC BAA-747), Enterococcus faecalis (ATCC 29212), and Pseudomonas
aeruginosa (ATCC 27853) were determined by measuring optical density
at 570 nm (ODg,,) after 16 h of incubation in 2.2% Mueller-Hinton II
broth (Becton Dickinson, Sparks, MD, USA), against Streptococcus pneu-
moniae (ATCC 49619) at OD,,, after 20 h in 2.2% Mueller-Hinton II
broth supplement with 2% horse blood, and against Candida albicans
(ATCC 10231) at ODs;,, after 48 h in 1% Cellgro RPMI 1640 medium
(Mediatech Inc., Manassas, VA, USA) supplemented with 1.8% d-(+)-
dextrose (ICN Biomedicals, Aurora, OH, USA) and 3.5% morpho-
linepropanesulfonic acid (MOPS) (Acros, NJ, USA). The MIC was de-
fined as the lowest concentration resulting in =90% reduction in
absorption relative to that of untreated control cultures.

MICs against nontuberculous mycobacteria. MICs against Mycobac-
terium smegmatis (ATCC 700084) and Mycobacterium abscessus (ATCC
19977) were determined by the MABA in a manner similar to that used for
M. tuberculosis except that cultures were incubated for 72 h prior to addi-
tion of 0.6 mM resazurin and Tween 80 and then fluorescence was re-
corded after an additional 4 h of incubation. Mycobacterium chelonae
(ATCC 35752) and Mycobacterium marinum (ATCC 927) were cultured
in 7H9 medium plus OADC supplement at 30°C for 72 h and 120 h,
respectively. Mycobacterium avium (ATCC 15769) and Mycobacterium
kansasii (ATCC 12478) were cultured in 7H9 medium plus OADC sup-
plement at 37°C for 6 days and 7 days, respectively. The MIC against
Mycobacterium bovis BCG (ATCC 35734) was determined by the MABA.

MIC:s against clinical isolates (including MDR and XDR M. tuber-
culosis). Nine clinical strains were isolated from pulmonary TB patients
hospitalized in the National Masan Hospital, Masan, South Korea. M.
tuberculosis isolates freshly grown on 7H11 agar medium for 2 weeks were
used for determination of the MICs by the MABA.

MICs against genetically diverse M. tuberculosis. M. tuberculosis iso-
lates collected from throughout the world were grouped into six major
single nucleotide polymorphism (SNP) clusters. MICs were determined
by the MABA against isolates from each cluster (total of six isolates) to
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ensure the lack of major heterogeneity with respect to susceptibility. The
isolates are X001354 corresponding to the Indo-Oceanic lineage, X004439
and X004244 to the East Asian lineage, X005282 and X005319 to the
Euro-American lineage, and X001354 to the East African Indian lineage
(14).

MBCs. Minimal bactericidal concentration (MBCs) for replicating
cultures were determined by subculture from the MABA plates onto 7H11
agar just prior to addition of resazurin and Tween 80 to the test wells. The
cultures were washed with phosphate-buffered saline (PBS) once to re-
move test compounds prior to plating. The MBC was defined as the lowest
concentration reducing CFU by 99% relative to the zero time inoculum.

MBCs for nonreplicating (NR) cultures were determined by subcul-
ture from the low-oxygen recovery assay (LORA) (15) plates onto 7H11
agar. M. tuberculosis isolates had been exposed for 10 days to test com-
pounds in a low-oxygen environment prior to subculture. The MBC was
defined as the lowest concentration reducing CFU by 99% relative to the
zero time inoculum. The reported MBC results were from one represen-
tative experiment of three that were independently performed.

Activity in macrophage culture. Inhibition of growth of M. tubercu-
losis Erdman (ATCC 35801) in a macrophage cell culture was assessed as
previously described (16) except that cultures were not activated with
interferon. Briefly, J774A.1 cells were cultured on 13-mm coverslips in
24-well plates and infected with M. tuberculosis Erdman, extracellular ba-
cilli were removed by washing, and cultures were incubated in Dulbecco’s
modified Eagle’s medium (DMEM) containing ecumicin at 0.012, 0.12,
and 1.2 pM and rifampin at 0.024, 0.12, and 0.61 M. All experimental
conditions were set up in triplicate. Before treatment (T0) (for untreated
controls) and after 7 days, the incubation medium was removed, and
macrophages were lysed with 200 .l of 0.25% SDS. After 10 min of incu-
bation at 37°C, 200 .l of fresh medium was added. The contents of the
wells were transferred to a microtube and sonicated (model 1510; Branson
Ultrasonics, Danbury, CT) for 15 s, and 1:1, 1:10, 1:100, and 1:1,000 di-
lutions were plated on 7H11 (Difco) agar plates. Colonies were counted
after incubation at 37°C for 2 to 3 weeks.

In vitro absorption, distribution, metabolism, and excretion assays.
Caco-2 cell monolayers were grown in 24-well BD Falcon cell culture
insert plates for at least 21 days. The bidirectional permeability of ecumi-
cin was measured in duplicate following a 2-h incubation. The dosing
solutions (5 wM) were prepared in transport buffer (TM) containing
Hanks balanced salt solution (HBSS) with 10 mM HEPES and 25 mM
glucose (HBSSg) (pH 7.4); 4% bovine serum albumin (BSA) in TM buffer
(pH 7.4) was used for the receiver side. Digoxin, propranolol, and
[**C]mannitol were used as controls. Ecumicin and controls were ana-
lyzed using liquid chromatography-tandem mass spectrometry (LC-
MS?). For metabolic stability assessment, ecumicin was incubated for 30
min at 1 wM in 100 mM phosphate buffer (pH 7.4), 1 mM NADPH, and
3 mM MgCl, with 0.5 mg/ml human or mouse CD1 liver microsomes.
The final solvent concentration was <0.1%. Ecumicin was analyzed by
LC-MS? using reserpine as an internal control.

Micelle formulation preparation. PLA(4,000)-b-PEG(5,000)-OCH,
(10 mg) (PLA, polylactic acid; PEG, polyethylene glycol) was dissolved in
0.9 ml dimethylformamide (DMF), to which 1 mg ecumicin dissolved in
0.1 ml DMF was added. The solution was transferred to a dialysis mem-
brane with a molecular weight cutoff (MWCO) of 3,500 and dialyzed
against deionized water for 1 day, changing the water frequently. The
micelle solution was then lyophilized for further characterization. The
particle size was analyzed by dynamic light scattering. Of the total micelle
particles by volume, 96.6% had a mean diameter of 51.5 nm, with 9.5 nm
(18.5%) deviation; the remaining 3.4% micelle particles had a mean di-
ameter of 691.1 nm, with 105.0 nm (15.2%) deviation. An LC-MS?
method was established to determine the loading of micelles. A 5-pl
ecumicin sample was injected onto an XTerra Cg column (2.5 wm, 2.1 by
50 mm). A biphase linear gradient was applied, starting from 50% aceto-
nitrile and 0.1% formic acid water solution at 0 min to 95% acetonitrile at
4 min. The column was then flushed with 95% acetonitrile for 2 more
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minutes and reequilibrated with 50% acetonitrile for 2 min. The MS*
transition 800.5 to 100.2 (m/z) was used to quantitate ecumicin, and the
transition 800.5 to 227.3 (m/z) was used for qualification. The retention
time for ecumicin was 5.21 min. Reserpine was used as an internal stan-
dard in this process at a final concentration of 0.045 wM; the transition
609.3 to 195.1 (m/z) was monitored to quantitate reserpine. Dried mi-
celles were dissolved in acetonitrile to a final concentration of 10 pg/ml. A
standard curve was built with a series of standard ecumicin solutions with
concentrations of 0.2, 0.4, 0.6, 0.8, 1.0, and 2.0 pg/ml. To every 100-pl
ecumicin solution, 10 pl 0.5 wM reserpine solution was added. The
ecumicin loading of this micelle formulation was calculated to be 5.0%.

Mouse pharmacokinetic study. Healthy male CD-1 mice were ad-
ministered the micellar ecumicin formulation intravenously (i.v.) or sub-
cutaneously (s.c.) with a single dose or five consecutive daily doses. Blood
and lung tissue samples were collected at 0.5, 1, 2, 4, 8, 16, and 24 h
posttreatment. Blood was centrifuged at 4,000 X g for 30 min at 4°C. Lung
samples were washed in PBS, dried with a paper towel, and weighed. To
each lung sample, 3 ml PBS per g tissue was added, and each sample was
homogenized by sonication until the homogenate was of an even consis-
tency with no visible chunks. The homogenates were centrifuged at 4,000 X g
for 30 min at 4°C, and 50 pl of the resulting supernatants was mixed with
50 wl of cold acetonitrile and centrifuged again at 4,000 X g for 30 min at
4°C. The supernatants were analyzed by LC-MS? on an AB Sciex QTrap
4000 instrument. To establish a standard curve, ecumicin dissolved in
DMSO was spiked into untreated mouse plasma and lung tissue homog-
enate, followed by the above-mentioned analysis.

In vivo anti-TB activity. Female BALB/c mice (19 to 20 g) were ex-
posed to Mycobacterium tuberculosis Erdman (ATCC 35801) in an aerosol
infection chamber (Glas-Col, Terra Haute, IN). The nebulizer contained
a 10-ml suspension of 3 X 10° CFU/ml. On day 3, five mice were sacrificed
to determine the baseline bacterial load in lungs and on day 10, seven mice
were sacrificed to determine the pretreatment bacterial load. Groups of 7
mice were treated once daily on days 10 to 14, 17 to 21, and 24 to 25
postinfection. Treatments included subcutaneous administration of mi-
cellar ecumicin at 20 and 32 mg/kg body weight as well as an empty micelle
vehicle control and oral administration of 15 mg/kg rifampin suspended
in 0.5% carboxymethylcellulose as well as the latter (vehicle) alone. On
day 28 postinfection (72 h after the last dose), all treatment and vehicle
control groups were sacrificed. Following euthanasia using carbon diox-
ide asphyxiation, both lungs were aseptically homogenized in 3 ml of
sterile HBSS. Ten-fold serial dilutions of homogenates were prepared in
HBSS, and diluted suspensions were plated on Middlebrook 7H11 agar in
6-well plates. CFU were determined following 18 to 21 days incubation at
37°C.

Selection of ecumicin-resistant strains of M. tuberculosis. 7H11 agar
plates containing ecumicin at 1X, 2X, 4X, and 8 X MIC (determined on
7H11 agar) against M. tuberculosis were prepared by adding an appropri-
ate amount of compound to molten 7H11 agar medium. A total of 10°
CFU of M. tuberculosis H37Rv were plated onto 7H11 agar plates contain-
ing 1 X MIC ecumicin and incubated at 37°C for 3 to 4 weeks. The colonies
from the selection plates were phenotypically characterized, and the rep-
resentatives were restreaked for isolation on 7H11 agar plates containing
2-fold higher concentrations of ecumicin. The process was repeated until
no colonies appeared on the selection plates. The resistance frequencies
were determined by calculating the number of colonies arising on selec-
tive plates divided by the total CFU plated. The colonies that grew on
7H11 agar with the highest ecumicin concentration (4X MIC) were used
to inoculate 7H9 liquid medium and incubated at 37°C for 1 to 2 weeks.
The harvested cells were washed with PBS and kept at —80°C.

Ecumicin-resistant M. tuberculosis genome sequencing. Genomic
DNAs of ecumicin-resistant M. tuberculosis strains ITR6, ITR7, ITR12,
and ITR13 were isolated as described previously (17). Genomic DNA
extracted from each of these M. tuberculosis strains and wild-type H37Rv
was sequenced on a HiSeq 2000 instrument (Illumina). The raw sequence
data were imported into the software package CLC Genomics Workbench
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(v5.5) as paired reads. Stringent trimming was performed (0.01 quality
trimming threshold with no degeneracies allowed, and all sequences
shorter than 100 bases after trimming were discarded). After trimming,
approximately 5 to 11.5 million reads were recovered from each sample.
These reads were mapped to the reference genome of M. tuberculosis
H37Rv (GenBank accession no. NC_000962) using default assembly pa-
rameters (0.5 length fraction and 0.8 similarity fraction) implemented
within CLC Genomics Workbench. The variants relative to the reference
genome, including single nucleotide variants as well as insertions and
deletions, were detected using the probabilistic variant detection routine
within CLC Genomics Workbench. The parameters included a minimum
coverage of 50X and a minimum variant probability of 50%. PCR, Sanger
DNA sequencing, and Sequencher (Gene Codes) were used to confirm
nonsynonymous variants.

IPTG-inducible M. tuberculosis clpCI and espG3 expression con-
structs. The coding sequences of cIpCI (Rv3596¢) and espG3 (Rv0289)
were PCR amplified from genomic DNA of wild-type and mutant ecumi-
cin-resistant M. tuberculosis strain H37Rv to create recombinant pET-
28a(+) plasmids (Novagen EMD Millipore) with C-terminal 6-histidine
tags. Both wild-type and mutant c/pCI and espG3 PCR fragments were
cloned into the Ncol and HindIII restriction enzyme (RE) sites of pET-
28a(+). All recombinant clones were confirmed with Sanger DNA se-
quencing and Sequencher (GeneCodes). All recombinant plasmids were
transformed into BL21-Gold (DE3) expression competent E. coli (Agilent
Technologies) for isopropyl-B-p-thiogalactopyranoside (IPTG)-induced
expression. The recombinant His-tagged ClpC1 and EspG3 proteins re-
solved at approximately 95 and 35 kDa, respectively, using NuPAGE
Novex 4 to 12% bis-Tris gels and Novex InVision His tag In-gel stain with
the Novex sharp protein standard (Life Technologies).

DARTS and protein identification. The recombinant E. coli whole-
cell lysates were prepared by glass bead beating (BioSpec) and sonication
as previously described (18). The protein concentrations of cell lysates
were determined by a BCA protein assay kit (Thermo Scientific) and ad-
justed to 2 mg/ml total protein concentration with 1X TNC buffer (50
mM Tris-Cl [pH 8.0], 50 mM NaCl, 10 mM CaCl,) for drug affinity
responsive target stability (DARTS) application (19). The lysates were
divided into 50-pl aliquots and incubated with DMSO (control) or
treated with ecumicin at 4 ng/ml to 40 pg/ml for 2 h at 4°C. Pronase (2 pl
at 12.5 pg/ml) (Roche Applied Science) was then added to each sample,
and incubation was continued for an additional hour at 37°C. The cell
lysate sample proteins were separated on NuPAGE Novex 4 to 12% bis-
Tris gels (Life Technologies) and stained with SimplyBlue SafeStain (Life
Technologies). According to the supplier’s instructions, Western blot
transfer onto polyvinylidene difluoride (PVDF) iBlot transfer stacks was
completed using an iBlot dry transfer system (Life Technologies). Chromo-
genic immunodetection was completed with 5-bromo-4-chloro-3-indolyl-
phosphate-nitroblue tetrazolium (BCIP-NBT) substrate and anti-rabbit sec-
ondary antibodies coupled to alkaline phosphatase (WesternBreeze
WB7105; Life Technologies). The primary anti-His antibody (2365S; Cell
Signaling) was diluted 1,000:1. Images of gels and Western blots were
obtained using a Canon PowerShot SD400 digital camera. To identify
proteins protected by ecumicin, the protein bands of interest were excised
from SDS-PAGE gels and in-gel digested with trypsin. The extracted pep-
tides were then analyzed by LC-MS?® with data-dependent acquisition
using an Ultimate 3000 nanoscale liquid chromatograph coupled to an
Orbitrap Velos Pro (Thermo Scientific) mass spectrometer. The raw data
were processed for protein database searching, which was conducted us-
ing a Mascot search engine against an NCBI protein database with a mass
accuracy of 10 ppm and a 95% confidence cutoff. All recombinant E. coli
cultures used in the DARTS assay were plasmid DNA authenticated by
Sanger DNA sequencing and Sequencher.

Measurement of ClpCl ATPase activity. The ATPase activity was
measured using a coupled enzyme assay with pyruvate kinase and lactic
dehydrogenase (PK/LDH) (20). Briefly, 2 pg of pure ClpCl (or other
ATPase) was mixed with 100 .l of the assay buffer (50 mM Tris-HCl [pH
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FIG 1 Structure of ecumicin.

7.8], 100 mM KCI, 10% glycerol, 1 mM phosphoenolpyruvate, 1 mM
NADH, 2 units of pyruvate kinase/lactic dehydrogenase [Sigma], 4 mM
MgCl,, and 1 mM ATP) and the ATPase activity of ClpC1 was measured
by following the coupled oxidization of NADH to NAD spectrometrically
at 340 nm. Measurements were performed in triplicate, and deviations
between them were <5%.

Measurement of casein degradation. The proteolytic activity was
measured at 37°C in 96-well plates using a SpectraMax M5 plate reader
(Molecular Devices, USA). Wells contained 3 pg of ClpP1P2, 6 pg of
ClpCl, 5 mM Z-Leu-Leu, and 2 to 5 g of fluorescein isothiocyanate
(FITC)-casein in 80 pl of 50 mM phosphate buffer (pH 7.6) with 5%
glycerol, 100 mM KCl, 8 mM MgCl,, and 2 mM ATP. The FITC-casein
hydrolysis was continuously monitored at 518 nm (excitation at 492 nm).
Measurements were performed in triplicate, and deviations between them
were <10%.

TABLE 1 MICs of ecumicin and anti-TB drugs versus M. tuberculosis

Anti-TB Activity and Target of Ecumicin

RESULTS

High-throughput screening. Of approximately 65,000 extracts,
349 (0.54%) effected a >90% inhibition of fluorescence relative to
that of the untreated control cultures. Such high activity was pri-
marily found in the organic solvent extracts of normal or rich
medium. Ninety of the initial hits were then profiled for activity
against: mammalian cells (Vero cells, 50% inhibitory concentra-
tion [ICs,]), nonreplicating M. tuberculosis (15), isogenic M. tu-
berculosis strains that are resistant to SM, RMP, and CS (to ensure
that we are not merely again finding these actinomycete-derived
antibiotics), and M. smegmatis, S. aureus, E. coli, and C. albicans.

The 22 samples with the best profiles were then retested for
these activities. Based on the cumulative data, 18 of these hits were
refermented at a 1-liter scale, with subsequent solid-phase extrac-
tion on RP-18 cartridges and bioassay profiling for the above ac-
tivities.

Ecumicin (Fig. 1), a macrocyclic tridecapeptide, was isolated
from strain MJM5123, which was prioritized based on the strong
activity in the lipophilic fractions of the mycelial methanolic ex-
tract against both replicating and nonreplicating M. tuberculosis
H37Rv as well as strains that are resistant to the existing actino-
mycete-derived antibiotics (21-23).

Ecumicin has potent and selective in vitro bactericidal activ-
ity against M. tuberculosis. Ecumicin has an in vitro anti-M. tu-
berculosis activity profile comparable to or superior to that of the
current first-line anti-TB drugs (Tables 1 and 2). This level of
activity is maintained against M. tuberculosis H37Rv-isogenic
strains monoresistant to RMP, INH, SM, CS, KM, and the cyclic
peptide CAP, thus suggesting that ecumicin has a molecular target

MIC(s) (LM) of*:

M. tuberculosis strain ECM RMP INH CAP MEFX SM KM CS PA-824
H37Rv in 7H12 medium containing®:
0.5% BSA 0.16 0.08 0.29 1.9 0.05 1.2 2.1 <0.08
4% BSA 0.58 0.10 0.44 1.0 1.8 0.96 0.22
10% FBS 0.36 0.23 0.22 4.5 0.47 3.2 0.47
H37Rv resistant to:
RMP 0.19 >1 0.47 3.4 0.11 0.72 0.06
INH <0.12 0.01 >8 7.5 0.11 0.48 0.06
CAP 0.29 0.06 0.46 52 0.24 3.3
MFX 0.31 0.06 0.24 3.6 >8 0.49 -
SM <0.12 0.02 0.23 3.7 0.06 >8 0.18
CS <0.12 0.01 0.42 3.8 0.12 0.89 >100
6 global clade representatives 0.13-0.38  0.03-0.06  0.03-0.06  0.24-0.45 0.43-1.5 0.31-2.0
Clinical
3 pan-susceptible strains 0.31-0.62 0.30-0.61 0.88-1.8 0.30-0.62 0.86-1.7 2.1-4.1
3 MDR strains 0.31 =1.2 15-29 0.12-0.25 3.4-6.9 4.1
3 XDR strains 0.31-0.62 >1.2 >15 =19 =14 >66
ECM’ strains
ITR6 1.5 <0.02 0.08 0.37 <0.06 <0.031
ITR7 1.4 <0.02 0.12 0.49 0.08 <0.031
ITR12 1.5 <0.02 0.12 0.91 0.89 <0.031
ITR13 1.0 <0.02 0.07 0.42 0.16 <0.031

“ ECM, ecumicin; RMP, rifampin; INH, isoniazid; CAP, capreomycin; MFX, moxifloxacin; SM, streptomycin; KM, kanamycin; CS, cycloserine.

" BSA, bovine serum albumin; FBS, fetal bovine serum.
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TABLE 2 Ecumicin spectrum of activities

MIC (uM) of™: 1Cso (M) of:
Target ECM RMP CAP MFX KM ECM  RMP
E. faecalis >32 12
P. aeruginosa >32 0.10
S. pneumonias ~ >32 0.05
A. baumannii >32
E. coli >32 >50
S. aureus >32 >50
C. albicans >32 >50
M. smegmatis 1.7 12 49 0.48 0.48
M. chelonae 0.97
M. abscessus >63
M. kansasii <0.24
M. avium 0.35
M. marinum 0.95
Vero cells >63 86
J774 cells >32

“ ECM, ecumicin; RMP, rifampin; CAP, capreomycin; MFX, moxifloxacin; KM,
kanamycin.

distinct from that of these drugs. Activities were also maintained
against nine clinical strains, including MDR and XDR M. tuber-
culosis isolates, and against M. tuberculosis clinical isolates repre-
senting the six major global clades (14) and five of six nontuber-
culous mycobacterial species. No inhibitory activity was observed
against S. aureus, E. coli, or C. albicans at 32 uM. Moreover,
ecumicin is selective with respect to mammalian cells (Vero and
mouse macrophage J774.1 cell lines) (Table 2), with a selectivity
index (IC5o/M. tuberculosis MIC) of >640. The high bactericidal
activity against M. tuberculosis replicating in culture broth me-
dium (MBC of 0.34 nM) is dependent upon both the concentra-
tion and time of exposure and was similar when two inocula were
used, differing by an order of magnitude (Fig. 2; see also Fig. S1 in
the supplemental material). More modest but still potent activity
was observed against nonreplicating cultures (MBC of 1.5 uM),
indicating the possibility of shortening the duration of treatment.

In the presence of 4% bovine serum albumin (physiological

108
Untreated
107 0.012 uyM
106
— 0.12 uM
£ 105 H
&
0 104-
10°4 1.2 yM
102-
12 yM
10° T T T
01 7 14

Days of incubation

FIG 2 Ecumicin has time- and concentration-dependent bactericidal activity
against M. tuberculosis. The inoculum size was 3.8 X 10° CFU/ml. Error bars
represent the standard deviation (SD). Each data point indicates the mean of
two measurements.
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FIG 3 Ecumicin is bactericidal against M. tuberculosis in murine macro-
phages. Bars represent M. tuberculosis CFU prior to treatment (T0) or after 7
days of incubation without treatment (T7) or with rifampin (RMP) or ecumi-
cin (ECM) at the indicated concentrations (.M). Values are means = SD.
According to Bonferroni’s method (43), significant differences (P < 0.01)
were observed between the following untreated and ecumicin-treated groups:
T0 and ECM 1.2 and T0 and ECM 0.2.

concentration) or 10% fetal bovine serum (Table 1), the MIC only
increased by 2- to 4-fold, suggesting that protein binding may not
cause any significant loss of efficacy.

The cyclic structure and N-methylation pattern of ecumicin
likely contribute to the observed resistance to enzymatic degrada-
tion. After a 30-min incubation with human or mouse liver mi-
crosomes, ecumicin remained substantially unchanged (95% and
91% remaining, respectively).

The permeability coefficients calculated from a Caco-2 cell as-
say were 16 nm/s apical to basolateral and 28 nm/s basolateral to
apical. This suggests poor to modest intestinal absorption, and,
therefore, subsequent pharmacokinetic experiments focused on
parenteral administration as a prelude to proof-of-concept effi-
cacy studies.

In J774 macrophages, ecumicin clearly demonstrated concen-
tration-dependent killing (Fig. 3). At 0.12 wM, ecumicin and ri-
fampin reduced M. tuberculosis viabilities by 2 X log;, and 1 X
log,, CFU, respectively. Thus, ecumicin retains potent bacteri-
cidal activity within host cells.

Ecumicin encapsulated in micelles distributes to mouse lung
tissue. In order to overcome the poor water solubility of ecumicin,
a polymeric micelle formulation was developed for parenteral ad-
ministration in mouse pharmacokinetic and efficacy studies.

After a single intravenous (i.v.) administration of 5 mg/kg
body weight, ecumicin was eliminated from plasma, with a distri-
bution half-life of approximately 30 min and terminal half-life of
3 h (Fig. 4A). Concentrations in lung ranged from 1.5 to 2.8 pg/g.
Areas under the curve for concentration versus time from 0 to 4 h
(AUC,_,1,) were 9.6 and 8.9 mg - h/ml for plasma and lung tissue,
respectively. After a single subcutaneous administration of 20 mg/
kg, maximum plasma concentrations (C,),,,) reached 0.30 to 0.40
pg/ml within 2 h, and this level was maintained at 8 h postadmin-
istration; in lung tissue, a plateau of 0.60 to 0.73 jLg/g was achieved
at 8 h postadministration and maintained at 24 h. AUC,_,,, ,
values were 5.5 and 11.7 mg - h/ml for plasma and lung tissue,
respectively. Ecumicin in the micelle formulation appeared to ac-
cumulate in lung tissue when mice were administered five consec-
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FIG 4 (A) Mean plasma and lung tissue concentrations of ecumicin in mice
(n = 3) afterasinglei.v. dose of ecumicin at 5 mg/kg. @, plasma; O, lung tissue.
(B) Plasma and lung exposures in mice (n = 3) following single or multiple s.c.
doses of ecumicin at 20 mg/kg. @, plasma after single dose; A, lung tissue after
single dose; M, plasma after 5 daily doses; O, lung tissue after 5 daily doses.

utive daily subcutaneous doses of 20 mg/kg, achieving a range of
1.5 to 3.4 ng/g throughout the 24-h dosing interval following the
last dose (Fig. 4B). As this concentration exceeds the MIC, even in
the presence of physiological albumin (0.58 wM [0.93 pg/ml]),
ecumicin was evaluated for efficacy in M. tuberculosis-infected
mice.

Ecumicin inhibits growth of M. tuberculosis in the lungs of
mice. M. tuberculosis CFU in the lungs of mice dosed with either
the 0.5% carboxymethyl cellulose vehicle (control for rifampin)
or empty micelles increased by 1 to 2 X log, , during the treatment
(and posttreatment washout) interval (Fig. 5). Compared with the
micellar vehicle control, mice treated with 20 mg/kg and 32 mg/kg
ecumicin had reductions in M. tuberculosis lung CFU of 1.3 X
log,, and 1.6 X log,,, respectively, in the latter case representing
essentially complete inhibition of growth. Rifampin demon-
strated bactericidal activity by reducing M. tuberculosis CFU in
lung relative to the pretreatment tissue load.

Ecumicin-resistant isolates harbor clpCI mutations. Sponta-
neously arising ecumicin-resistant mutants of M. tuberculosis
H37Rv were selected in vitro, both to determine the frequency of
mutation to resistance and to investigate the mechanism of
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FIG 5 Twelve s.c. doses of micellar ecumicin (ECM) inhibit M. tuberculosis
growth in the lungs of mice during acute infection. For all groups, n = 7 except
for T3 (n = 5) and RMP 15 (n = 6). T3, untreated and sacrificed at 3 days
postinfection; T10, untreated and sacrificed at 10 days postinfection; CMC,
treated orally (p.o.) with 0.5% carboxymethyl cellulose; RMP 15, treated p.o.
with 15 mg/kg rifampin in 0.5% CMC; blank micelle, treated s.c. with 640
mg/kg blank micelle; ECM 20, treated s.c. with 20 mg/kg ECM; ECM 32,
treated s.c. with 32 mg/kg ECM. CMC, RMP 15, blank micelle, ECM 20, and
ECM 32 mice were sacrificed 28 days postinfection. Values are means = SD.
Multiple comparisons among pairs were performed by Bonferroni’s method
(43). There were significant differences between all (P < 0.01) results except
between T10 and ECM 32.

action. Single-step mutants at 1 X MIC were selected at a fre-
quency of 3 X 10~ ® and then were inoculated onto 7H11 plates
with ecumicin at 2X MIC and finally onto 7H11 plates with
ecumicin at 4X MIC.

To determine whether the phenotypes of these resistant mu-
tants of M. tuberculosis were specific for ecumicin, the parent
strain and the resistant mutants were tested for sensitivity to a
panel of antibiotics with various mechanisms of action. Based on
their relatively high level of selective resistance to ecumicin (Table
1), four strains (M. tuberculosis ITR6, ITR7, ITR12, and ITR13)
were selected for whole-genome sequencing. Compared with M.
tuberculosis H37Rv, the selected mutants all harbored nonsynony-
mous mutations in cIpCI (Rv3596¢), ppsC (Rv2933), and espG3
(Rv0289). All resistant strains had the same mutations to espG3
(GGT—AGT; G191S) and ppsC (CAG—TAG; Q695stop), but
harbored one of three mutations in the N-terminal repeat II of
ClpC1 (24) that resulted in proline for leucine 96 or serine or
phenylalanine for leucine 92 (Table 3). PCR and Sanger DNA

TABLE 3 Mutations of c/pCI in ecumicin-resistant strains”

Resistant strain Codon mutation Amino acid change

ITR1 TTG—>TCG L92§
ITR2 CGG—CCG Lo6P
ITR3 CGG—CCG L96P
ITR5 TTG—TCG L92§
ITR6 CGG—CCG Lo6P
ITR7 CGG—CCG L96P
ITR8 TTG—TCG L92§
ITR9 TTG—TTT L92F
ITR10 TTG—TCG L92S
ITR12 TTG—TCG 192§
ITR13 TTG—TCG L92S

@ All resistant strains had the same nonsynonymous changes to espG3 (GGT—AGT;
G191S) and ppsC (CAG—TAG; Q695stop).
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FIG 6 Ecumicin protects wild-type (A) but not mutated (B to D) M. tuberculosis ClpC1 from pronase digestion. Analysis was performed by SDS-PAGE
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digested by pronase; 3 to 7 and 10 to 14, whole-cell lysates treated with ecumicin at increasing concentrations (0.04, 0.4, 4, 40, and 80 png/ml) and subjected
to pronase digestion.

llElllEl

50

sequencing confirmed mutations in all three genes of each resis-
tant strain. Strains ITR5, ITR12, and ITR13, each harboring a
different c/pC1 mutation, were again cultured in liquid medium.
The newly prepared cultures retained c[pCI mutations as con-
firmed by PCR and Sanger DNA sequencing, and resistance
against ecumicin (see Table S2 in the supplemental material), con-
firming the inherited nature of the resistance.

To further examine which of these potential targets actually
binds ecumicin, recombinant E. coli BL21 isolates overexpressing
M. tuberculosis wild-type and mutant ClpCl and EspG3 were
tested for drug affinity responsive target stability (DARTS) (19). A
lysate of each recombinant E. coli was exposed to ecumicin at
different concentrations and subjected to pronase digestion.
Wild-type M. tuberculosis ClpC1 was protected against pronase
digestion by ecumicin, and the protective effect increased with
ecumicin concentration (Fig. 6). The protected protein band was
excised and identified as ClpCl by mass spectrometry. Such a
protective effect was not observed for any of the three mutant
ClpCls. This result strongly suggests that ClpCl is at least one of
the molecular targets of ecumicin. Previous studies have suggested
that cIpC1 and espG3 are essential for the viability and infectivity of
H37Rv (25-27), while ppsC is nonessential (28-30). As ecumicin
failed to protect either the wild-type or mutant EspG3 (see Fig. S2
in the supplemental material) and as the M. tuberculosis CDC1551
ppsC transposon mutant harboring a disrupted ppsC was found to
be fully sensitive to ecumicin (see Table S3 in the supplemental
material), we conclude that, unlike ClpCl1, neither EspG3 nor
PpsC directly binds ecumicin.
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Ecumicin uncouples ClpCl-mediated ATP hydrolysis from
ClpP1P2 proteolysis. ClpCl is a hexameric ATPase belonging to
the large AAA family of ATPases (31, 32), and in M. tuberculosis,
unlike in most bacteria, it is an essential gene (30). CIpCl associ-
ates with and supports ATP-dependent protein degradation by
ClpP, a compartmentalized protease complex found in many bac-
teria, mitochondria, and chloroplasts (33, 34). In this process,
ClpCl binds certain cell proteins and unfolds and translocates
them into ClpP for degradation. To determine whether ClpC1 is
indeed the target of ecumicin in M. tuberculosis and to clarify its
mode of action, we tested if ecumicin directly affected the ATPase
activity of M. tuberculosis ClpCl, expressed and isolated as de-
scribed recently (35). Surprisingly, ecumicin did not inhibit this
activity but instead stimulated the hydrolysis of ATP by several-
fold. The addition of ecumicin did not change the specificity of
ClpC1 since it could hydrolyze only ATP but not CTP, GTP, or
UTP (data not shown). This stimulation of the ATPase activity by
ecumicin occurs at a submicromolar concentration (dissociation
constant [K,;] = 0.6 wuM) and in a cooperative manner (Hill coef-
ficient = 1.7) (Fig. 7A).

When mutated forms of ClpC1 from several ecumicin-resis-
tant M. tuberculosis strains were cloned and expressed in E. coli,
they showed ATPase activity similar to that of the wild-type en-
zyme, but reduced the stimulation by ecumicin (Fig. 7B). These
observations confirm that ClpCl is the target of ecumicin in M.
tuberculosis and that the changes in ClpC1 function are responsi-
ble for ecumicin’s bactericidal action. Interestingly, ecumicin did
not affect the activity of a variety of purified ATPases, including
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smegmatis) does not activate degradation of casein by ClpP1P2 in the presence of ecumicin. Each result is the average of three independent experiments. (E)
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were <5% for panels A, B, and C and <10% for panel D.

the E. coli chaperonin GroEL, ClpX from M. tuberculosis, which
also functions with ClpP1P2, and homologous AAA ATPases
from E. coli (ClpA), archaea (PAN), and mammals (26S protea-
some) (Fig. 7C). This specificity and the fact that CIpCl is essential
only in mycobacteria (25) can account for ecumicin’s selective
toxicity.

In mycobacteria, ClpCl functions with ClpP1P2, a novel
member of the ClpP family found only in mycobacteria, where it is
essential for viability (35). Therefore, ClpC1’s ability to stimulate
ATP-dependent degradation of the model substrate, FITC-casein,
by ClpP1P2 (35) was also analyzed in the presence of ecumicin.
Surprisingly, even though ecumicin stimulated ATP hydrolysis, it
caused a strong inhibition of the ClpC1-dependent degradation of
casein (Fig. 7D). Thus, the antibiotic uncoupled ATP hydrolysis
from protein degradation. Presumably, this failure to carry out the
selective ATP-dependent degradation of key cell proteins ac-
counts for ecumicin’s cytotoxic action and because ClpCl and
ClpP1P2 are essential only in mycobacteria, this inhibition of pro-
teolysis can account for the selective killing of these bacteria.

DISCUSSION

This study demonstrates that it is possible to find new potent,
narrow-spectrum anti-TB secondary metabolites from actinomy-
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cetes by direct whole-cell-based HTS and to both biologically de-
replicate and profile them prior to isolation of the active principle.
The inclusion of a panel of M. tuberculosis isolates resistant to
actinomycete-derived drugs and organisms such as E. coli and S.
aureus that have been used in previous screening campaigns min-
imized the chance of pursuing known compounds. The toxicity of
an extract/fraction to a mammalian cell line, while conceivably
due to a compound(s) other than that responsible for inhibition of
M. tuberculosis, was nonetheless used in the prioritization process
and likely significantly reduces the probability of ultimately iso-
lating nonselective compounds at the end of the bioassay-guided
isolation process.

Genome sequencing of spontaneous ecumicin-resistant clones
and binding assays strengthened by the availability of mutated
proteins implicated ClpCl as the primary molecular target of
ecumicin. Whole-genome sequencing of these isolates also re-
vealed common mutations in ppsC and espG3. The gene ppsC
encodes the phthiocerol synthesis polyketide synthase type I,
PpsC, which is involved in the elongation of C22 to C24 fatty acids
by the addition of malonyl-coenzyme (CoA) and methylmalonyl-
CoA extender units to yield phthiocerol derivatives (36). That
ppsC is a nonessential (28-30) gene and that an M. tuberculosis
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CDC1551 ppsC transposon mutant was found to be fully sensitive
to ecumicin suggest that PpsC is not likely to be the target. The
gene espG3 encodes the ESX-3 secretion-associated protein EspG3
and is essential for the viability and infectivity of M. tuberculosis
H37Rv (25-27). While its function remains unknown, the analo-
gous protein EspG3 in M. smegmatis is one of the core Esx-3 com-
ponents that are required for both mycobactin-mediated iron ac-
quisition and EsxG and EsxH export (37). As ecumicin failed to
protect either the wild-type or mutant EspG3 (see Fig. S2 in the
supplemental material) from nonspecific proteolytic degradation,
we conclude that it is unlikely that EspG3 is a target. Ecumicin’s
actual mode of action, stimulating its ATPase activity but blocking
ClpC1-mediated protein breakdown by ClpP1P2, in other words,
uncoupling ATP hydrolysis from proteolysis, is quite unusual.
ClpP1P2 and its regulatory factors ClpC1 and ClpX are essential in
M. tuberculosis, presumably to eliminate the critical proteins
whose accumulation is toxic (35). This bactericidal mechanism is
opposite to that demonstrated for the acyldepsipeptide (ADEP)
antibiotics, which nonspecifically activate degradation of proteins
by ClpPs in many bacteria (38). However, in M. tuberculosis,
ADEPs appear to act primarily by blocking the interaction of
ClpP1P2 with its regulatory ATPases. Enhancement of ClpCl1-
mediated proteolysis has also been proposed as the mode of action
of the antibiotic cyclomarin, which also binds to ClpCl1 (39, 40).
An uncoupling mechanism similar to that observed here has re-
cently been demonstrated for lassomycin, another M. tuberculosis-
specific cyclic peptide antibiotic that also targets ClpC1 (41). Al-
though having similar effects, ecumicin differs markedly from
lassomycin in containing many noncanonical amino acids, not
being synthesized on ribosomes, and not being extremely basic. So
it is very likely that the two agents bind to distinct domains on
ClpCl. Our findings imply that certain M. tuberculosis proteins
that are normally degraded by the ClpC1P1P2 complex are highly
toxic and accumulate in the presence of ecumicin. This unique
target and mechanism predict no cross-resistance with existing TB
drugs, which is consistent with the observed data (Table 1).

Alignment of the clpCI sequences of the mycobacteria in Table
2 did not suggest a basis for the relative resistance of M. abscessus,
a species that is resistant to many antimycobacterial agents via
various mechanisms (42).

Because a bacterial protein appears to be essential in vivo does
not necessarily imply that it is a druggable target in a host in vivo,
since phenotypes observed in gene knockouts/knockdowns often
cannot be replicated with a small molecule inhibitor. Here we have
demonstrated that ClpCl is a druggable target in M. tuberculosis
residing in both cellular (macrophage) and mouse hosts. While
the former was clearly bactericidal, the static activity observed in
the latter may have been due to the limited dosage and treatment
duration, which in turn were dictated by the limited solubility/
micellar loading and compound availability, respectively. The
lung tissue C,,,,, achieved at 20 mg/kg was only 1.6X to 3.7 X the
MIC versus M. tuberculosis in the presence of a physiological se-
rum albumin concentration. In consideration of an MBC/MIC
ratio of ~2, this might fall just below an in vivo bactericidal expo-
sure. Two subsequent experiments in mice using a Phosal-based,
nonmicellar vehicle demonstrated plasma and lung concentra-
tions exceeding the MIC following either oral or intraperitoneal
administration of ecumicin (data not shown).

Future efficacy experiments conducted at higher oral dosages
for longer durations will determine in part the potential of ecumi-
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cin itself as a therapeutic lead. Closely related analogs of ecumicin
isolated from the same Nonomuraea sp. or those produced
through genetic engineering of the nonribosomal peptide synthe-
tase (NRPS) coding region or semisynthesis or isolated directly
from other species (22) may yet prove to have superior pharma-
cokinetic and pharmacodynamic profiles. Alternatively, current
efforts to cocrystallize ecumicin and ClpC1 may lead to nonpep-
tidic approaches to exploit this target.
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