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s u m m a r y

The lack of proper treatment for serious infectious diseases due to the emergence of multidrug resistance
reinforces the need for the discovery of novel antibiotics. This is particularly true for tuberculosis (TB) for
which 3.7% of new cases and 20% of previously treated cases are estimated to be caused by multi-drug
resistant strains. In addition, in the case of TB, which claimed 1.5 million lives in 2014, the treatment of
the least complicated, drug sensitive cases is lengthy and disagreeable. Therefore, new drugs with novel
targets are urgently needed to control resistant Mycobacterium tuberculosis strains. In this manuscript we
report the characterization of the thiopeptide micrococcin P1 as an anti-tubercular agent. Our
biochemical experiments show that this antibiotic inhibits the elongation step of protein synthesis in
mycobacteria. We have further identified micrococcin resistant mutations in the ribosomal protein L11
(RplK); the mutations were located in the proline loop at the N-terminus. Reintroduction of the muta-
tions into a clean genetic background, confirmed that they conferred resistance, while introduction of the
wild type RplK allele into resistant strains re-established sensitivity. We also identified a mutation in the
23S rRNA gene. These data, in good agreement with previous structural studies suggest that also in
M. tuberculosis micrococcin P1 functions by binding to the cleft between the 23S rRNA and the L11
protein loop, thus interfering with the binding of elongation factors Tu and G (EF-Tu and EF-G) and
inhibiting protein translocation.
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1. Introduction

Among the infectious diseases affecting mankind, tuberculosis
(TB) still ranks among the deadliest, posing a major threat to the
health of millions of people around the globe [1]. Globalization and
recent trends in migration are changing the epidemiology of TB
worldwide and the emergence of multi-drug resistant (MDR),
extensively resistant (XDR) [2] and totally resistant (TDR) strains [3]
is raising severe concern among health authorities. The develop-
ment of new drugs, better diagnostics and improved prophylactic
measures are urgently needed to control the TB pandemic at a
global level and a better understanding of Mycobacterium
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tuberculosis biology and virulence will be of fundamental impor-
tance to fulfill these goals [4].

Several new or repurposed TB drugs are currently in the late
phases of clinical development and two new drugs have been
approved for the treatment of MDR-TB under specific conditions
(Bedaquiline and Delamanid). However, it is widely recognized that
these will be insufficient and that additional new drugs are needed
to face the problem of resistant strains and to shorten the regimen
to be more acceptable to patients [1,4].

Thiopeptides represent a promising class of natural antibacterial
molecules inhibiting protein synthesis in Gram positive bacteria
that have recently generated increased interest for their potency
and novel mechanisms of action [5,6]. Thiopeptides are known to
inhibit bacterial protein synthesis; especially the elongation step
catalyzed by elongation factor e Tu (EF-Tu) and e G (EF-G) [7,8] by
means of binding to the GTPase-associated region of the ribosome
involving L11 protein and related rRNA complex [9,10]. Early studies
on micrococcin P1, showed activity against M. tuberculosis, but its
development as an antitubercular agent was abandoned due to its
poor solubility inwater [11,12]. However, the development of better
purification procedures, the discovery of biological active frag-
ments of the similar compound thiostrepton [13], together with the
complete description of its synthesis [14], suggest that its devel-
opment might be resumed. Accordingly, here, we continued the
characterization of the antimycobacterial activity of this molecule.

2. Methods

2.1. Bacterial strains, growth conditions and chemicals

M. tuberculosis H37Rv and its derivatives as well as clinical iso-
lates were grown at 37 �C in Middlebrook 7H9 broth (Difco) or on
Middlebrook 7H10, both supplemented with 0.2% w/v glycerol,
0.05% w/v Tween 80 and 10% v/v albuminedextroseeNaCl (ADN),
or supplemented with 10% v/v OADC supplement (oleic acid, al-
bumin, D-glucose, catalase; Becton Dickinson) and 0.05% w/v
Tween 80. Kanamycin (20 mg/ml) was added when necessary.
Clinical isolates were kindly provided by the Clinical Microbiology
Laboratory of the University Hospital of Padova. Micrococcin P1was
obtained from the Sanofi natural products collection. For cloning
purposes, Escherichia coli DH5a was grown in LuriaeBertani (LB)
broth or on LB agar with kanamycin (50 mg/ml).

2.2. Cytotoxicity

Cytotoxicity was measured against a human hepatic cell line
(HepG2; ATCC HB8065) and a human monocytic cell line (THP-1;
ATCC TIB-202). Briefly, cell lines were incubated (2000 cells/well) in
a 384 well microplate with serial dilutions of compounds (two-fold
dilutions; 30 to 0.03 mg/ml). Following incubation (40 h, 37 �C), cell
viability was determined using CellTitre-Glo (Promega) as per the
manufacturer's instructions, and luminescence measured using a
Beckman DTX 880 microplate reader. Data was background cor-
rected (no-cells control) and expressed as a percentage of non-
treated cells (cell only).

2.3. Determinations of MIC

The drug susceptibility ofM. tuberculosis strains was determined
using the resazurin microtiter assay (REMA), as previously
described [15]. Briefly, a log-phase bacterial culture was diluted to a
theoretical OD540 ¼ 0.0005 and dispensed in a 96-well plate in the
presence of serial compound dilution. A growth control containing
no compound and a sterile control without inoculum were also
included. After 1-week incubation at 37 �C, 10 ml of Alamar Blue
(Invitrogen) was added to each well. Fluorescence was measured
using an Infinite 200Pro microplate reader (Tecan Group Ltd.;
excitation ¼ 535 nm, emission ¼ 590 nm). Bacterial viability was
calculated as the percentage of resazurin turnover in the absence of
compound. Alternatively, wells were scored as blue or pink after
24 h incubation and MIC was the lowest concentration which
prevented growth (blue well).

2.4. Determinations of intramacrophage activity

Antibiotic activity against M. tuberculosis H37Rv infecting RAW
264.7 murine macrophage-like cells was determined as described
recently [16]. (GFP)-expressing M. tuberculosis H37Rv were used to
infect RAW 264.7 cells at MOI of 2; infection was recorded with an
automated fluorescent microscope Cellomics ArrayScan VTI HCS
reader (Thermo) by measuring the intensity of green fluorescence
per cell. The MIC80 was defined as the lowest drug concentration
inhibiting 80% of the signal obtained with non-treated.

2.5. Isolation of resistant M. tuberculosis H37Rv mutants

Micrococcin P1-resistant mutants were isolated by plating
approximately 107 and 108 CFUs onto solid medium containing
thiopeptide at concentrations exceeding the MIC (5, 10, 40 or 80�
MIC). Following 4e8 weeks of incubation, colonies were streaked
onto 7H10 medium. Resistance was confirmed by measuring MIC.

2.6. Genomic DNA preparation and whole genome sequencing

M. tuberculosis H37Rv and resistant strains were grown in 7H9
medium till late exponential phase. Cultures were collected by
centrifugation and resuspended in a volume of SET (25% sucrose,
50 mM EDTA, 50 mM TrisHCl pH 8), then 50 ml of lysozyme (20 mg/
ml) was added. After overnight incubation at 37 �C, the suspension
was treated for 30 min at 37 �C with 5 ml of 10 mg/ml RNAse A and
then for 2 h at 55 �C with Proteinase K at a final concentration of
400 mg/ml. DNA extraction was obtained with phenole-
chloroformeisoamyl alcohol (25:24:1) and once with chlor-
oformeisoamyl alcohol (24:1). Genomic DNA was precipitated and
washed with ethanol, dried and resuspended in TE buffer. Integrity
of genomic DNA was checked on 0.8% agarose gel. Genomic DNA
samples were subjected to whole genome sequencing on an Illu-
mina HiSeq instrument as previously described [17]. Illumina
sequence reads from both wild-type H37Rv and the resistant iso-
lates weremapped onto the annotated genome of H37Rv and single
nucleotide polymorphisms identified using HTSstation [18]. Mu-
tations were confirmed by Sanger sequencing.

2.7. Over-expression of rplK in H37Rv and micrococcin P1-resistant
strains

The gene encoding RplK was amplified by PCR from both H37Rv
and its thiopeptide-resistant mutants TB310 and TB311 genomic
DNA using Pfu Turbo Taq (NEB) using primers RP1506bis (50-
TGGCCACTGCCCCGAAGAAGAAGGTC-30) and RP1507 (50-AAGCTTC-
TATTCGACGGTGATGCCC-30). The PCR products were cloned into
pCR-Blunt II-TOPO vector (Life Technologies), and then subcloned
into the replicative shuttle vector pMV261 [19] using MscI and
HindIII sites. The resulting plasmids, pGi1, pGi2, and pGi3, con-
tained rplK(wt), rplK(P24S), and rplK(P28L), respectively, under tran-
scriptional control of the strong mycobacterial promoter Phsp60.
Subsequently, pGi1 was introduced into H37Rv, TB310 and TB311
strains, generating TB307, TB312 and TB313, respectively; while
pGi2 and pGi3 were transformed in H37Rv producing TB308 and
TB309, respectively (Table 1).



Table 1
Strains obtained by complementation.

Strain Parental strain rplK* Plasmid (rplKy)

TB310 H37Rv P28L e

TB311 H37Rv P24S e

TB307 H37Rv WT pGi1 (WT)
TB312 TB310 P28L pGi1 (WT)
TB313 TB311 P24S pGi1 (WT)
TB308 H37Rv WT pGi2 (P24S)
TB309 H37Rv WT pGi3 (P28L)

* Genotype of rplK chromosomal copy.
y Genotype of rplK harbored by the replicative plasmid.
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2.8. Recombineering

Recombineering using single stranded oligonucleotides was
performed as previously described [20]. Single-stranded oligonu-
cleotides containing the target mutation and a second synonymous
mutation (A23A) for confirmation were introduced into
M. tuberculosis by electroporation. For RplK A23A P24R we used
primer P1 GTG GCG GGC CAG GCC AAC CCT GCG CGG CCA GTG GGC
CCC GCG CTC GGT CAG or P2 CTG ACC GAG CGC GGG GCC CAC TGG
CCG CGC AGG GTT GGC CTG GCC CGC CAC. For RplK A23A P25L we
used primer P3 GCG GGC CAG GCC AAC CCT GCG CCG CTA GTG GGC
CCC GCG CTC GGT CAG CAC or P4 GTG CTG ACC GAG CGC GGG GCC
CAC TAG CGG CGC AGGGTT GGC CTG GCC CGC. Transformants were
plated onto 7H10 agar plates containing thiopeptide micrococcin
P1 at 5� MIC, and incubated at 37 �C for 21 days, rplK alleles were
confirmed by sequencing.
2.9. Kill kinetics

M. tuberculosis strains were inoculated to a starting OD590 of
0.01 in 7H9 medium in presence or absence of micrococcin P1 at a
concentration of 12.5 mM. At days 0, 7 and 14, aliquots were
collected, washed with medium and serial dilutions (10�1 to 10�6)
were plated on 7H10 and incubated at 37 �C. After three weeks,
viable counts were determined.
Figure 1. Intramacrophage activity of micrococcin P1. Anti-tuberculosis activity was
assayed in RAW 264.7 macrophages infected at an MOI of 2 by GFP-expressing
M. tuberculosis H37Rv in the presence of up to 10 mM compound. Infection was
quantified with an automated fluorescent microscope Cellomics ArrayScan VTI HCS
reader. Percentage of inhibition of green fluorescence inside RAW cells was expressed
(Y axis) as a function of concentration of tested compounds. Continuous line: INH;
dashed line: micrococcin P1.
2.10. Biochemistry of mycobacterial protein synthesis: inhibition by
micrococcin P1

The 70S ribosome from Mycobacterium smegmatis MC2 115 was
purified using standard protocol [21]. The [3H]efMetetRNAfMet and
XR7 mRNA coding for MeteLeueLeu- stop were purified as in Ref.
[22]. The tufa and fusA genes, encoding EF-Tu and EF-G respectively,
were cloned in plasmid pET24a (adding C-terminal poly-Histidine
tag) from the genomic DNA of the same strain of M. smegmatis.
The proteins were over-expressed in E. coli BL21(DE3) with 1 mM
IPTG and further affinity purified with His-trap (GEHC) column. The
buffer used in all experiments was HEPES-polymix. All reactions
contained phosphoenol pyruvate (PEP) (10 mM), pyruvate kinase
(PK) (50 mg/ml), myokinase (MK) (2 mg/ml) and rNTPs (0.5e1 mM)
for energy regeneration.

For ML di- and MLL tripeptide formation, an initiation complex
(IC) was formed with 70S ribosome (1 mM), MLL mRNA (10 mM) and
[3H]-fMet-tRNAfMet (1 mM) without or with varied concentration of
micrococcin P1 by incubating at 37 �C for 15 min. In parallel, an
elongation mix (EM) was prepared which contained EF-Tu (50 mM),
EF-G (20 mM), tRNALeu (15 mM), Leu (0.5 mM) and E. coli LeuetRNA
synthetase (1 unit). The EM was also incubated at 37 �C for 15 min.
The reaction was started by mixing equal volumes of the IC and EM
at 37 �C and was further quenched after 10 s by adding formic acid
(17% final concentration). The peptides were isolated from the
ribosome complex by KOH treatment. These were further
precipitated with 100% formic acid and subjected to HPLC analysis
with in line radioactivity detection as described in Holm et al. [23].
The HPLC profiles for [3H]fMeteLeu dipeptide and [3H]
fMeteLeueLeu tripeptidewere analyzedwith the in-built software.
All experiments were done at least in triplicate and the error bars
indicate standard deviation.

3. Results and discussion

3.1. Characterization of antimycobacterial activity of micrococcin
P1

Doseeresponse assays revealed micrococcin P1 to be very
potentwith aminimal inhibitory concentration (MIC) of 32e63 nM,
a concentration about 10 fold lower than that previously reported
[12]. The reason of this difference is not known, but could depend
on the better solubility in water of our preparation compared to
that used in the previous study. Cytotoxicity assays revealed no
significant impairment on cell line growth (<10% inhibition at
30 mM) over a 40 h period for both the hepatic cell line HepG2 and
the monocytic cell line THP-1 (data not shown), leading to a
selectivity index greater than 500. We also investigated the intra-
cellular activity of micrococcin P1. As shown in Figure 1 this
molecule was active against GFP-expressing M. tuberculosis H37Rv
growing inside RAW 264.7 macrophages with an IC80 of about 1 mM
with potency comparable with that of isoniazid.

Finally, we tested micrococcin P1 activity against five
M. tuberculosis clinical isolates (three pansensitive and two MDR),
which resulted as sensitive as H37Rv to this molecule (Figure S1).

3.2. Isolation and characterization of resistant M. tuberculosis
mutants

Themechanism of action of micrococcin P1 has been extensively
studied in Bacillus spp. and Deinococcus radiodurans and involves its
binding to the cleft between the 23S rRNA and the L11 protein loop,
thus interfering with the binding of elongation factor G (EF-G) and
inhibiting protein translocation [9,10,24]. Since the structure of the
mycobacterial ribosome has been shown to have specific pecu-
liarities [25], we decided to perform specific experiments in
M. tuberculosis to verify if the same mechanism is responsible of
micrococcin P1-sensitivity in this species. For this purpose, we
selected micrococcin P1 resistant mutants in vitro and then pin-
pointed resistance-associated polymorphisms by means of whole
genome sequencing (WGS). The isolation ofM. tuberculosismutants
was performed independently in two laboratories using the local



Table 3
Polymorphisms in rplK identified in spontaneous resistant mutants.

Mutant strain Nucleotide change Position AA change

RM4 e e

RM5 C > T 735091 P24S
RM6 e e

RM7 C > A 735092 P24Q
RM8 C > T 735091 P24S
RM9 C > T 735091 P24S
RM10 C > T 735091 P24S

G. Degiacomi et al. / Tuberculosis 100 (2016) 95e10198
H37Rv strain. Several spontaneous resistant mutants were selected
on 7H10 containing the drug and re-tested individually for their
MIC to reconfirm their resistance (data not shown).

Three mutants from each laboratory were subjected to WGS.
Five out of the 6 mutants showed a single nucleotide
polymorphism (SNP) in rplK, encoding ribosomal protein L11. One
of these mutants also had a missense mutation in yjcE, a non-
essential gene encoding an integral membrane protein possibly
involved in Naþ/Hþ transport across the membrane (http://
tuberculist.epfl.ch/). Since this mutation could modify drug up-
take, we measured the MIC of this mutant to isoniazid, rifampicin
and levofloxacin. No significant difference in sensitivity to these
drugs was detected respect to its parental strain H37Rv (data not
shown). The remaining mutant showed a mutation in rrl, the gene
encoding the 23S rRNA and a mutation in pncB2 encoding a puta-
tive non-essential nicotinic acid phosphoribosyl transferase
(Table 2); all mutations were confirmed by directly resequencing
the genes. Since in Bacillus subtilis and D. radiodurans micrococcin
P1 binds a cleft between the 23S rRNA and the proline rich region of
the N-terminus of L11 [9,26,27], mutations in rplK and rrl were
hypothesized to be responsible for the resistance phenotype, while
mutations in yjcE and pncB2 were considered compensatory mu-
tations or the result of genetic drift. The rplK allele was sequenced
in another 7 resistant mutants, and 5 of these also had mutations in
this gene (Table 3). Interestingly all the rplK mutations resulted in
the replacement of one of the three proline residues located in a
conserved loop known to be involved in resistance to thiopeptides
in other bacteria such as D. radiodurans, and B. subtilis [9,26,27]
(P22A23P24P25V26G27P28). Different mutations led to different
levels of resistance: replacement of P24 and P28 resulted in high
level resistance (MIC 20 mM), while replacement of P25 resulted in a
lower level of resistance (MIC ¼ 1.25 mM) (Table 2), suggesting a
different impact on the binding to micrococcin P1.

Mutants were also tested for cross-resistance to several antibi-
otics (chloramphenicol, erythromycin, hygromycin, kanamycin,
rifampicin, streptomycin, vancomycin, isoniazid, thiostrepton and
linezolid), but no cross-resistance was found (data not shown). The
absence of cross resistance with thiostrepton, the best character-
ized thiopeptide with antibacterial activity, is very interesting since
it has been reported that a mutation in the proline loop region of
L11 resulted in the resistance against this drug in other microor-
ganism [24,28,29], suggesting that the peculiarity of the myco-
bacterial ribosome structure [25] might interfere with the
spectrum of sensitivity and resistance of mycobacteria to
thiopeptides.
3.3. Genetic validation of L11 as micrococcin P1 target in
M. tuberculosis

Resistance-conferring mutations in rplK were evaluated to
confirm L11 as the target of micrococcin P1. Two different ap-
proaches were carried out: 1) over-expression of wild-type and
Table 2
Polymorphisms identified through WGS in spontaneous resistant mutants.

Mutant strain Mutated gene Nucleotide change

RM1 rplK C > T
RM2 rplK C > G

yjcE (rv2287) T > C
RM3 pncB2 (rv0573c) T > G

rrl A > G
TB306 rplK C > T
TB310 rplK C > T
TB311 rplK C > T
mutated L11 alleles, and 2) reintroduction of the mutation into
wild-type gene H37Rv by recombineering.

To determinewhether over-expression of RplK inM. tuberculosis
H37Rv caused an increase in resistance to this compound, H37Rv
and the two resistant mutants TB310 (P28L) and TB311 (P24S) were
complemented with a plasmid overexpressing RplKwt under the
control of a strong mycobacterial promoter, while plasmids over-
expressing the RplK mutated alleles (P28L, and P24S) were intro-
duced in H37Rv (Table 1). Strain sensitivity to micrococcin P1 was
measured by REMA. Overexpression of L11 in the wild-type back-
ground did not confer resistance to this compound (Figure 2a), this
was not unexpected, sincemicrococcin P1 binds a cleft between the
23S rRNA and the proline rich region of the N-terminus of L11
[9,26,27], thus an increase in L11 expression does not increase
target concentration (i.e., the number of clefts between 23S rRNA
and the N-terminus of L11), so overexpression of at least both L11
and 23S would be required to confer resistance. However, when
wild-type L11 was overexpressed in the resistant background this
led to almost complete restoration of sensitivity to the compound
(Figure 2a). These strains were still slightly less sensitive to
micrococcin P1 than the parental strain as they are indeed mer-
odiploid for rplK, so some of their ribosomes still contained the
mutated protein and were not sensitive to micrococcin P1 action.
Finally, overexpression of the mutant L11 alleles in the wild-type
background, did lead to resistance to micrococcin P1 (Figure 2b),
confirming that these mutations confer resistance to this molecule.

In the second approach, we confirmed that P24R and P25L mu-
tations are responsible for resistance to micrococcin P1. SNPs were
introduced into H37Rv by recombineering [20] using single-
stranded oligonucleotides containing the target mutations. Trans-
formants were isolated in the presence of micrococcin P1, and the
presence of the SNPs was confirmed by sequencing. One mutant
expressing RplKP25L (RC1) and one mutant expressing RplKP25R
(RC2) were selected and their MIC determined. Both mutants had
the same MIC as that of the corresponding spontaneous mutant
(RM1: 1.25 mM; RM2: 20 mM), confirming that resistancewas due to
these mutations. Taken together, these data strongly suggest that
L11 is indeed the target of micrococcin P1 also in M. tuberculosis.

3.4. Kill kinetics

To determine whether compound micrococcin P1 has a bacte-
riostatic or a bactericidal activity, we exposed M. tuberculosis
Position AA change MIC (mM)

735095 P25L 1.25
735092 P24R >20
2561156 L485P
666489 F252V n.d.
1474881 NA
735091 P24S >20
735104 P28L >20
735091 P24S >20

http://tuberculist.epfl.ch/
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Figure 2. Determination of MIC to micrococcin P1. (a) H37Rv, triangles; TB307 (H37Rv overexpressing wt-L11), open circles; TB312 [TB310 (P28L-L11) overexpressing wt-L11],
diamonds; TB313 [TB311 (P24S-L11) overexpressing wt-L11], squares; (b) H37Rv, circles; TB309 (H37Rv overexpressing P28L-L11), diamonds; TB308 (H37Rv overexpressing P24S-
L11), squares; TB310 (P28L-L11), triangles; TB311 (P24S-L11), open circles.
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cultures (H37Rv, RC1, RC2) to the compound at a fixed concentra-
tion and measured viability. We selected 12.5 mM as this was well
above the MIC for both wild type and RC1 (10� MIC for RC1 and
100� MIC for wild-type). As clearly shown in Figure 3, H37Rv was
rapidly killed by the compound, with a decrease of viable cells to
the limit of detection (4 logs) within 7 days of exposure. As ex-
pected, the resistant mutant RC2 was completely resistant to
killing, since it has an MIC of 20 mM. However, the RC1 mutant was
also resistant to killing, even though the MIC was 1.25 mM, sug-
gesting that the compound is bacteriostatic against this mutant, i.e.
MBC/MIC 10.
3.5. Micrococcin P1 specifically inhibits elongation step of protein
synthesis in mycobacteria

Biochemical analysis of the inhibitory action of micrococcin P1
on protein synthesis using translation components from
M. smegmatis allowed us to understand the molecular basis of its
antibacterial activity targeted to this pathogen. Using a recon-
stituted translation system composed of highly pure and active
Figure 3. Kill kinetics of micrococcin P1 against M. tuberculosis. Bacterial viability in
the presence of 12.5 mM compound was determined over 14 d in liquid culture. RC1
(P25L-L11) (filled squares without compound, open squares with compound); RC2
(P24R-L11) (filled circles without compound, open squares plus compounds); H37Rv
(diamonds).
translation components from M. smegmatis we have studied how
micrococcin P1 inhibits EF-Tu and EF-G function by following di-
and tripeptide formation at a fixed time (10 s) starting from 70S
initiation complex. Dipeptide formation is dependent on EF-Tu
mediated delivery of the LeuetRNALeu and formation of the pep-
tide bond, whereas tripeptide formation depends on EF-G medi-
ated tRNA translocation in addition to the formation of the first and
second peptide bonds. As shown in Figure 4, gradual increase in
micrococcin P1 concentration inhibited both di- and tri-peptide
formation on the mycobacterial ribosome. Although it is known
that micrococcin inhibits growth of pathogenic mycobacteria, this
is the first report with in vitro biochemistry that this antibiotic in-
hibits both EF-Tu and EF-G mediated steps on mycobacterial ribo-
some. It is known that micrococcin P1 binds to the GTPase center of
the ribosome [9] and earlier reports using E. coli system suggested
that it inhibits EF-Tu mediated aminoacyl-tRNA delivery to the
ribosome as well as EF-G mediated translocation [8]. Our result
reconfirmed those observations and indicated that this drug
probably binds to the M. smegmatis ribosome with nM affinity. Our
result opens up the possibility of detailed kinetic analysis of
micrococcin P1 inhibition of the elongation step of mycobacterial
protein synthesis.
3.6. Conclusions

Due to the menace of resistant strains of M. tuberculosis, the
search for new bactericidal inhibitors against this bacterium has
been pursued with renewed enthusiasm and vigor in the last
decade. In this work, we show comprehensively characterized
micrococcin P1, whose development as an anti-tubercular drugwas
abandoned prematurely more than 60 years ago. We demonstrated
that it has a potent mycobactericidal activity, a promising selec-
tivity index and intracellular activity. Moreover, using molecular
techniques and WGS of spontaneous resistant mutants, we ob-
tained evidence that its mechanism of action in M. tuberculosis
involves interaction with both the N-terminus proline loop of L11
and 23S rRNA. We also demonstrate for the first time by using
purified ribosome and elongation factors from M. smegmatis, that
micrococcin P1 inhibits both EF-Tu and EF-G mediated steps in
protein synthesis in mycobacteria, thereby having a strong inhibi-
tory effect on peptide elongation, as demonstrated also for other
Gram positive bacteria. Thus, micrococcin P1 has potential as an
inhibitor of a large range of pathogenic bacteria.



Figure 4. Inhibition of elongation of protein synthesis in mycobacteria by micrococcin
P1. The effect of micrococcin P1 on the formation of fMet-Leu dipeptide (black bars)
and fMet-Leu-Leu tripeptide (gray bars) was studied in an in vitro translation system
containing purified 70S ribosome, EF-Tu and EF-G from M. smegmatis. The upper panel
shows the HPLC separation profiles of the mono-, di-, and tripeptides and the lower
panel displays the relative amount of total di- and tripeptide formed with increasing
concentration of micrococcin P1. As a control di- and tripeptide formation was also
checked in the presence of 2.5% DMSO (solvent).
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