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Alain Givaudan,5 Anne Lanois,5 Steve Forst,6 André Aumelas,1 Christelle Cotteaux-Lautard,7 Jean-Michel Bolla,7

Carina Vingsbo Lundberg,8 Douglas L. Huseby,9 Diarmaid Hughes,9 Philippe Villain-Guillot,1 Alexander S. Mankin,2,*
Yury S. Polikanov,3,10,12,* and Maxime Gualtieri1,*
1Nosopharm, 110 Allée Charles Babbage, Espace Innovation 2, 30000 Nı̂mes, France
2Center for Biomolecular Sciences, University of Illinois, Chicago, IL 60607, USA
3Department of Biological Sciences, University of Illinois at Chicago, Chicago, IL 60607, USA
4Institut Charles Gerhardt Montpellier, UMR 5253 CNRS-UM-ENSCM, Montpellier, France
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SUMMARY

Growing resistance of pathogenic bacteria and
shortage of antibiotic discovery platforms challenge
the use of antibiotics in the clinic. This threat calls for
exploration of unconventional sources of antibiotics
and identification of inhibitors able to eradicate resis-
tant bacteria. Here we describe a different class of
antibiotics, odilorhabdins (ODLs), produced by the
enzymes of the non-ribosomal peptide synthetase
gene cluster of the nematode-symbiotic bacterium
Xenorhabdus nematophila. ODLs show activity
againstGram-positive andGram-negativepathogens,
including carbapenem-resistant Enterobacteriaceae,
and can eradicate infections in animal models. We
demonstrate that the bactericidal ODLs interfere with
protein synthesis. Genetic and structural analyses
reveal that ODLs bind to the small ribosomal subunit
at a site not exploited by current antibiotics. ODLs
induce miscoding and promote hungry codon read-
through, amino acid misincorporation, and premature
stop codon bypass. We propose that ODLs’ miscod-
ing activity reflects their ability to increase the affinity
of non-cognate aminoacyl-tRNAs to the ribosome.

INTRODUCTION

Antimicrobial resistance is one of the most serious threats

to human health. Some strains of critical bacterial pathogens
have acquired resistance to nearly all antibiotics available

to date (Nordmann et al., 2012). Most of the known antibiotics

that are currently used have been discovered in the

1940s–1960s by extensive screening of soil actinomycetes.

Over time, this source of new antibacterial agents has

been significantly exhausted because of overmining and alter-

native drug discovery strategies that have been explored.

However, neither the high-throughput screening of synthetic

chemical libraries nor the search for new antibiotic targets

with the help of bacterial genomics have yielded sufficiently

potent new antibacterial agents (Payne et al., 2007). There-

fore, finding new natural sources of bio-active antimicrobial

scaffolds appears to be an alternative promising approach

for overcoming the innovation gap in antibacterial drug dis-

covery and identifying new antibiotic leads exploiting novel

targets and mechanisms of action (Ling et al., 2015;

Wright, 2014).

Gram-positive actinomycetes have been traditionally used

as the source of antibiotics because of their capacity to pro-

duce a great variety of secondary metabolites. The plasticity

of the genomes of actinomycetes allows these micro-

organisms to stably maintain a large number of biosynthetic

gene clusters, a large fraction of which is represented by

the genes encoding non-ribosomal peptide synthetases

(NRPSs) and polyketide synthases (PKSs) (Bérdy, 2005;

Lewis, 2013; Walsh, 2008). Intriguingly, members of the

Gram-negative genus Xenorhabdus that belongs to the family

Enterobacteriaceae also possess a high number of NRPS and

PKS genes in their genomes, making these bacteria a prom-

ising alternative source for the discovery of new bioactive

compounds (Tobias et al., 2017). Nevertheless, Xenorhabdus

bacteria have been largely understudied, in part because of
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Figure 1. Chemical Structures of ODLs and

the Organization of the Biosynthetic Gene

Cluster in the ODL Producer

(A) Chemical structures of natural ODLs NOSO-

95A, B, and C and the structure of the gene

cluster in the X. nematophila K102 (CNCM

I-4530) genome encoding NRPS proteins

responsible for ODL biosynthesis. The predicted

NRPS modules (m1–m10), each composed of a

condensation domain (C), an adenylation domain

(A), and a thiolation/peptide carrier domain (T),

are indicated alongside the amino acids incor-

porated by the respective modules. X indicates a

module whose specificity was difficult to assign

on the basis of in silico analysis. The sequence of

this pseudopeptide was determined as Lys1-

Dab(bOH)2-Dab(bOH)3-Gly4-Orn5-Pro6-His7-Dhl8-

Dha9-Dhl10-Dbt11. Chemical moieties of natural

ODLs that are absent or altered in the synthetic

NOSO-95179 compound are highlighted in light

blue.

(B) Chemical structure of the fully synthetic

ODL derivative NOSO-95179 with the sequence

Lys1-Dab(bOH)2-Ala3-Gly4-Orn5-Pro6-His7-Lys8-

Dha9.

See also Figure S1.
their idiosyncratic life cycle, which makes it difficult to isolate

these organisms. The Xenorhabdus genus is symbiotically

associated with soil-dwelling nematodes. The bacterial sym-

biont produces toxins and immuno-modulators, enabling

the nematode to colonize and kill insects. Xenorhabdus further

benefits the host nematode by releasing antibiotics that

prevent the invasion of the insect’s carcass by other

competing bacteria and fungi. Indeed, the high potential of

Xenorhabdus as a source for new antimicrobials has been

demonstrated in several studies (Fodor et al., 2010; Gualtieri

et al., 2009).

Here we describe the discovery of a new class of modified

peptide antibiotics, odilorhabdins (ODLs), produced by the

enzymes encoded in an identified NRPS gene cluster present

in the genome of Xenorhabdus nematophila. ODLs exhibit

promising broad-spectrum antibacterial activity. The high-res-

olution crystal structure of the ribosome-ODL complex shows

that these inhibitors bind to the decoding center of the small

subunit of the bacterial ribosome at a site not exploited by

any known ribosome-targeting antibiotic. Bound to the ribo-

some, ODLs make contacts with both the rRNA and tRNA

and stimulate miscoding in the cell-free translation system

and in the living cell, likely by promoting the illegitimate bind-

ing of non-cognate aminoacyl-tRNAs. The bactericidal activity

of ODLs, their ability to cure bacterial infection in animal

models, the novelty of the binding site, and the demonstrated

potential of the de novo chemical synthesis of natural and

designer ODLs make them promising candidates for new

drug development.
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RESULTS

Identification of ODLs as a New Class of Antimicrobial
Agents
In the search for new antibacterial agents, we screened superna-

tants of eighty cultured Xenorhabdus strains for the presence of

antimicrobial activity. The three most abundant and chemically

related antibacterial compounds with molecular masses of

1,296 Da (NOSO-95A), 1,280 Da (NOSO-95B), and 1,264 Da

(NOSO-95C) were isolated from the supernatant of Xenorhabdus

nematophila strainK102 (CNCM I-4530). The chemical structures

of the compounds, solved by nuclearmagnetic resonance (NMR)

and verified by de novo chemical synthesis (Table S1; Figure S1)

revealed them as representatives of a new chemical class of an-

tibiotics, which we named ODLs (Figure 1A). The sequence of

NOSO-95A was determined as Lys1-Dab(bOH)2-Dab(bOH)3-

Gly4-Orn5-Pro6-His7-Dhl8-Dha9-Dhl10-Dbt11, including four types

of non-standard amino acid residues: a,g-diamino-b-hydroxy

butyric acid (Dab(bOH)) in positions 2 and 3, d-hydroxy lysine

(Dhl) in positions 8 and 10, a,b-dehydro arginine (Dha) in posi-

tion 9, and a,d-diamino butane (Dbt) in position 11 (Fig-

ure 1A). NOSO-95B andCdiffer fromNOSO-95A by the substitu-

tion in position 10 of the Dhl by a lysine (NOSO-95B) and by

the substitutions in positions 8 and 10 of the Dhl by lysines

(NOSO-95C).

The apparent peptidic structure of ODLs suggests that they

are the products of the NRPSs. Using an anti-SMASH prediction,

we identified the putative biosynthetic gene cluster (ENA:

PRJEB17644) consisting of four large NRPS-coding genes



Figure 2. ODLs Interfere with Protein Synthesis In Vivo and In Vitro

(A) Effect of NOSO-95179 on macromolecular biosynthesis in E. coli. In-

corporations of [3H] L-leucine (protein), [3H] thymidine (DNA), [3H] uridine (RNA),

and [3H] N-acetyl-D-glucosamine (peptidoglycan) were determined in E. coli

cells treated with NOSO-95179 and NOSO-95C at 32 mg/mL (16-fold MIC) for

30 min (gray bars). Tetracycline (8 mg/mL), ciprofloxacin (0.125 mg/mL), rifam-

picin (128 mg/mL), and amoxicillin (128 mg/mL) were used as positive controls

(white bars). Data represent means of two independent experiments ± SD.
(Figure 1A) in the genome of X. nematophila strain CNCM I-4530.

Similar odl clusters could be also found in other sequenced

X. nematophila strains. Inactivation of the first gene of the cluster

in the reference strain X. nematophila ATCC19061, XNC1_2467

(odl1 in Figure 1A), abolished production of all three antimicrobial

compounds, as revealed by liquid chromatography (LC)-mass

spectrometry (MS) (data not shown), confirming that the NRPS

cluster is responsible for the production of bioactive ODLs. The

peptidic nature and relative simplicity of ODLs opened room

for improvement of their activity by modifying the structure via

de novo chemical synthesis. This experimental effort resulted

in the development of a derivative, NOSO-95179 (Figure 1B),

which exhibits a better selectivity for bacterial versus eukaryotic

targets compared with natural ODLs and, thus, represents a

preferable lead for further drug development. NOSO-95179 de-

rives from NOSO-95C by the substitution in position 3 of the

Dab(bOH) by an alanine and by the truncation of the lysine and

the Dbt in positions 10 and 11. It has been used in our studies,

along with the native prototype NOSO-95C, to identify the site

of binding and the mode of action of ODLs.

ODLs Inhibit Protein Synthesis by Acting upon the
Ribosome
To elucidate the mode of action and intracellular target of ODLs,

we first tested the effect of NOSO-95179 and NOSO-95C on the

incorporation of radiolabeled precursors into biopolymers in

bacterial (E. coli) cells. These metabolic labeling experiments

demonstrated that ODLs primarily interfere with protein synthe-

sis in living bacteria (Figures 2A and S2). Although the antibiotic

also inhibited cell wall biosynthesis, our subsequent findings

made us believe that this was a secondary effect resulting

from inhibition of translation. Consistent with this conclusion,

NOSO-95179 and NOSO-95C readily inhibit production of GFP

in an E. coli cell-free transcription-translation system (inhibitory

concentration 50% [IC50] = 0.55 ± 0.12 mM and IC50 = 0.63 ±

0.05 mM, respectively) (Figure 2B). Importantly, NOSO-95179 is

more than 300-fold more active in inhibiting bacterial translation

compared with eukaryotic protein synthesis, whereas this ratio is

only 16-fold for NOSO-95C (Figure 2C). Altogether, these exper-

iments reveal ODLs as potent and selective inhibitors of bacterial

protein synthesis.

To identify the primary target of the NOSO-95179 action, we

selected resistant mutants carrying alterations in the drug target

site. To this end, we used the E. coli strain SQ110, which lacks

6 of 7 chromosomal rrn alleles and is particularly suited for

isolating resistance mutations in the components of the protein

synthesis apparatus, including rRNA (Orelle et al., 2013a; Quan

et al., 2015). After 109 E. coli cells were applied to an agar

plate containing 10-fold minimal inhibitory concentration (MIC)
(B) Inhibition of synthesis of the GFP reporter protein in the E. coli cell-free

transcription-translation system. The known protein synthesis inhibitors

spectinomycin (SPC) and chloramphenicol (CHL) were used as positive

controls.

(C) Comparison of protein synthesis inhibition by NOSO-95179 (squares, solid

curve) andNOSO-95C (open squares, dashed curve) in the bacterial and rabbit

reticulocyte cell-free translation systems.

Error bars represent SD of duplicates. See also Figure S2.
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Figure 3. Structure of the NOSO-70S Ribo-

some Complex

(A) The secondary structure of the 16S rRNA and

positions of the resistance mutation identified in

E. coli. Relevant helices of the 16S rRNA are

labeled.

(B) Chemical structure of NOSO-95179 fitted into

the difference Fourier map at a primary site within

the T. thermophilus 70S ribosome (green mesh).

The refined model of the compound is displayed in

its respective electron density before the refine-

ment and viewed from two different perspectives.

The unbiased (Fobs – Fcalc) difference electron

density map is contoured at 3.0 s. Carbon atoms

are colored yellow, nitrogens blue, and oxygens

red. Some amino acids are labeled to indicate the

orientation of the inhibitor molecule.

(C and D) Overview of the NOSO-95C binding sites

(yellow) on the T. thermophilus 30S subunit (C) and

70S ribosome (D). The 30S subunit is colored light

gray and the 50S subunit dark gray. mRNA is

shown in magenta, and tRNAs are displayed in

green for the A site, in blue for the P site, and in

orange for the E site. In (C), the 30S subunit is

viewed from the subunit interface, as indicated by

the inset; 50S subunit and parts of tRNAs are

removed for clarity. The 16S rRNA nucleotides

whose mutations cause resistance to NOSO-

95179 are highlighted in red.

(E and F) Interactions of NOSO-95179 with the 16S

rRNA (E and F) and with tRNA (F). 16S rRNA resi-

dues whose mutations cause resistance to NOSO-

95179 are highlighted in light red. In (F), the

nucleotides of the mRNA A-site codon and the

tRNA anticodon are shown as sticks.

See also Figure S3.
(80 mg/mL) of NOSO-95179, twenty drug-resistant colonies ap-

peared. Whole-genome sequencing of the resistant clones

showed that one of the clones had a mutation in the rpsJ gene

encoding ribosomal protein S10 (Table S2), whereas all other

analyzed ODL-resistant isolates carried mutations in the

16S rRNA gene of the small ribosomal subunit (Figure 3A; Table

S2). In addition, we tested several of the previously isolated 16S

rRNA mutants from our collection (Orelle et al., 2013a; Polikanov

et al., 2014) and found one more 16S rRNA mutation, G1058C,

conferring resistance to NOSO-95179 (Table S2). All identified

16S rRNA mutations are clustered in the vicinity of the decoding

center. This functional center of the ribosome is targeted by
86 Molecular Cell 70, 83–94, April 5, 2018
several clinically useful ribosomal anti-

biotics (e.g., tetracyclines, aminogly-

cosides, negamycin) (Brodersen et al.,

2000; Cocozaki et al., 2016; Olivier et al.,

2014; Pioletti et al., 2001; Polikanov

et al., 2014). However, most of the ODL

resistance mutations conferred no

cross-resistance to other ribosomal inhib-

itors (Table S2). The activity of the NOSO-

95179 compound was also unaffected by

TetM, a ribosome protection protein that

confers resistance to tetracycline by dis-
placing the drug from the ribosome (Arenz et al., 2015; Dönhöfer

et al., 2012). Altogether, these results revealed the ribosome as

the primary target of ODLs and suggested that inhibitors

belonging to this new class of antibiotics bind at a location

distinct from the sites of action of the known drugs targeting

the small ribosomal subunit.

ODL Binding Site in the Bacterial Ribosome
To unambiguously identify the mode of binding of ODLs to their

target, we solved the crystal structure of the Thermus thermo-

philus 70S ribosome associated with mRNA, A-, P- and E-site

tRNAs, and NOSO-95179 at 2.6-Å resolution (Table 1). In this



Table 1. X-Ray Data Collection and Refinement Statistics

Crystals

70S ribosome complex

with A-, P-, and E-tRNAs

and NOSO-95179

Diffraction Data

Space group P212121

Unit cell dimensions (Å) (a 3 b 3 c) 209.17 3 448.69 3 618.53

Wavelength (Å) 0.9795

Resolution range (outer shell) (Å) 363–2.60 (2.67–2.60)

I/sI (outer shell with I/sI = 1) 8.60 (0.85)

Resolution at which I/sI = 1 (Å) 2.60

Resolution at which I/sI = 2 (Å) 2.83

CC(1/2) at which I/sI = 1 (%) 18.0

CC(1/2) at which I/sI = 2 (%) 50.1

Completeness (outer shell) (%) 99.0 (97.3)

Rmerge (outer shell) (%) 13.7 (179.4)

No. of crystals used 1

No. of reflections used (observed) 6,968,917

No. of reflections used (unique) 1,740,501

Redundancy (outer shell) 4.00 (3.95)

Wilson B-factor (Å2) 56.9

Refinement

Rwork/Rfree, % 21.2/24.9

No. of Non-Hydrogen Atoms

RNA 200,298

Protein 90,976

Ions (Mg, K, Zn, Fe) 2,856

Waters 5,101

Ramachandran Plot

Favored regions (%) 94.17

Allowed regions (%) 5.01

Outliers (%) 0.82

Deviations from Ideal Values (RMSD)

Bond (Å) 0.004

Angle (degrees) 0.837

Chirality 0.040

Planarity 0.005

Dihedral (degrees) 14.4

Average B-factor (overall) (Å2) 62.9

Rmerge = S jI – < I > j / S I, where I is the observed intensity and < I > is the

average intensity from multiple measurements. Rwork = SjFobs – Fcalcj / S
Fobs. For calculation of Rfree, 5% of the truncated dataset was excluded

from the refinement. RMSD, root-mean-square deviation. See also

STAR Methods.
study, we used deacylated valine-specific tRNA as the A-site

substrate and initiator methionine-specific tRNA as the P-site

substrate. The E site of the ribosome contained tRNAVal. The dif-

ference electron density maps (Fobs – Fcalc) were used to localize

the antibiotic on the ribosome. A strong peak of positive electron

density (Figure 3B) resembling distinct features of the NOSO-

95179 chemical structure was observed in the vicinity of the de-
coding center in both copies of the ribosome in the asymmetric

unit. Atomic models of the ribosome-bound NOSO-95179,

generated from its chemical structure and the restraints based

on idealized 3D geometry, were used to fit the drug into the

observed electron density (Figure 3B). The proximity of the resis-

tance mutations to this site of NOSO-95179 binding confirmed

that this is the primary site of ODL action on the bacterial ribo-

some (Figures 3C and 3D).

In this primary binding site, the extended NOSO-95179 mole-

cule folds up and adopts a compact conformation in which it

forms multiple hydrogen bonds with 16S rRNA residues of heli-

ces 31, 32, and 34 (Figures 3E and 3F). None of the contacts

directly involve rRNA bases. Rather, the drug recognizes

sugar-phosphate backbone atoms whose spatial arrangement

defines the placement of the drug in its binding site. This conclu-

sion is consistent with the lack of protection of the rRNA bases

from chemical modification by ODLs (data not shown). The

16S rRNA resistance mutations, all of which disrupt base pairs

in helices 31 and 34 (Figure 3A), likely interfere with drug binding

by changing the geometry of the rRNA backbone. Bound in this

site, NOSO-95179 closely approaches the anticodon loop of the

A-site tRNA where the a-amine of the Lys1 residue of the anti-

biotic forms a hydrogen bond with the non-bridging phosphate

oxygen of C32 in the anticodon loop of the A-site tRNA (Fig-

ure 3F). As described for negamycin (Olivier et al., 2014; Polika-

nov et al., 2014), the simultaneous interaction of the inhibitor with

the ribosome and tRNA is expected to increase the affinity of

aminoacyl-tRNA during decoding and potentially decrease the

accuracy of translation by stimulating binding of near-cognate

aminoacyl-tRNAs. Tighter binding may also interfere with the

translocation of the A-site tRNA into the P site.

Several different classes of ribosome-targeting inhibitors

bind and act upon the decoding center. Superposition of the

structure of NOSO-95179 in complex with the 70S ribosome

with the known structures of negamycin, tetracycline, and

the aminoglycoside antibiotics paromomycin and streptomycin

shows no overlap with the binding site of NOSO-95179 (Fig-

ures 4A and 4B). Thus, NOSO-95179 has a unique binding

site within the ribosome that is not exploited by any other

known inhibitor.

The producers of ribosome-targeting antibiotics often protect

their own ribosomes by post-transcriptionally modifying the

rRNA nucleotides located in the inhibitor binding site. Knowing

the primary site of the ODL action, we analyzed, by primer exten-

sion, the corresponding segments of the 16S rRNA isolated from

X. nematophilia, a strain that produces ODL, and from a closely

related but non-ODL producing strain. However, we did not

detect any specific difference in the primer extension patterns

(data not shown), suggesting that either the protective rRNA

modification does not affect the progression of the reverse tran-

scriptase or, more likely, that other mechanisms, e.g., ODL

efflux, protect the producer from the inhibitor.

In addition to the primary site of NOSO-95179 action, we

also observed an electron density peak at the interface be-

tween the two subunits, where helix 44 of the 16S rRNA and

helix 64 of the 23S rRNA interact with each other (Figures

S3A and S3B). We attributed this density to binding of the sec-

ond molecule of the inhibitor (Figure S3C). In the secondary
Molecular Cell 70, 83–94, April 5, 2018 87



Figure 4. Antibiotics that Bind in the Decod-

ing Center on the Small Ribosomal Subunit

(A and B) Overview (A) and close-up view (B) of the

NOSO-95179 binding site relative to the binding

sites of other antibiotics known to target the de-

coding center of the small ribosomal subunit:

streptomycin (STR, cyan), paromomycin (PAR,

salmon), tetracycline (TET, blue), and negamycin

(NEG, green). In (B), the 16S rRNA nucleotides

critical for decoding are shown as sticks.

See also Figure S6.
binding site, NOSO-95179 interacts with the backbones of

nucleotides 1,472–1,474 of the 16S rRNA and nucleotides

1,987–1,989 of 23S rRNA (Figure S3D) and with the Glu45

side chain of the ribosomal protein L14. Unlike the primary

binding site in the decoding center, the second ODL site is

far from known ribosome functional centers and is likely func-

tionally irrelevant; it probably results from promiscuous binding

of the positively charged flexible ODL to the polyanionic rRNA

scaffold.

Binding of ODLs Stalls the Ribosome and Causes
Miscoding
To elucidate the mode of action of ODLs, we used toeprinting

analysis. This technique uses primer extension to detect anti-

biotic-induced ribosome stalling during in vitro translation of a

model mRNA (Hartz et al., 1988; Orelle et al., 2013a). The trans-

lation reactions were additionally supplemented with an inhibitor

of one of the aminoacyl-tRNA synthetases; the resulting deple-

tion of the corresponding aminoacyl-tRNA makes the ribosome

stop at the ‘‘hungry’’ codon of the open reading frame (ORF)

(Vázquez-Laslop et al., 2011; Figure 5A). For instance, addition

of the Thr-RS (tRNA-synthethase) inhibitor borrelidin arrests

translation of the model ermBL ORF at the 11th codon, when

the Thr12 codon enters the ribosomal A site (Figure 5B, lane 1,

top red arrowhead). Such an antibiotic-independent translation

arrest helps us to assess the efficiency of inhibition of translation

by the investigated antibiotic at the preceding codons of

the ORF.

At high concentrations (R20 mM) of NOSO-95179, translation

of the ermBL ORF was primarily arrested at the early codons,

preventing ribosomes from reaching the Thr12 codon, as can

be judged by the low intensity of the hungry codon toeprint

band and appearance of the new bands corresponding to the

ribosome stalling at the previous codons (Figure 5B, lane 7).

Interestingly, the ODL-induced ribosome pausing appears to

be context-specific. Thus, during translation of the ompX or

csrA genes, NOSO-95179 arrests ribosomes at specific codons

of the ORF while allowing relatively unimpeded progression

through other codons (Figure S4).

Strikingly, at low concentrations of NOSO-95179 (0.6 mM),

although the intensity of the toeprint band at the ermBL
88 Molecular Cell 70, 83–94, April 5, 2018
Thr12 codon was dramatically reduced

compared with the borrelidin-only con-

trol, a prominent new band appeared

that corresponded to ribosomes stalled
at the Thr14 codon (Figure 5B, lanes 1 and 2). Apparently, low

concentrations of NOSO-95179 allowed the ribosome to easily

bypass the first hungry codon (Thr12).

The high efficiency of the ODL-induced hungry codon read-

through prompted us to test this effect in more detail. We modi-

fied our experimental setup by introducing a bypass-resistant

ribosome trap downstream of the hungry codon. For this, we

took advantage of the macrolide antibiotic erythromycin, which

binds in the exit tunnel of the large ribosomal subunit (away

from the ODL binding sites) and arrests translation at the 10th

codon of ermBL by interfering with peptide bond formation

(Arenz et al., 2014; Figures 5C and 5D, lane 1, blue arrowhead).

Accordingly, erythromycin-induced stalling should be largely un-

affected by the ODL-promoted readthrough. Upstream of this

ribosome trap site, we introduced a new unique hungry codon,

Ile4, by replacing the first 6 codons of ermBL with codons 1–6

of the E. coli ompX gene and supplementing the translation reac-

tion with the Ile-RS inhibitor mupirocin (Figures 5C and 5D,

lane 2, red arrowhead). In the presence of mupirocin and eryth-

romycin, almost all ribosomes were trapped at the hungry Ile4
codon and were unable to reach the site of erythromycin-depen-

dent stalling (Figure 5D, lane 3). However, when the reactions

were additionally supplemented with increasing concentrations

of NOSO-95179, stalling at the hungry Ile4 codon dramatically

decreased, and a larger fraction of ribosomes could reach the

trap codon Asp10 (Figure 5D, lanes 4–8). Qualitatively similar re-

sults were obtained with the use of a principally different model

gene, secM, where NOSO-95179 could stimulate bypass of a

hungry Trp15 codon (Figure S5). Thus, our results obtained with

different model systems consistently show that NOSO-95179

strongly stimulates the bypass of the hungry codon during

in vitro translation. The most plausible explanation of this effect

is binding of an illegitimate (likely near-cognate) aminoacyl-

tRNA at the hungry codon, suggesting that the primary mode

of ODL action is rendering translation error-prone.

To test whether themiscoding activity of ODLs ismanifested in

living cells, we examined the effect of NOSO-95179 on in vivo

expression of a lacZ reporter in which codon 537 (GAA/GAG),

encoding a functionally critical glutamate, was replaced with a

near-cognate glycine codon (GGG) (Manickam et al., 2014).

The Gly537 mutant of the lacZ-encoded b-galactosidase is



Figure 5. Mechanism of ODL Action

(A–D) Toeprinting analysis of the ODL-induced hungry codon bypass.

(A) Cartoon representation of the toeprinting experiment with the ermBL gene. The hungry codons Thr12 and Thr14 are indicated.

(B) Toeprinting analysis of ribosome stalling during translation of the ermBL gene in the presence of increasing concentrations of NOSO-95179. Note that, at low

concentrations of the inhibitor (lane 2), the ribosomes are able to bypass the first hungry (Thr12) codon (top red arrowhead) and are then arrested at the next hungry

codon (Thr14) (bottom red arrowhead). The translation initiation inhibitor Onc112 was included as a control (Onc) (lane 8) (Gagnon et al., 2016).

(C) Cartoon representation of the toeprinting experiment with the ompX1-6 –ermBL7-15 gene. The hungry codon Ile4 (red) and trap codon Asp10, at which ribo-

somes stall in the presence of erythromycin (blue), are indicated.

(D) NOSO-95179-stimulated hungry codon bypass in the ompX1-6 –ermBL7-15 fusion gene. Erythromycin (50 mM) induces ribosome stalling at the Asp10 codon

(blue arrowhead). In the presence of 50 mM of the Ile-RS inhibitor mupirocin, translation is arrested at the hungry Ile4 codon (red arrowhead). Addition of NOSO-

95179 to the reactions induces readthrough of the hungry codon and increased stalling at the erythromycin-dependent arrest site (lanes 4–8). The start codon

band is indicated by a gray arrowhead.

(legend continued on next page)
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Table 2. Activity of NOSO-95179 against Reference Strains

Microorganism (Strain) MIC (mg/mL)

Enterobacter aerogenes ATCC 51697 16

Enterobacter cloacae DSM 30054 8

Escherichia coli ATCC 25922 8

Klebsiella pneumoniae ATCC 43816 4

Proteus mirabilis ATCC 7002 16

Serratia marcescens DSM 30121 8

Pseudomonas aeruginosa DSM 1117 > 64

Acinetobacter baumannii ATCC 19606 > 64

Stenotrophomonas maltophilia CIP 60.71 > 64

Staphylococcus aureus ATCC 29213 16

Enterococcus faecalis ATCC 29212 16

ATCC, American Type Culture Collection; DSM, Deutsche Sammlung

von Mikroorganismen und Zellkulturen; CIP, Collection de l’Institut Pas-

teur. See also Tables S2 and S3.
catalytically inactive, and misincorporation of Glu instead of

Gly537 is required to restore the activity. When NOSO-95179

was spotted on an X-gal indicator plate with a lawn of the re-

porter E. coli cells, a blue halo appeared at the edge of the

no-growth zone, indicating that the antibiotic increased the

frequency of decoding of the lacZ Gly537 codon by the near-

cognate Glu-tRNA (Figure 5E). In an independent experiment,

we used a lacZ reporter with a premature stop codon (TAG),

which replaced the wild-type Tyr17 codon (UAU), preventing

the production of full size b-galactosidase (Normanly et al.,

1986). We observed that, at permissive concentrations, NOSO-

95179 restored the b-galactosidase activity (blue halo in

Figure 5F), likely because of misincorporation of an aminoacyl-

tRNA at the premature stop codon. Thus, the results of in vitro

and in vivo experiments demonstrate that ODLs render transla-

tion error-prone.

ODLs Are Active against a Wide Spectrum of Pathogens
and Exhibit Therapeutic Efficacy in Animal Models
Binding of ODLs to a ribosomal site not exploited by any known

antibiotic and the favorable mode of action of these inhibitors

prompted us to evaluate the clinical prospects of ODLs as a

new class of ribosomal antibiotics. Microbiological testing

showed that NOSO-95179 exhibited activity against a wide

range of Gram-negative and Gram-positive bacterial pathogens

(Klebsiella pneumoniae, Escherichia coli, Enterobacter aero-

genes, Enterobacter cloacae, Proteus mirabilis, Serratia marces-

cens, Staphylococcus aureus, and Enterococcus faecalis),

including difficult-to-treat drug-resistant strains such as carba-

penemase-producing Enterobacteriaceae (Tables 2 and S3).

Similar to some other miscoding antibiotics, NOSO-95179

shows strong bactericidal activity (> 3 log10 reduction in col-
(E and F) The miscoding activity of NOSO-95179 in vivo. NOSO-95179 induces

incorporation (E) or readthrough of the premature stop codon (Tyr17TAG) (F). C

antibiotic drops containing 13 mg of NOSO-95179, 25 mg of STR, or 10 mg of TET w

and TET were included. Also in (E), the blue halo appeared at the edge of the grow

no-growth zone, not clearly reproduced in the picture, are indicated by the dash

See also Figures S4 and S5.
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ony-forming units) against K. pneumoniae and E. coli (Figures

6A and 6B). At the same time, NOSO-95179 did not exhibit cyto-

toxicity against mammalian HepG2 and HK-2 cells, even at con-

centrations of up to 256 mg/mL, which exceeded the typical MIC

for K. pneumoniae or E. coli by 16- and 64-fold. NOSO-95179

also did not show any hemolytic activity at 256 mg/mL (the

highest tested concentration). NOSO-95179-resistant mutants

of wild-type E. coli or K. pneumoniae strains appeared only

with very low frequency at 24 hr (3.5 3 10�9 and 4.6 3 10�9,

respectively), even when cells were plated at low (4-fold MIC)

concentrations of the ODL.

Encouraged by the results of microbiological testing, we

further investigated the therapeutic potential of ODLs. The in vivo

efficacy of NOSO-95179 was studied in mouse models of

K. pneumoniae septicemia and lung infection. At a dose of

25 mg/kg, subcutaneous administration of NOSO-95179 re-

sulted in a 2.9 log10 reduction in viable bacterial cells (colony-

forming units) compared with the untreated control (Figure 6C).

At a dose of 100 mg/kg, in the lung infection model, the inhibitor

reduced the bacterial load by more than 3 log10 (Figure 6D).

These results demonstrate the therapeutic potential of ODLs

as a new class of antibacterial agents.

DISCUSSION

We discovered a new class of antibiotics, ODLs, produced by a

nematode-symbiotic bacterium, X. nematophila. ODLs selec-

tively abolish bacterial growth by interfering with protein synthe-

sis. They achieve their inhibitory action by binding at a new site in

the small ribosomal subunit. By interacting simultaneously with

the 16S rRNA and with the anticodon loop of the A-site tRNA,

ODLs likely increase the affinity of aminoacyl-tRNA to the ribo-

some, resulting in decreased accuracy of translation. At high

concentrations, ODLs impede progression of the ribosome

along mRNA.

Although ODLs bind at the ribosomal decoding center, which

is targeted by several classes of antibiotics, their binding site is

clearly distinct from those of other ribosome inhibitors. The tetra-

cycline and negamycin sites are the closest to the site of binding

of NOSO-95179. However, even these drugs do not overlap with

NOSO-95179 (Figures 4A and 4B). Aminoglycosides bind the

ribosome �25 Å farther away, on the other side of the decoding

center at the top of helix 44 of the 16S rRNA.

The overall mechanism of action of ODLs conceptually resem-

bles that of aminoglycosides or negamycin, whose mode of

translation inhibition depends on the drug concentration. At

lower concentrations, these antibiotics induce amino acid misin-

corporation by reducing the fidelity of decoding, whereas, at

higher concentrations, they interfere with the progression of

the ribosome along mRNA (Olivier et al., 2014; Polikanov et al.,

2014; Wang et al., 2012). Both activities likely reflect a tighter
‘‘correction’’ of the lacZ missense mutation (Glu537Gly) by amino acid mis-

ells with the corresponding reporters were plated on agar plates, and 1 mL

ere applied at the points indicated by the dots. In (E), the control antibiotics STR

ing cells around the clear no-growth zone. In the TET sample, the edges of the

ed circle.



Figure 6. NOSO-95179 Is a Potent Therapeutic Agent

(A and B) Bactericidal activity of NOSO-95179 against K. pneumoniae ATCC 43816 (A) or E. coli ATCC 25922 (B). Cells were exposed to 43MIC of NOSO-95179

or 83 MIC of the control bactericidal antibiotic ceftriaxone, and the fraction of cells surviving after various incubation times was determined by plating and

counting colony forming units (CFUs).

(C and D) Therapeutic efficiency of NOSO-95179.

(C) Sepsis model. We performed single-dose subcutaneous treatment with NOSO-95179 or a control antibiotic, ciprofloxacin, 1 hr after inoculation with the

K. pneumoniae strain SSI#3010. One-way ANOVA, Dunnett’s comparison versus vehicle control (5 hr) control.

(D) A lung model of infection using K. pneumoniae strain NCTC 13442. We performed single-dose intravenous treatment 2 hr after infection with NOSO-95179 or

double-dose treatment 2 hr and 14 hr after infection with tigecycline. For drug-treated animals, lung CFU values were determined 24 hr post-infection. For

controls, lung CFU values were determined 2 hr and 24 hr post-infection. One-way ANOVA, Dunnett’s comparison versus vehicle control; ns, non-significant

p > 0.05; *p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001.
binding of the tRNA in the A site induced by the inhibitor. How-

ever, different classes of antibiotics achieve this effect via

different mechanisms. Aminoglycosides, for example, interact

exclusively with the 16S rRNA and increase tRNA affinity by sta-

bilizing the flipped-out conformation of the 16S rRNA bases

1,492 and 1,493 that interact with the tRNA anticodon (Demesh-

kina et al., 2012; Ogle and Ramakrishnan, 2005). In contrast,

negamycin and ODLs establish direct contacts with the A-site

tRNA. However, because of the different binding sites on the

ribosome, these drugs establish principally different contacts

with tRNA. Although negamycin interacts with the non-bridging

oxygen atoms of the nucleotide 34 phosphate of the A-site
tRNA, NOSO-95179 is located within H-bonding distance from

the phosphate of nucleotide 32 of the tRNA anticodon (Fig-

ure 4D). The direct interaction between ODL and the tRNA anti-

codon not only promotes miscoding but also likely hinders the

transition of tRNA from the A site into the P site, thus inhibiting

translocation at higher concentrations of the antibiotic. This ef-

fect was context-specific, and the ribosome was preferentially

arrested at the defined codons within the gene (Figures 5B and

5D and S4). With the few templates that were tested in our toe-

printing experiments, we observed preferential ODL-induced

pausing at the Leu (CUG and CUU), Gln (CAA), Arg (CGA), Ile

(AUU), and Lys (AAA) codons. Because ODL interacts with the
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tRNA anticodon loop, specificity of the drug action is likely

defined by tRNA. Although we were unable to identify a unique

sequence or post-transcriptional modification signature that dis-

tinguishes the corresponding tRNAs, it is conceivable that the

observed context specificity of ODL action could reflect varia-

tions in the conformational dynamics of different tRNAs (V€are

et al., 2017). Translocation could be additionally slowed down

because of the ODL-induced binding of near cognate tRNAs in

the A site and subsequent poor accommodation of the mis-

matched codon-anticodon structure in the P site (Alejo and Blan-

chard, 2017).

Although, at high concentrations, ODLs arrest ribosome pro-

gression, their primary effect at lower concentrations is mani-

fested as miscoding. Because this activity, ODLs stimulate

bypass of hungry codons during cell-free translation, make

possible readthrough of the premature stop codon in vivo, and

allow amino acid misincorporation at a site of inactivating

missense mutation (Figure 5). The miscoding activity of ODLs

should lead to production of erroneous proteins in cells treated

with the antibiotic. By analogy with aminoglycosides, another

class of miscoding-inducing inhibitors, this is a likely cause of

the bactericidal activity of ODLs (Figures 6A and 6B). Although

aminoglycosides are very potent antibiotics, their use in the clinic

has been curbed because of toxicity, often mediated by the ac-

tion of the drugs on the mitochondrial ribosome. Specific familial

mutations in the vicinity of the aminoglycoside binding site (e.g.,

A1555G or C1494U; Figure S6) can predispose patients to the

side effects of these antibiotics, resulting in irreversible hearing

loss (Hobbie et al., 2008). Because of the distance from the

ODL binding site, themutations that sensitizemitochondrial ribo-

somes to aminoglycosides are not expected to affect binding or

action of ODLs (Figure S6). This raises the hope that ODLs could

be developed into a new class of clinically useful bactericidal

ribosome inhibitors with an improved safety profile.

These hopes are further fueled by the demonstrated activity of

ODLs in vitro and in vivo against a number of Gram-positive and

Gram-negative bacterial pathogens, including carbapenem-

resistant Enterobacteriaceae (CRE). The latter observation is

particularly important because CRE strains frequently exhibit

resistance to other classes of antibacterial agents (Nordmann

et al., 2012), and severe infections caused by CRE are associ-

ated with mortality rates exceeding 50% (van Duin et al.,

2013). The in vivo efficacy of ODLs in murine sepsis and lung

infection models, the absence of toxicity, and the low frequency

of bacterial resistance make this new class of ribosome-target-

ing antibiotics an attractive starting point for medicinal chemistry

programs aimed at obtaining ODL clinical candidates.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Yury Polikanov, University of Illinois at Chicago (yuryp@uic.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacteria and human cell lines
Bacterial strains and human cell lines used can be found in the Key Resources Table.

Mouse models
Murine neutropenic peritonitis/sepsis model: Female NMRI mice (Taconic Biosciences A/S, Lille Skensved, Denmark) were used.

Mice had ad libitum access to domestic quality drinking water and food (Rodents Diet, Harlan, USA). Light/dark period was in

12-hours interval. All animal experiments were approved by the National Committee of Animal Ethics, Denmark, and adhered to

the standards of EU Directive 2010/63/EU.

Mouse lung infection model: Male ICR mice 6-8 weeks old (Charles River, UK) were rendered neutropenic by IP injection of cyclo-

phosphamide. All animal experiments were performed under UK Home Office License 40/3644, and with local ethical committee

clearance (The University of Manchester AWERB). All experiments were performed by technicians who had completed at least parts

1 to 3 of the Home Office Personal License course and held current personal licenses.

METHOD DETAILS

Cultivation of X. nematophila and isolation of natural ODLs
X. nematophila CNCM I-4530 (K102) was cultivated for 72 h, at 28�C with shaking in a 2 l Erlenmeyer flask containing 500 mL of me-

dium broth composed of bactopeptone (15 g/l), MgSO4.7H2O (2 g/l) and glucose (2 g/l). The culture was inoculated with 0.1% (v/v) of

a pre-culture grown for 24 hours in the same medium. X. nematophila cells were pelleted by centrifugation at 60003 g for 10 min at

4�C and supernatant was passed through 0.22 mm filter. After addition of an equal volume of 0.1 MNaCl, 20 mM Tris-HCl, pH 7.0, the

solution was subjected to cation-exchange chromatography on a Sep Pack CarboxyMethyl cartridge (Accell Plus CM, Waters). The

cartridge was washed with 50 mL of 0.1 M NaCl, 20 mM Tris-HCl, pH 7.0, and bound compounds were eluted with 200 mL of 1 M

NaCl, 20 mM Tris-HCl, pH 7.0. After addition of 0.1% (v/v) trifluoroacetic acid (TFA) the eluate was subjected to reverse-phase chro-

matography on a Sep Pack C18 cartridge (Sep-Pak Plus C18,Waters). The cartridge was washed with 50mL of 0.1% solution of TFA

and the antibiotics were eluted with 40 mL of acetonitrile. After freeze-drying, the eluted material was resuspended in water. Pure

compounds were isolated by reverse phase HPLC using a C18 column (Waters; Symmetry C18; 5 mm; 4.6X150 mm), using a linear

gradient (0%–30%) of acetonitrile in H2O/0.1% TFA in 30 min, with a flow rate of 1 ml/min and UV detection in the range of 200 to

400 nm. The retention times of the bioactive ODLs were as follows: NOSO-95A - 14.16 min (purity: 98% by UV), NOSO-95B -

14.44 min (purity: 95% by UV), NOSO-95C - 14.6 min (purity: 94% by UV).

NMR and MS analysis
For identifying the structures of the purified NOSO-95A, -B and -C, the compounds were analyzed by mass spectroscopy and NMR.

LC-MS was first performed to obtain the m/z value of the protonated molecules of all ODL variants. MS-MS fragmentation was then

carried out on NOSO-95A, -B and -C. ESI-LC-MS data were obtained in the positive mode on a Waters alliance LC-MS system

(Waters ZQ mass detector, Waters photodiode array detector 2696, Waters alliance HPLC systems 2790). MS-MS fragmentation

data were obtained on a Waters Micromass Q-Tof micro mass spectrometer.

The NMR analysis was carried out on a Bruker Avance spectrometer operating at 700MHz equipped with a cryoprobe. The sample

(10 mM) was solubilized in water (95/5 H2O/D2O v/v) and pH was adjusted to 3.5 with HCl. All data were recorded at 280 K. Protons

chemical shifts are expressed with respect to sodium 4,4-dimethyl-silapentane-1-sulfonate, according to IUPAC recommendations.

Double-quantum filtered-correlated spectroscopy (DQF-COSY), z-filtered total-correlated spectroscopy (z-TOCSY) and nuclear

Overhauser effect spectroscopy (NOESY) spectra were acquired in the phase-sensitive mode, using the States-TPPI method.

z-TOCSY spectra were obtained with a mixing time of 80 ms and NOESY spectra with mixing times of 220 ms. The 1H-13C HSQC

and 1H-13C HSQC-TOCSY experiments were carried out with the same sample. The water resonance set at the carrier frequency

was suppressed by the WATERGATE method (Piotto et al., 1992). All data were processed with the XWINNMR software (Bruker

Biospin). The non-classical residues were identified from the analysis of the homo- and hetero-nuclear data. The sequential assign-

ment was achieved using the general strategy described by W€uthrich (Billeter et al., 1982).

The chemical structure of the 1296 Da (NOSO-95A) compound was determined by NMR and mass spectrometry.

NMR data were obtained in water and a set of experiments including DQF-COSY, TOCSY, NOESY, 1H-13C HSQC and 1H-13C

HSQC-TOCSY experiments were recorded.

The 1D spectrum revealed features of a peptidic compound with at least 6 amide signals spanning the 8.9-7.0 ppm chemical shift

area, alpha proton signals in the 4.8-3.7 ppm area, and beta proton signals in the 3.7-1.1 ppm area. Nomethyl signal was observed in

the high field area indicating the absence of Ala, Thr, Leu, Val and Ile residues. In contrast, unusual signals including the 9.60 ppm
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singlet and the 6.17 ppm triplet were observed suggesting the presence of non-classical residues. The TOCSY and COSY finger

prints are displayed in Figures S1A and S1B, respectively.

In addition, with homonuclear data, the 1H-13C heteronuclear data were particularly helpful to characterize the spin systems of the

non-classical residues. The Figure S1C shows the main part of the 1H-13C HSQC-TOCSY map with some assignment of the non-

classical residues.

The combined analysis of all these data allowed us to identify 11 spin systems including 4 types of non-classical residues: an

ag-diamino b-hydroxy butyric acid (Dab(bOH), an d-hydroxy lysine (Dhl), an ab�dehydro arginine (Dha) and, an ad�diamino butane

(Dbt). The stereochemistry of the Dha9 double bond was determined from the Dha9 Hb–Dhl1 HN dipolar interaction. Notice that the

strong intensity of the Orn5 Ha-Pro6 Hdd’ NOE suggests that the Orn5-Pro6 amide bond adopts the trans conformation.

The sequence of this peptide was identified as following: Lys1-Dab(bOH)2-Dab(bOH)3-Gly4-Orn5-Pro6-His7-Dhl8-Dha9-Dhl10-Dbt11
and NMR data are reported in the Table S1.

In order to determine the stereochemistry of each chiral center of NOSO-95A, Marfey’s analysis was done. D- and L- enantiomers

of Lys, Orn, Pro, His as well as Gly and 1,4-diaminobutane were purchased from Bachem (Germany). The 4 diastereoisomers of

Dab(bOH) and of Dhl as well as the two diastereoisomers of the dipeptide Lys-(Z)-DhArg were synthesized. In all cases, only one

enantiomer or diastereoisomer was observed. All chiral centers were found to be of S configuration, except the chiral center of

Orn which was found to be of R configuration.

Chemical synthesis of NOSO-95179
NOSO-95179 was synthesized via a solid phase peptide synthesis (SPPS) using a Fmoc-strategy (Amblard et al., 2006). The synthe-

sis was run in six separate batches which were combined at the end of the synthesis. The crude product was dissolved inmilliQ water

(�400mg/ml) and purified by semi-preparative HPLC on a C18 column (100 Å, 7 mm, 7.8 mmX 300mm) with a 15min gradient of 0 to

15% MeCN in H2O (0.1% TFA). Fractions containing pure product were combined and lyophilized. White foam (1016.5 mg, 98.2%

purity by HPLC-MS) was obtained and characterized by HPLC, NMR andMarfey’s analyses. 149 mg of the TFA salt of NOSO-95179

were dissolved in aqueous 0.05MHCl solution (8 ml) and the solution was freeze-dried. This step was repeated twice. The procedure

yielded 110 mg of HCl salt of NOSO-95179, 97.4% pure (HPLC-MS).

MIC and time-dependent killing
MIC determination by microdilution and direct colony suspension methodologies and time-kill assays were performed according to

the CLSI standards (CLSI, 2012).

Cytotoxicity assay
The cytotoxicity assay was carried out using microcultures of human liver hepatocellular cells (HepG2/ATCC HB-8065) and human

proximal tubule epithelial cells (HK-2/ATCCCRL-2190) treated with NOSO-95179. Cell viability was fluorimetrically determined using

a scanning fluorometer at 485/520 nm (Lindhagen et al., 2008).

Hemolytic activity assay
Mouse red blood cells were washed with 0.9% sodium chloride solution (saline solution) until the supernatant was clear after centri-

fugation and resuspended in saline solution to 10% (v/v). 300 mL of the suspensionwere added to an equal volume of NOSO-95179 to

give final concentrations of 256 mg/ml. Saline solution and ultrapure water were used as 0%and 100%hemolytic control respectively.

Microtubes were incubated at 35�C for 45 min. Then, the microtubes were centrifuged and the supernatants were transferred to

monitor the release of hemoglobin at 540 nm. Experiments were performed in triplicate.

Mouse peritonitis/sepsis infection model
NOSO-95179 was tested against K. pneumoniae SSI#3010 (clinical isolate, Denmark), with a MIC determined to 4 mg/ml in a murine

neutropenic peritonitis/sepsis model. Female NMRI mice (Taconic Biosciences A/S, Lille Skensved, Denmark) were used. Mice were

allowed to acclimatize for 4 days and there after neutropenia was induced by i.p injections with cyclophosphamide (Baxter A/S

Søborg Denmark) at 4 days (200 mg/kg) and 1 day (100 mg/kg) prior to inoculation. Overnight K. pneumoniae colonies were sus-

pended in saline to 107 CFU/ml and mice were inoculated intraperitoneally with 0.5 mL of the suspension. At 1 h post inoculation,

mice were treated with NOSO-95179 at 3.12, 6.25, 12.5 and 25 mg/kg, vehicle, PBS pH 7.4, or ciprofloxacin (Fresenius Kabi

2 mg/ml, Uppsala, Sweden) at 14 mg/kg, subcutaneously as a single dose in 0.2 ml. At 4 h after treatment, mice were anesthetized

and blood was collected by axillary cut-down. Blood samples were serially diluted and plated on blood agar plates (SSI Diagnostica,

Hillerød, Denmark) with the subsequent counting of colonies after incubation overnight at 35�C in ambient air.

Mouse lung infection model
NOSO-95179 was tested against K. pneumoniae NCTC 13442 in a neutropenic mouse pulmonary infection model by Evotec

(Manchester, UK). Mice were allowed to acclimatize for 7 days, then rendered neutropenic by IP injection of cyclophosphamide

(200 mg/kg on day 4 and 150 mg/kg on day 1 before infection). Mice were infected by intranasal route (4 3 106 CFU/mouse) under

parenteral anesthesia. At 2 h post infection, mice received treatment with NOSO-95179 at 10, 30 or 100 mg/kg administered by IV
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route in a single dose in a volume of 10ml/kg (8 mice per dose). At 2 h and 14 h post infection, tigecycline was delivered by IV route at

80 mg/kg in a volume of 10 ml/kg to serve as positive control. At 2 h post infection, one infected group was humanely euthanized and

lungs processed for pre-treatment quantitative culture to determine Klebsiella burdens. At 24 h post infection, all remaining mice

were humanely euthanized. Lungs were aseptically removed, homogenized, serially diluted, and plated on CLED (cystine lactose

electrolyte deficient) agar for CFU titers.

Isolation of ODL-resistant mutants
E. coli strain SQ110 [D(rrsH-aspU)794(::FRT) D(rrfG-rrsG)791(::FRT) D(rrfF-rrsD)793(::FRT) D(rrsC-trpT)795(::FRT) D(rrsA-rrfA)

792(::FRT) D(rrsB-rrfB)790(::FRT) rph-1 l�; ptRNA67] that carries only one copy of chromosomal rrn alleles (Quan et al., 2015)

was used for isolation of ODL resistant mutants. Approximately 3.9x109 CFUwere plated onto aMueller-Hinton Agar plate containing

10 x MIC of NOSO-95179 (80 mg/ml). Plates were incubated 48 hours at 35�C. Individual colonies that appeared on the plate were

grown in liquid culture and genomic DNA was sequenced on the Illumina MiSeq platform. The sequences were processed and

analyzed using CLC Genomics Workbench 8.0.2 (CLC bio).

Metabolic labeling assay
The effect of NOSO-95179 on macromolecular synthesis in E. coli APV00028 was assessed by Aptuit (Verona). Overnight cultures

were diluted in M9 medium with 0.25% (wt/vol) yeast extract and allowed to grow to an A600 of �0.3. The culture was incubated

at 37�C for 20 min with either 2.5 mCi/ml [14C]leucine to measure protein synthesis, 1.0 mCi/ml [14C]thymidine for DNA synthesis,

0.5 mCi/ml [14C]uridine for RNA synthesis, 5.0 mCi/ml [14C]acetic acid for fatty acid synthesis, or 1.0 mCi/ml [14C]N-acetylglucosamine

for cell wall synthesis, with increasing concentrations of NOSO-95C or NOSO-95179. Four antibacterial agents (tetracycline,

rifampin, ciprofloxacin, and amoxicillin) with known mechanisms of action were tested as controls. Duplicate samples of 40 mL

were precipitated with TCA at 20 min after compound addition and added to 100 mL of ice-cold 20% (wt/vol) TCA. After 60 min

on ice, the samples were collected over vacuum on a 96-well glass fiber filter plate (Millipore MSFBNB50) and washed three times

with 150 mL of ice-cold 10% (wt/vol) TCA. A 40 mL aliquot of scintillation cocktail was added to the dried filter plate, and counts were

obtained in a MicroBeta Trilux 1450 scintillation counter (PerkinElmer) (Hernandez et al., 2013).

Crystallographic structure determination
First, ribosome-mRNA-tRNA complex was pre-formed by programming 5 mM70S Tth ribosomes with 10 mMmRNA and incubation at

55�C for 10 minutes, followed by addition of 20 mM P-site (tRNAi
Met) and 20 mM A-site (tRNAVal) substrates (with minor changes from

(Polikanov et al., 2015)). Each of these two stepswas allowed to reach equilibrium for 10minutes at 37�C in the buffer containing 5mM

HEPES-KOH (pH 7.6), 50 mM KCl, 10 mM NH4Cl, and 10 mM Mg(CH3COO)2, Then, NOSO-95179 dissolved in the same buffer was

added to a final concentration of 250 mM to the pre-formed ribosome-mRNA-tRNA complex. Crystals were grown by vapor diffusion in

sitting drop crystallization trays at 19�C. Initial crystalline needles were obtained by screening around previously published ribosome

crystallization conditions (Korostelev et al., 2006; Polikanov et al., 2012; Selmer et al., 2006). The best-diffracting crystals were ob-

tained by mixing 2-3 ml of the ribosome-NOSO-95179 complex with 3-4 ml of a reservoir solution containing 100 mM Tris-HCl

(pH 7.6), 2.9% (w/v) PEG-20K, 7%–12% (v/v)MPD, 100-200mMArginine, 0.5mM b-mercaptoethanol (Polikanov et al., 2015). Crystals

appearedwithin 3-4 days and grew up to 1503 1503 1600 mm in sizewithin 10-12 days. Crystals were cryo-protected stepwise using

a series of buffers with increasing MPD concentrations until reaching the final concentration of 40% (v/v) MPD, in which they were

incubated overnight at 19�C. In addition to MPD, all stabilization buffers contained 100 mM Tris-HCl (pH 7.6), 2.9% (w/v) PEG-20K,

50mMKCl, 10mMNH4Cl, 10mMMg(CH3COO)2 and 6mM b-mercaptoethanol. NOSO-95179 was added to the final cryo-protection

solution. After stabilization, crystals were harvested and flash frozen in a nitrogen cryo-stream at 80�K.
Diffraction data were collected on the beamline 24ID-C at the Advanced Photon Source (Argonne National Laboratory, Argonne,

IL). A complete dataset for each ribosome complex was collected using 0.979Å wavelength at 100K frommultiple regions of the same

crystal using 0.3� oscillations. The raw data were integrated and scaled using the XDS software package (Kabsch, 2010). All crystals

belonged to the primitive orthorhombic space group P212121 with approximate unit cell dimensions of 210Å x 450Å x 620Å and con-

tained two copies of the 70S ribosome per asymmetric unit. Each structure was solved by molecular replacement using PHASER

from the CCP4 program suite (McCoy et al., 2007). The search model was generated from the previously published structure of

the T. thermophilus 70S ribosome with bound mRNA and tRNAs (PDB entry 4Y4P from (Polikanov et al., 2015)). The initial molecular

replacement solutions were refined by rigid body refinement with the ribosome split into multiple domains, followed by 10 cycles of

positional and individual B-factor refinement using PHENIX (Adams et al., 2010). Non-crystallographic symmetry restraints were

applied to 4 domains of the 30S ribosomal subunit (head, body, spur, helix 44), and 4 domains of the 50S subunit (body, L1-stalk,

L10-stalk, C terminus of the L9 protein).

Atomicmodel of NOSO-95179was generated from its known chemical structure using PRODRGonline software (Sch€uttelkopf and

van Aalten, 2004), which was also used to generate restraints based on idealized 3D geometry. Atomic model and restraints were

used to fit/refine NOSO-95179 into the obtained unbiased electron density. The final model of the 70S ribosome in complex with

NOSO-95179 and mRNA/tRNAs was generated by multiple rounds of model building in COOT (Emsley and Cowtan, 2004), followed

by refinement in PHENIX (Adams et al., 2010). The statistics of data collection and refinement are compiled in Table 1. All figures and

movie showing atomic models were generated using PYMOL (https://pymol.org/2/).
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Testing NOSO-95179 in the bacterial and mammalian cell-free transcription-translation assays
The effect of NOSO-95179 and NOSO-95C on in vitro bacterial protein synthesis was tested in the Expressway Cell-Free E. coli

Expression System (Invitrogen). The gfp gene was amplified from the pCmGFP plasmid (Srikhanta et al., 2009), cloned into

pEXP5-CT TOPO vector (Thermo Fisher) and the resulting plasmid was used as a template for in vitro transcription-translation.

The reactions were assembled following the manufacturer’s protocol and carried out in 50 ml in the wells of polystyrene black 96

half-well microplate (Greiner ref. 675077) including the addition of feed buffer at 30 minutes of incubation to support optimal protein

synthesis. Reactions were initiated by adding 1 mg of plasmid DNA, plates were incubated at 30�C and fluorescence was measured

every 20 minutes (lex = 475 nm, lem = 520 nm) with a microplate reader. IC50 values were calculated at 1 hour after addition of feed

buffer using GraphPad Prism 6 Software.

The Rabbit Reticulocyte Lysate System (L4960, Promega) was used to determine the inhibitory activity of NOSO-95179 and the

natural compound NOSO-95C on eukaryotic translation. Assays were performed following the manufacturer’s protocol in a white

polystyrene 96 half-well microplates (Corning ref. 3693) and incubated 1 h at 30�C using luciferase mRNA and recombinant ribonu-

clease inhibitor (both from Promega).

Toeprinting analysis
The DNA templates for toeprinting were generated by PCR using AccuPrime DNA Polymerase (Thermo Fisher Scientific) and primers

listed in Table S4. The fusion template ompX1-6-ermBL7-15 was prepared using 3 primers in a 2-step PCR reaction. First, the primers

T7-ompX-fwd and RBS-ompX6-7ermBL-rev were used to generate the 50 fragment which was then re-amplified using primers T7 and

ompX6-7ermBL-NV1-rev. The complete sequences of the templates are shown in Table S5.

Toeprinting reactions were carried out in 5 mL of PURExpress transcription-translation system (New England Biolabs). The final

concentrations of inhibitors in the reactions were 50 mM unless otherwise indicated; NOSO-95C and NOSO-95719 were added as

stock solutions in water. PCR-generated templates were transcribed and translated for 20minutes at 37�C, followed by primer exten-

sion (15 min) using radio-labeled NV1 primer and reverse transcriptase (Roche).

The PCR-generated DNA template was expressed in a cell-free transcription-translation system (PURExpress In Vitro Protein

Synthesis kit, New England BioLabs). For a typical reaction, 2 ml of solution A (kit), 1 ml of solution B (kit), 0.5 ml of DNA template

(0.5 pmol/ml), 0.5 ml of radioactive primer (1 pmole), 0.2 ml of Ribolock RNase inhibitor (40 U/ml, Thermo Scientific), 0.5 ml of the com-

pound to be tested and 0.3 ml of H2O were combined in the reaction tube chilled on ice. Samples were incubated at 37�C for 20 min.

Primer extension was performed using freshly prepared reverse transcriptase (RT) mix by combining five volumes of the dNTPs

solution (4 mM each), 4 volumes of the Pure System Buffer (9 mM Mg(CH3COO)2, 5 mM potassium phosphate (pH 7.3), 95 mM

potassium glutamate, 5 mM NH4Cl, 0.5 mM CaCl2, 1 mM spermidine, 8 mM putrescine, 1 mM DTT) and one volume of AMV RT

(Roche, 20-25 U/ml). One ml of the RT mix was added to the 5 ml of translation reaction, and samples were incubated at 37�C for

15 min. Reactions were terminated by addition of 1 ml of 10 M NaOH and incubation for 10 min at 37�C. The samples were then

neutralized by the addition of 0.8 ml of 12 N HCl. 200 ml of resuspension buffer (0.3 M sodium acetate (pH 5.5), 5 mM EDTA,

0.5% SDS) was added to the reactions, and samples were extracted with phenol [Tris-saturated (pH 7.5–7.7)] and then with chloro-

form. DNAwas precipitated by addition of 3 volumes of ethanol. After removal of supernatants, the pellets were washedwith 500 ml of

70% ethanol, air-dried and resuspended in 6 ml of formamide loading buffer (a 1 mL stock solution contains 980 ml of formamide

(deionized, nuclease-free, Ambion), 20 ml of 0.5 M EDTA (pH 8.0), 1 mg of bromophenol blue and 1 mg of xylene cyanol). Gel elec-

trophoresis was run in a 6% sequencing gel. Gels were transferred onto Whatman paper, dried and exposed to the phosphorimager

screen for 2 hours or overnight. Gels were visualized in a Typhoon phosphorimager (GE Healthcare) (Orelle et al., 2013b; Vazquez-

Laslop et al., 2008).

In vivo miscoding and stop codon readthrough
Themissense reporter plasmid encoding lacZ (Glu537GlyGGG) (Manickam et al., 2014) was propagated in E. coliCSH142 (F-, ara-600

del(gpt-lac)5 LAM- relA1 spoT1 thi-1) cells that were grown in LB medium supplemented with 30 mg/ml chloramphenicol. For testing

the stop codon suppressing activity of NOSO-95179, E. coli XAC-1 pGF1B cells (F0 lacI373lacZm118am proB+/F� D(lac-proB)XIII nalA rif

argEam ara) carrying a lacZ gene with a premature stop codon (Tyr17TAG) (Normanly et al., 1986) were grown in LB medium supple-

mented with 100 mg/ml of ampicillin. Upon reaching A600 of 1.0, 0.5 mL of cell culture were mixed with 3.5 mL of LB soft agar (0.6%)

kept at 50�C and poured onto an LB-agar plate containing the respective antibiotic (chloramphenicol (20 mg/ml) or ampicillin

(100mg/ml)), IPTG (0.2 mM) and X-gal (80 mg/ml). After soft agar solidification, 1 ml of 25 mg/ml solution of streptomycin (25 mg),

1 ml of 10 mg/ml solution of tetracycline (10 mg) or 1 ml of 10 mM solution of NOSO-95179 (13 mg) were spotted on top of the cell

lawn. The plates were incubated overnight at 37�C. Miscoding- or stop-codon read-through activity was revealed by a blue halo

around the spotted antibiotic.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details can be found in the figure legends.
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DATA AND SOFTWARE AVAILABILITY

Coordinates and structure factors were deposited in the RCSB Protein Data Bank with accession code 6CAE for the Tth 70S ribo-

some in complex with NOSO-95179, mRNA, A-, P- and E-site tRNAs. The sequence of the NPRS cluster responsible for the synthesis

of ODLs has been deposited to ENA under the accession number PRJEB17644.
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