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ABSTRACT

Thermorubin (THR) is an aromatic anthracenopyra-
none antibiotic active against both Gram-positive
and Gram-negative bacteria. It is known to bind to
the 70S ribosome at the intersubunit bridge B2a and
was thought to inhibit factor-dependent initiation of
translation and obstruct the accommodation of tR-
NAs into the A site. Here, we show that thermorubin
causes ribosomes to stall in vivo and in vitro at in-
ternal and termination codons, thereby allowing the
ribosome to initiate protein synthesis and translate
at least a few codons before stalling. Our biochemical
data show that THR affects multiple steps of transla-
tion elongation with a significant impact on the bind-
ing stability of the tRNA in the A site, explaining pre-
mature cessation of translation. Our high-resolution
crystal and cryo-EM structures of the 70S-THR com-
plex show that THR can co-exist with P- and A-site
tRNAs, explaining how ribosomes can elongate in
the presence of the drug. Remarkable is the ability of
THR to arrest ribosomes at the stop codons. Our data
suggest that by causing structural re-arrangements
in the decoding center, THR interferes with the ac-
commodation of tRNAs or release factors into the
ribosomal A site.

INTRODUCTION

The ever-growing antibiotic resistance among bacterial
pathogens represents a major threat to public health care
(1), calling for the continued search for new and improve-
ments of existing drugs. Understanding the detailed molec-
ular mechanisms by which various antimicrobials impede
certain cellular functions is critical for their potential im-
provement to better suit clinical applications and circum-
vent development of resistance. About half of the an-
tibiotics currently used in the clinic slow down or kill
pathogenic bacteria and thereby cure infections by selec-
tively inhibiting their ribosomes – the central components
of the protein synthesis apparatus. Being the most con-
served and sophisticated molecular machine of the cell, the
ribosome is composed of two unequal separable subunits,
small and large (30S and 50S in bacteria), which join to-
gether to form the 70S ribosome (2). Genetic information
for protein synthesis is carried to the ribosome by mes-
senger RNA (mRNA), which is read by nucleotide triplets
(codons) with the help of auxiliary transfer RNA (tRNA)
molecules that have two functional ends, one carrying the
amino acid and the other containing the anticodon that
recognizes the mRNA codons. tRNAs are indispensable
adaptors that bridge the two main functional centers of
the ribosome: the decoding center (DC) in the small sub-
unit and the catalytic peptidyl transferase center (PTC) at
the heart of the large subunit. While the PTC chemically
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links amino acids delivered by the tRNAs into polypeptides,
the DC monitors the accuracy of base pairing between the
codon of the mRNA and the anticodon of the tRNA, en-
suring that the correct tRNAs are selected. The majority
of ribosome-targeting antibiotics interfere with protein syn-
thesis by binding at the ribosome functional centers (such as
DC or PTC) and either freeze a particular conformation of
the ribosome or hinder the binding of its ligands (3). In par-
ticular, DC is targeted by many chemically unrelated antibi-
otics, including aminoglycosides, tetracyclines, tuberactino-
mycins, odilorhabdins, and negamycin (3,4).

In 1964, a secondary metabolite from Thermoactino-
myces antibioticus, called thermorubin (THR), was shown
to exhibit a broad range of activity against both Gram-
positive and Gram-negative bacteria (5,6). Despite its
strong antimicrobial properties, THR is not currently used
in the clinic mainly due to its poor solubility and low ther-
mostability above 37◦C (5). THR was further shown to in-
hibit protein synthesis in vitro (7), suggesting that the ribo-
some might be its primary intracellular target. Only much
later, in 2012, the first structure of a vacant 70S ribosome
from the Gram-negative bacterium Thermus thermophilus
in complex with THR (8) revealed that, despite being struc-
turally similar to tetracyclines, THR binds to a distinct
site within DC largely overlapping with those of aminogly-
cosides and tuberactinomycins (9,10). The binding site of
THR is located at the interface between the 30S and 50S
ribosomal subunits within bridge B2a (8). The tetracyclic
moiety of THR stacks between residue A1913 of Helix 69
(H69) of the 23S rRNA and the C1409-G1491 basepair at
the top of helix 44 (h44) of the 16S rRNA, whereas the or-
thohydroxyphenyl moiety of THR stacks upon the nucle-
obase of U1915 in H69 (8). Importantly, THR does not af-
fect translation in eukaryotic cells (5,6), such as yeast and
fungi, which can be rationalized by the absence of the equiv-
alent base pair in the 18S rRNA and the concomitant inabil-
ity to stack with the tetracyclic moiety of the drug.

The precise mechanism of THR action during protein
synthesis remains unclear. Initiation factors 1 (IF1) and 2
(IF2) interact with bridge B2a, suggesting that, in princi-
ple, ribosome-bound THR could interfere with the confor-
mational changes of this region required for efficient de-
livery of initiator fMet-tRNA to the P site during transla-
tion initiation (8). Indeed, early biochemical studies demon-
strated that THR stabilizes 70S ribosomes and inhibits ini-
tiation of protein synthesis under specific conditions, such
as IF-dependent binding of initiator tRNA to the 70S ri-
bosomes, but not IF-independent 70S or any type of 30S
initiation complex formation (7,11). However, addition of
THR does not inhibit the ability of pre-formed 70S initi-
ation complexes (containing accommodated fMet-tRNA)
to react with puromycin, suggesting that the position of the
initiator fMet-tRNA in the P site is unperturbed in the pres-
ence of ribosome-bound THR (11,12). Moreover, from the
previous structure, it became evident that the THR binding
site in the vacant ribosome does not directly overlap with
any of the tRNA binding sites (8). Nevertheless, the inter-
action of THR with bridge B2a induces nucleotide C1914
to flip out of H69, taking a conformation that is incompat-
ible with the binding of aminoacyl-tRNAs into the A site
(8). Thus, contrary to the concept of being a translation
initiation inhibitor (7), Bulkley et al. argued that THR is

likely to interfere with the accommodation of an aminoacyl-
tRNA into the A site, including the very first round of trans-
lation elongation, which could be considered as inhibition
of translation initiation (8). However, the progression and
stalling of translating ribosomes along mRNA in the pres-
ence of THR have never been assessed. Moreover, given
that many of the 16S and 23S rRNA nucleotides, especially
those constituting DC and B2a bridge, change conforma-
tion upon tRNA binding, it is conceivable that the mode
of THR binding to the ribosome could be different in the
presence of native tRNA substrates. Finally, it is difficult
to reconcile how a single nucleotide (C1914) located in a
relatively unconfined pocket of the ribosome, having mul-
tiple opportunities for deflection to avoid a clash with the
A-site tRNA, can prevent binding of a much larger tRNA
molecule to the ribosomal A site.

In this work, we set to close these gaps and uncover the
molecular mechanism underlying the mode of THR inhi-
bition of translation. Using a combination of in vivo and
in vitro techniques, we show that THR targets bacterial ri-
bosomes, and instead of arresting the ribosome at the start
codon, it does so at various codons along mRNA tem-
plates. Remarkably, on some mRNAs, THR stalls the ri-
bosome at the stop codon. By solving the 2.7 Å-resolution
X-ray crystal structure of THR in complex with the T. ther-
mophilus 70S ribosome carrying initiator formyl-methionyl-
tRNAi

fMet, we demonstrate that neither the binding site
of the ribosome-bound drug nor the location of the P-site
tRNA is affected by the presence of each other. We further
determined the 2.7 Å-resolution cryo-EM structure of the
Escherichia coli 70S ribosome in complex with the drug and
carrying both A- and P-site tRNAs, in line with our bio-
chemical data suggesting that THR can co-exist on the ri-
bosome with the A-site tRNA. Additionally, we show that
multiple partial reactions of the translation elongation cycle
are affected by THR, with the most pronounced effect ob-
served on the binding stability of A-site tRNA, explaining
the internal ribosome stalling events. Our structural data
also suggest that THR can arrest ribosomes at termination
codons, likely by preventing accommodation of a release
factor. Importantly, ribosome stalling at various stages of
elongation and termination apparently results in the accu-
mulation of undissociated 70S ribosomes, thereby decreas-
ing the concentration of free ribosomal subunits available
for translation initiation. Altogether, our results provide a
molecular understanding of the mode of ribosome inhibi-
tion by THR.

MATERIALS AND METHODS

Reagents

All reagents and chemicals were obtained from Millipore-
Sigma (USA). Thermorubin was isolated from Thermoacti-
nomyces antibioticus as reported previously (5) and pro-
vided by Dr Francis Johnson.

In vivo detection of translation inhibitors using the pDualrep2
reporter system

For the in vivo bioactivity test (Figure 1B), we used the
reporter E. coli BW25113 �tolC-pDualrep2 strain as de-
scribed previously (13,14). Briefly, 1.5 �l of the solutions
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of THR (10 mg/ml), erythromycin (ERY, 5 mg/ml), and
levofloxacin (LEV, 25 �g/ml) in DMSO were applied onto
the agar plate that already contained a lawn of the reporter
strain. After overnight incubation at 37◦C, the plate was
scanned by ChemiDoc MP (Bio-Rad, USA) using the ‘Cy3-
blot’ mode for RFP fluorescence and ‘Cy5-blot’ for Ka-
tushka2S fluorescence.

In vitro translation inhibition assay

To test the ability of THR to inhibit protein synthesis in vitro
(Figure 1C), we used the PURExpress translation system
(New England Biolabs) reconstituted from purified com-
ponents. Translation of superfolder green fluorescent pro-
tein (sfGFP) was carried out according to the manufac-
turer’s protocol. The assembled reactions (5 �l) were sup-
plemented with 5 ng of a plasmid encoding sfGFPRNA.
Varying concentrations of THR (0, 10 or 25 �M) or sare-
cycline (SAR, 25 �M) were added to the reaction mixtures,
which were then placed in a 384-well black-wall plate, and
the progression of each reaction was monitored over 3 h at
37◦C by a TECAN microplate scanner with the excitation
and emission wavelengths set at 488 nm and 520 nm, respec-
tively.

Toe-printing analysis

The synthetic DNA templates encoding the amino acid se-
quences for Rst1, Rst2, ErmBL and YrbA open reading
frames (ORFs) were generated by polymerase chain reac-
tion (PCR) and AccuPrime Taq DNA Polymerase (Thermo
Fisher Scientific, USA). The sequences of the primers used
for PCR are shown in Supplementary Table S1. The toe-
printing analysis of drug-dependent ribosome stalling anal-
ysis (Figure 1D, E; Figure S1) was carried out using Rst1,
Rst2, ErmBL and YrbA mRNA templates as previously de-
scribed (15,16) with minor modifications. Toe-printing reac-
tions were carried out in 5-�l aliquots containing a PUREx-
press transcription-translation coupled system (New Eng-
land Biolabs, USA) to which the test template was added
(17). The reactions were incubated at 37◦C for 20–25 min.
Reverse transcription on the templates was carried out us-
ing radioactively labeled primer NV1 (Supplementary Ta-
ble S1). Primer extension products were resolved on 6%
sequencing gels as described previously (18). The final
concentrations of drugs were: 50 �M THR, 50 �M api-
daecin (API), 50 �M retapamulin (RET), and 50 �M ery-
thromycin (ERY).

Sucrose gradient ribosome/polysome profiling

Overnight culture of the E. coli JW5503 �tolC (KanR)
strain grown at 37◦C was seeded into 30 ml of fresh LB me-
dia at 1:100 dilution. The cell cultures were further grown
in triplicates to log-phase at 37◦C before THR was added
to growth media at 10x MIC (62.5 �g/ml), and the cultures
were incubated at 37◦C for 1 h. DMSO was used as a neg-
ative control. The cells were pelleted at 10,000 rpm for 10
min at 4◦C, and supernatants were discarded. The follow-
ing cell lysis and sucrose gradient polysome profiling were

accomplished as described previously with minor modifica-
tions (19). Briefly, the pelleted cells were lysed by the freeze-
thaw procedure in liquid nitrogen using lysis buffer contain-
ing lysozyme. Next, to complete cell lysis, 10% sodium de-
oxycholate (15 �l) was added to the lysate, which was then
centrifuged at 10,000 rpm for 10 min at 4◦C. The recovered
supernatants were transferred to clean 1.5-ml tubes and di-
luted 100-fold with Milli-Q ultra-pure water. To normalize
the loading onto sucrose gradients, the absorbance for each
sample was determined at 260 nm, and the required volumes
were calculated. 13.8 A260 units of each sample were loaded
onto an 11-ml 10–40% sucrose gradient and centrifuged at
35,000 rpm for 4 h at 4◦C in a SW41 rotor (Beckman Coul-
ter, USA). The resulting sucrose gradient polysome pro-
files were recorded at 254 nm using ÄKTA Purifier as a
continuous-flow UV detector (GE Healthcare, USA). We
used the UNICORN software for quantitative analysis of
the observed peaks (GE Healthcare, USA). All experiments
and controls were repeated in triplicates with nearly identi-
cal profiles (Supplementary Figure S2).

Inhibition of in vitro translation of canonical and leadless
mRNA templates

Two DNA templates for subsequent in vitro transcription
(Supplementary Table S2) were first amplified by PCR.
The canonical template contains T7 promoter, 27-nt-long
leader (5’-UTR), full-length fLuc gene, and 30-nt-long 3’-
UTR. The leaderless template contains no 5’-UTR, and
the T7 promoter is immediately followed by the full-length
fLuc gene and 30-nt-long 3’-UTR. The PCR-generated
DNA templates were used directly in the in vitro cell-
free transcription-translation coupled PURExpress system
(New England Biolabs). Inhibition of protein synthesis on
leader vs. leaderless mRNAs was carried out in the absence
or presence of THR at 37◦C for 40 min. We used 1% DMSO
as a negative control, and 0.5x MIC (3.10 �g/ml), 1× MIC
(6.25 �g/ml) and 10× MIC (62.5 �g/ml) of THR. The
activity of in vitro synthesized luciferase (Supplementary
Figure S3) was measured by VICTOR X5 Multilabel Plate
Reader (Perkin Elmer, USA).

X-ray crystallographic structure determination

Wild-type 70S ribosomes from T. thermophilus (strain
HB8) were prepared as described previously (20–23). Syn-
thetic mRNA with the sequence 5’-GGC-AAG-GAG-
GUA-AAA-AUG-UAA-3’ (24MStop) containing Shine-
Dalgarno sequence followed by the P-site methionine and
the A-site stop codons (bold) was obtained from Integrated
DNA Technologies (Coralville, IA, USA). Wild-type dea-
cylated initiator tRNAi

fMet was overexpressed and purified
from E. coli as described previously (24–27). The complex
of the wild-type T. thermophilus 70S ribosome with mRNA,
vacant A site, and P-site tRNAi

fMet was formed as described
previously (22,23,25) in the presence of 500 �M THR.

Collection and processing of the X-ray diffraction data,
model building, and structure refinement were performed
as described in our previous reports (22,23,25,26,28,29).
Diffraction data were collected at beamlines 24ID-C and
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24ID-E at the Advanced Photon Source (Argonne Na-
tional Laboratory). A complete dataset was collected us-
ing 0.979Å X-ray irradiation at 100 K from multiple re-
gions of the same crystal, using 0.3-degree oscillations. Raw
data were integrated and scaled using the XDS software
package (Feb 5, 2021) (30). Molecular replacement was per-
formed using PHASER from the CCP4 program suite (ver-
sion 7.0) (31). The search model was generated from the
previously published structures of the T. thermophilus 70S
ribosome with bound mRNA and aminoacylated tRNAs
(PDB entry 6XHW (25)). Initial molecular replacement so-
lutions were refined by rigid-body refinement with the ri-
bosome split into multiple domains, followed by positional
and individual B-factor refinement using the PHENIX soft-
ware (version 1.17) (32). Non-crystallographic symmetry
restraints were applied to four parts of the 30S riboso-
mal subunit (head, body, spur, and helix 44) and four
parts of the 50S subunit (body, L1-stalk, L10-stalk and
C-terminus of the L9 protein). Structural models were
built in Coot (version 0.8.2) (33). The statistics of data
collection and refinement are compiled in Supplementary
Table S3.

Sample preparation for cryo-EM, data acquisition and image
processing

The E. coli 70S ribosomes, isolated from strain MRE600,
were prepared as previously described with some modifica-
tions (34). Briefly, the cells were washed in buffer containing
20 mM Tris–HCl pH 7.4, 10.5 mM MgCl2, 100 mM NH4Cl,
0.5 mM EDTA, 6 mM �-mercaptoethanol, and DNase I (16
U/g cells) and then lysed using a microfluidizer LM20-30
(Microfluidics, Westwood, MA). The lysate was cleared by
centrifugation at 16,000 rpm (30,600 × g) for 1 h at 4◦C and
filter-sterilized through a 0.45 �m filter. To remove fine par-
ticles and residual debris from the supernatant, the lysate
was spun at 30,000 rpm (104,000 × g) in a Type 45Ti ro-
tor (Beckman Coulter, USA) for 30 min at 4◦C. To isolate
ribosomes, the lysate was layered onto a 1.1 M sucrose cush-
ion buffer (20 mM Tris–HCl pH 7.4, 500 mM NH4Cl, 10.5
mM MgCl2, 0.5 mM EDTA, 6 mM �-mercaptoethanol)
and spun at 43,000 rpm (214,000 × g) in a Type 45Ti rotor
(Beckman) for 19 h at 4◦C. Ribosome pellets were resus-
pended in 20 mM Tris–HCl pH 7.4, 10.5 mM MgCl2, 100
mM NH4Cl, 0.5 mM EDTA and 6 mM �-mercaptoethanol.
Ribosomes were then purified through 10–40% sucrose den-
sity gradients in a SW32 rotor (Beckman) at 23,000 rpm
(90,000 × g) at 4◦C for 13 h. The fractions containing 70S
ribosomes were collected, diluted to adjust Mg2+ concen-
tration to 10 mM, and concentrated by centrifugation at
43,000 rpm (214,000 × g) at 4◦C. Pure 70S ribosomes were
resuspended and brought to the final buffer containing 10
mM Tris–HCl pH 7.4, 10 mM MgCl2, 60 mM NH4Cl, and 6
mM �-mercaptoethanol, flash-frozen in liquid nitrogen and
stored at –80◦C.

To determine the cryo-EM structure of the E. coli 70S-
THR complex with tRNAs, we incubated 2 �M E. coli 70S
ribosomes, 8 �M 24-MF mRNA, 8 �M fMet-tRNAi

fMet

in 1× ribosome buffer (5 mM Tris–HCl pH 7.4, 60 mM
NH4Cl, 10 mM MgCl2, 6 mM �-mercaptoethanol) at 37◦C

for 10 min. Then, 200 �M THR was added and the com-
plex was incubated at room temperature for 10 min. Finally,
15 �M Phe-tRNAPhe was added and incubated for an addi-
tional 10 min at room temperature.

Quantifoil R2/1 gold 200 mesh grids (Electron Mi-
croscopy Sciences) were glow-discharged for 30 s in an
(H2O2)-atmosphere using the Solarus 950 plasma cleaner
(Gatan). The mixture (4 �l), containing 2 �M E. coli 70S-
THR carrying A- and P-site tRNAs, was applied onto
grids, blotted in 85% humidity at 22◦C for 18 seconds, and
plunged-frozen in liquid nitrogen-cooled ethane using a Le-
ica EM GP2 cryo-plunger. Grids were transferred into a
Titan Krios G3i electron microscope (ThermoFisher Sci-
entific) operating at 300 keV and equipped with a Falcon3
direct electron detector camera (ThermoFisher Scientific).
The image stacks (movies) were acquired with a pixel size of
0.86 Å/pixel. Data collection was done in the EPU software
(ThermoFisher Scientific) setup to record movies with 39
fractions with a total accumulated dose of 40 e−/Å2/movie.
A total of 10,032 image stacks were collected with a defo-
cus ranging between –1 to –2.3 �m. The statistics of data
acquisition are summarized in Supplementary Table S4.

Data processing was done in cryoSPARC 3.3.2 (35). The
image stacks were imported into cryoSPARC and gain-
corrected. Image frames (fractions) were motion-corrected
with dose-weighting using the patch motion correction, and
patch contrast transfer function (CTF) estimation was per-
formed on the motion-corrected micrographs. Based on rel-
ative ice thickness, CTF fit, length, and curvature of mo-
tion trajectories, 9,852 micrographs were selected for fur-
ther processing (Supplementary Figure S4).

982,190 particles were picked using the circular ‘blob’
picker in cryoSPARC and were filtered based on defocus
adjusted power and pick scores to 972,828 particles. Then,
particles were subjected to two rounds of reference-free two-
dimensional (2D) classification. After discarding bad parti-
cles, 613,586 particles were selected from 2D classification
and used to generate the ab-initio volume. Using ‘heteroge-
neous refinement’ in cryoSPARC with five groups, particles
were further classified into two class averages. Both class av-
erages represent the 70S ribosome with density for bound
tRNAs. Particles were therefore combined (565,280) and
classified based on focused 3D variability analysis (3DVA)
with a mask around the A-site tRNA which allowed to re-
move 55,534 ‘bad’ particles with broken density for tRNAs.
This approach yielded two main class averages containing
310,702 ribosome particles with A- and P-site tRNAs, and
199,044 ribosome particles containing P-site tRNA and no
A-site tRNA. Particles from each class were re-extracted
to full-size (512 × 512-pixel box), followed by non-uniform
and CTF refinement in cryoSPARC. The Fourier Shell Cor-
relation (FSC) curves were calculated using the cryo-EM
validation tool in Phenix 1.19.2 for even and odd parti-
cle half-sets masked with a ‘soft mask’ excluding solvent
(36). The nominal resolution of the reconstructions using
the FSC-cutoff criterion of 0.143 is 2.7 Å for the 70S-THR
ribosome complexed with A-site Phe-tRNAPhe and dea-
cylated P-site tRNAi

fMet, and 2.8 Å for the 70S-THR ri-
bosome complexed with P-site tRNAi

fMet (Supplementary
Figure S5).
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Model building and refinement of the E. coli 70S ribosome

As a starting model, the 30S and 50S subunits were taken
from the high-resolution structure of the E. coli 70S ribo-
some (PDB entry 7K00 (37)) and rigid-body docked into
the 2.7 Å-resolution cryo-EM map of the 70S-THR with
A- and P-site tRNAs using UCSF Chimera 1.14 (38). The
fMet-tRNAi

fMet and Phe-tRNAPhe were taken from PDB
entry 6XHW (25), rigid-body fitted into the EM density,
and adjusted in Coot (39). The complete model of the E. coli
70S ribosome, including modified nucleotides in rRNAs
and tRNAs, ordered solvent and bound THR, A-site Phe-
tRNAPhe and P-site tRNAi

fMet was real-space refined into
the EM map for five cycles using Phenix 1.19.2 (40) with
global energy minimization and group ADP refinement
strategies along with base pair restraints for rRNA and tR-
NAs, together with Ramachandran and secondary struc-
ture restraints. The resulting model of the E. coli 70S-THR
with Phe-tRNAPhe in the A site and deacylated tRNAi

fMet

in the P site was validated using the comprehensive vali-
dation tool for cryo-EM in Phenix 1.19.2 (36). The cryo-
EM data collection, refinement, and validation statistics are
compiled in Supplementary Table S4.

Figure generation

All figures showing atomic models were rendered using
the PyMol software (www.pymol.org), UCSF Chimera 1.14
(38) or Chimera X 1.2 (41) and assembled with Adobe Illus-
trator (Adobe Inc.).

Sample preparation for rapid kinetics measurements

E. coli 70S ribosomes, initiation factors (IF1, IF2 and IF3),
elongation factors (EF-Tu and EF-G), aminoacylated ini-
tiator fMet-tRNAi

fMet, aminoacylated [14C]Phe-tRNAPhe,
tRNAPhe(Prf16/17) and [14C]Val-tRNAVal were prepared
as described previously (42–45). MF-mRNA containing
AUG-UUU nucleotide sequence encoding for Met-Phe
dipeptide and MVF-mRNA containing AUG-GUU-UUU
nucleotide sequence encoding for Met-Val-Phe tripeptide
were obtained by T7 transcription. The full sequences for
the DNA templates used for T7 transcription of MF- and
MVF-mRNAs are:

• MF-mRNA: CGAATTTAATACGACTCACTAT
AGGGAATTCAAAAATTTAAAAGTTAACAGGTA
TACATACTATGTTTACGATTACTACGATCTTC
TTCACTTAATGCGTCTGCAGGCATGCAAGC

• MVF-mRNA: CGAATTTAATACGACTCACTAT
AGGGAATTCAAAAATTTAAAAGTTAACAGGTA
TACATACTATGGTTTTTATTACTACGATCTTCT
TCACTTAATGCGTCTGCAGGCATGCAAC

The sequences of T7 promoters are italicized; sequences
coding for Met-Phe or Met-Val-Phe are bold. All reactions
were performed in the TAKM7 buffer (50 mM Tris–HCl pH
7.5, 70 mM NH4Cl, 30 mM KCl and 7 mM MgCl2) unless
otherwise stated.

For a typical 1-ml reaction of initiation complex for-
mation, 1 �M 70S ribosomes were incubated with 3 �M
mRNA, 2 �M fMet-tRNAi

fMet, 1.5 �M of IF1, IF2 and

IF3 in the TAKM7 buffer supplemented with 1 mM GTP
and 2 mM DTT for 1 hour at 37◦C. Ternary complexes of
aminoacyl-tRNA•EF-Tu•GTP were prepared by preincu-
bation of EF-Tu with 1 mM GTP, 3 mM phosphoenolpyru-
vate, 2 mM DTT, 1% pyruvate kinase in the TAKM7 buffer
for 15 min at 37◦S, followed by addition of aminoacyl-
tRNA and incubation for 1 minute. Pre-translocation ribo-
some complexes were formed by mixing 70S initiation and
ternary complexes with subsequent incubation for 2 min at
37◦C. For purification, the concentration of Mg2+ ions was
increased to 21 mM, and the mixture of pre-translocation
complexes was layered onto a 400-�l 1.1 M sucrose cush-
ion (prepared in the TAKM21 buffer), followed by cen-
trifugation in an SW55 rotor (Beckman Coulter, USA) at
55,000 rpm for 3 h at 4◦C. The pellet was dissolved in
the TAKM21 buffer, flash frozen in liquid nitrogen, and
stored at –80◦C. fMet-tRNAi

fMet, Phe-tRNAPhe and Val-
tRNAVal were purified by HPLC and stored at –80◦C.
To prepare Phe-tRNAPhe(Prf16/17), 8 �M of deacylated
tRNAPhe(Prf16/17) was incubated with 0.2 mM pheny-
lalanine, 3 mM ATP, 6 �M �-mercaptoethanol, 40 nM
phenylalanine-specific tRNA-synthetase, and 40 nM tRNA
nucleotidyltransferase in the TAKM7 buffer for 30 min at
37◦C. Phe-tRNAPhe(Prf16/17) was purified on HiTrap Q
column with 0.2 to 1 M NaCl gradient in 10 mM Tris–HCl
pH 7.6, 10 mM MgCl2 and stored at –80◦C. Where nec-
essary, 33 �M THR (final concentrations after mixing are
given throughout) was added to the 70S ribosomes, initia-
tion, or pre-translocation complexes and incubated on ice
for 2 min.

Rapid kinetics measurements

To monitor the time course of aminoacyl-tRNA interac-
tion with the A site of the ribosome, we rapidly mixed 0.1
�M Phe-tRNAPhe(Prf16/17)•EF-Tu•GTP ternary com-
plex with 0.4 �M initiation ribosome complexes pro-
grammed with MF-mRNA at 20◦C. To study the pre-
steady-state kinetics of translocation, we rapidly mixed 0.06
�M ribosome pre-translocation complexes containing dea-
cylated tRNAi

fMet in the P site and fluorescently labeled
fMet-Phe-tRNAPhe(Prf16/17) (46) in the A site with 2 �M
EF-G in the presence of 1 mM GTP at 37◦C. Fluorescence
was recorded using SX-20 stopped-flow apparatus (Applied
Photophysics). Proflavine fluorescence was excited at 460
nm and measured after passing through a KV495-nm cut-
off filter. Light-scattering experiments were carried out at
430 nm, followed by detection at a 90◦ angle without the
cut-off filter. Samples were rapidly mixed in equal volumes
(60 �l). Time courses were obtained by averaging 5-to-7 in-
dividual transients. Data were evaluated by fitting with a
two-exponential function with characteristic time constants
(kapp1, kapp2), amplitudes (A1, A2) and final signal ampli-
tude (F∞) according to equation F = F∞ + A1*exp(–kapp1*t)
+ A2*exp(–kapp2*t), where F is the fluorescence at time t.
All calculations were performed using the GraphPad Prism
9.3.1 software (GraphPad Software, Inc).

A-site peptidyl-tRNA dissociation constant measurements

Experiments and calculations were carried out according to
the previously published methodology (47) in the HAKM10

http://www.pymol.org
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Figure 1. Thermorubin inhibits protein synthesis both in vivo and in vitro. (A) Chemical structure of thermorubin (THR). (B) Induction of a two-color dual
reporter system sensitive to inhibitors of the ribosome progression or inhibitors of DNA replication. Spots of erythromycin (ERY), levofloxacin (LEV) and
thermorubin (THR) were placed on the surface of an agar plate containing E. coli �tolC cells transformed with the pDualrep2 plasmid (14). Induction of
expression of Katushka2S (red) is triggered by translation inhibitors, while RFP (green) is induced upon DNA damage. (C) Time-courses of inhibition of
sfGFP synthesis by THR (blue and red curves) and sarecycline (SAR, magenta curve) in the in vitro cell-free translation system. AU, arbitrary units. (D,
E) Ribosome stalling by THR and other protein synthesis inhibitors on ermBL (D) and yrbA (E) mRNA templates as revealed by reverse transcription
inhibition (toe-printing) in a recombinant cell-free translation system. Nucleotide sequences of wild-type ermBL and yrbA genes, and the corresponding
amino acid sequence, are shown on the left in each panel. Sequencing lanes (C, U, A, G) are on the left of each gel. Due to the large size of the ribosome,
the reverse transcriptase used in the toe-printing assay stops 16 nucleotides downstream of the codon located in the P site. Black arrowhead marks the
translation start site (retapamulin control, lane 4). Blue, green, red, teal, and orange arrowheads point to the THR-induced arrest sites within the coding
sequences of ermBL or yrbA mRNAs. Magenta arrowhead points to the erythromycin-specific stalling site on ermBL only. Yellow arrowheads point to
the translation stop site (apidaecin control, lane 3). Note that, similar to apidaecin, THR induces ribosome stalling at the stop codons of ermBL and yrbA
mRNAs. Experiments were repeated twice independently with similar results.

buffer (50 mM HEPES pH 7.5, 70 mM NH4Cl, 30 mM
KCl and 10 mM MgCl2) at 37◦C. Briefly, to induce the dis-
sociation of fMet-[14C]Val-tRNAVal from the A site of puri-
fied pre-translocation complexes (0.25 �M), the Mg2+ con-
centration was adjusted from 21 to 10 mM in the sample,
and the amount of peptidyl-tRNA bound to the A site was
determined by nitrocellulose filtration at different incuba-
tion times. Dissociation elemental rate constant (koff) and
equilibrium dissociation constant (Kd) were calculated from
time courses of dissociation by numerical integration (47).
The following kinetic model was used: A ⇔ B + C, and
B ⇒ D, where A denotes ribosomes with peptidyl-tRNA
bound to the A site; B, unbound peptidyl-tRNA; C, ri-
bosomes with unoccupied A site; D, hydrolyzed peptidyl-
tRNA. The elemental association rate constant (kon) was
calculated from the ratio Kd = koff/kon.

RESULTS AND DISCUSSION

Thermorubin targets translating ribosomes in vivo

The main goal of this study was to explore the inhibitory
properties of the anthracenopyranone antibiotic thermoru-
bin (THR, Figure 1A) and uncover its mechanism of ac-

tion. Although THR has long been known to inhibit protein
synthesis in a crude cell lysate (7), it was also shown to ex-
hibit potent activity against aldose reductase (48), suggest-
ing that ribosome might not necessarily be the only cellu-
lar target for this drug. To assess whether protein synthesis
is the primary target of THR in vivo, we used an E. coli-
based reporter system designed to rapidly screen inhibitors
targeting either protein synthesis or DNA replication (14).
In this assay, sub-inhibitory concentrations of antibacte-
rial compounds that stall translation, such as the macrolide
erythromycin (ERY), induce expression of the far-red fluo-
rescent protein reporter Katushka2S (Figure 1B, ERY, red
pseudocolor ring). Compounds that trigger the SOS re-
sponse, such as inhibitors of DNA gyrase (e.g. levofloxacin
(LEV)), induce expression of the Red Fluorescent Protein
(RFP) reporter (Figure 1B, LEV, green pseudocolor ring).
Both reporters are encoded by the same pDualrep2 plasmid
in the E. coli BW25113 cells. The test antibiotic is applied as
a drop or a disc onto a lawn of these cells, and its intracel-
lular target could be determined based on the reporter be-
ing induced. When E. coli cells carrying the reporters were
exposed to THR, the expression of the far-red fluorescent
protein Katushka2S, but not of RFP, was observed, indicat-
ing that the drug specifically arrests ribosomes and targets
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protein synthesis in vivo (Figure 1B, THR, red pseudocolor
ring).

Thermorubin is a potent inhibitor of protein synthesis in vitro

To further confirm that THR acts as a translation inhibitor,
we tested its ability to interfere with in vitro protein syn-
thesis. The addition of THR to the cell-free transcription-
translation coupled system reconstituted from purified
components resulted in a dose-dependent inhibition of the
synthesis of superfolder green fluorescent protein (sfGFP)
(Figure 1C). In these experiments, addition of 25 �M THR
decreased sfGFP synthesis by ∼10 fold, comparable to
the inhibitory properties of the tetracycline-class antibiotic
sarecycline (SAR), which we used as a positive control. This
data suggests that THR is a potent translation inhibitor
and provides a promising foundation for future ribosome-
targeting drug development.

It remains unclear, however, which step of translation
– initiation, elongation, or termination – is inhibited by
THR. Therefore, we used primer extension inhibition as-
say (toe-printing) to answer this question. This method is
based on the reverse-transcriptase-dependent extension of
a radioactively-labeled DNA primer annealed to the 3’-
end of the translated mRNA template. Primer extension re-
action terminates when the reverse transcriptase encoun-
ters a stalled ribosome. This technique allows us to un-
ambiguously identify drug-induced ribosome stalling site(s)
along the mRNA with single nucleotide precisions (16,49).
A large set of ribosome-targeting antibiotics has been pre-
viously tested by toe-printing using ermBL, yrbA, rst1 or
rst2 mRNA templates (16) because their sequences contain
codons for almost all proteinogenic amino acids. Therefore,
we have chosen the same experimental system to directly
compare our THR results with well-established modes of
action of other antibiotics.

The addition of THR to the cell-free translation system
programmed with ermBL, yrbA, rst1 or rst2 mRNAs re-
sulted in predominant ribosome stalling at various codons
within the corresponding open reading frame (ORF) but
not at the start codon (Figure 1D, E; Figure S1). These data
suggest that, unlike the known initiation inhibitor retapa-
mulin (Figure 1D, lane 4, black arrowhead) (16), THR is
not a bona fide initiation inhibitor, as speculated before (7).
Interestingly, the ribosomes translate at least two codons
before they stall in the presence of THR (Figure 1D, lane
2, blue arrowhead), excluding the possibility of THR act-
ing during the first elongation cycle (at least on the mRNAs
tested), as is the case with retapamulin. Also, depending on
the mRNA used, THR can cause ribosome stalling at mul-
tiple internal codons (Figure 1D, lane 2, blue, green, and
red arrowheads; Figure 1E, lane 2, teal and orange arrow-
heads), which is yet very distinct from the internal codon
stalling caused by the macrolide antibiotic erythromycin on
the ermBL mRNA (Figure 1D, lane 5, magenta arrowhead).
Importantly, our experimental toe-printing data showing
that THR allows for ribosome progression contradicts the
previous structure-inspired idea that THR-dependent re-
arrangement of nucleotide C1914 prevents binding of an A-
site tRNA and, thus, indiscriminately inhibits every elonga-
tion cycle (8). Our data suggest that THR can either co-exist

on the ribosome with an A-site tRNA or bind and dissoci-
ate from the ribosome during the elongation and act in a
context-specific fashion, i.e. preferably bind when particu-
lar codons are present in the A site. Perhaps, the most unex-
pected result of the toe-printing analysis was manifested on
the yrbA mRNA template (and to a lesser extent on ermBL,
rst1, and rst2 mRNAs), where THR caused the most promi-
nent ribosome stalling at the stop codon (Figure 1D, E, lane
2, yellow arrowhead; Supplementary Figure S1), suggesting
that in addition to being an elongation inhibitor on some
ORFs, THR acts as a termination inhibitor on the other
ones. Thus, the mode of action of THR is similar to a known
translation termination inhibitor, apidaecin (Figure 1D, E,
lane 4, yellow arrowhead) (50). Subsequent ribosome pro-
filing experiments are needed to provide additional insights
into the context-specificity of THR action by analyzing the
transcriptome-wide distribution of ribosomes along the ac-
tively translated genes.

Ribosome stalling during elongation or termination steps
of protein synthesis would lead to the accumulation of
undissociated 70S ribosomes, decreasing the number of free
30S and 50S ribosomal subunits, thereby indirectly inhibit-
ing translation initiation. To address this possibility, we
performed sucrose gradient ultracentrifugation profiling of
crude ribosomes isolated from either untreated or THR-
exposed E. coli cells (Supplementary Figure S2). As ex-
pected and in agreement with the previously published data
(11), we observed a substantial (approximately 4-fold) in-
crease in the amount of 70S particles at the expense of 30S
and 50S subunits upon THR treatment in vivo (Supplemen-
tary Figure S2, blue versus red traces). However, this result
does not allow us to distinguish whether the accumulated
70S-THR ribosome particles are stalled during translation,
or whether they correspond to vacant non-translating ri-
bosomes stabilized by THR. The idea that THR can indi-
rectly inhibit translation initiation by depleting the pool of
free 30S subunits available for initiation via tethering of 30S
and 50S subunits to yield vacant 70S particles was discussed
as an unlikely scenario in the previous studies (12). How-
ever, we decided to further explore this possibility by ex-
ploiting the observation that vacant 70S ribosomes can ini-
tiate translation exclusively on leaderless mRNAs (51,52).
Therefore, if THR is an inhibitor of canonical translation
initiation on 30S subunits, it is not expected to inhibit lead-
erless mRNA translation. To this end, we compared the ex-
tents of inhibition by THR using the in vitro synthesis of lu-
ciferase encoded by the leaderless versus canonical mRNAs
(Supplementary Figure S3). We observed nearly equal inhi-
bition of translation of both canonical (Supplementary Fig-
ure S3A) and leaderless (Supplementary Figure S3B) mR-
NAs, suggesting that, in the presence of THR, ribosomes
stall during the elongation and/or termination but not the
initiation stage of translation, which is also manifested by
THR-induced accumulation of 70S particles (Supplemen-
tary Figure S2).

Thermorubin does not interfere with the P-site tRNA

The exact location of the THR binding site in the context
of the vacant 70S ribosome was known from the previous
3.2 Å-resolution structure (8). While laying the foundation
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Figure 2. X-ray and cryo-EM maps of ribosome-bound thermorubin. (A) 2Fo-Fc Fourier electron density map of THR in complex with the T. thermophilus
70S ribosome (blue mesh) carrying only the P-site tRNA viewed from two different angles. The refined model of THR is displayed within its respective
electron density map contoured at 1.0�. (B) Cryo-EM map of the ribosome-bound THR in complex with the E. coli 70S ribosome (blue mesh) carrying
both A- and P-site tRNAs. Carbon and oxygen atoms are colored red and salmon in (A), and yellow and red in (B), respectively. Magnesium ion is colored
in teal. Note that the locations of all chemical moieties of THR can be unambiguously determined from the electron density map.

for understanding the mechanisms of THR action, never-
theless, this structure represents a physiologically irrelevant
complex because, in the cell, antibiotics interact primar-
ily not with vacant but with translating ribosomes associ-
ated with ligands, such as mRNAs, tRNAs, nascent pro-
tein chain and/or translation factors. Therefore, to address
the possibility that the THR binding site on the ribosome
is somewhat different or altered in the presence of native
tRNA substrate(s), we set to determine structures of bacte-
rial ribosome-THR complexes carrying either a single P-site
tRNA or both A- and P-site tRNAs.

First, we crystallized T. thermophilus (Tth) 70S ribosomes
in the presence of mRNA, initiator tRNAi

fMet and THR
(Figure 1A) and determined its structure at 2.7 Å resolution
(Figure 2A, 3A; Table S3). The better-quality electron den-
sity maps allowed us to visualize and unambiguously model
the drug as well as the 16S and 23S nucleotides adjacent to
its binding site. The inclusion of mRNA and P-site tRNA
in our ribosome complexes likely provided additional sta-
bilization of the ribosome that, in turn, contributed to the
∼0.5 Å higher resolution compared to the previous struc-
ture at 3.2 Å (8). Most importantly, the binding position
of THR in our structure is identical to the one observed
previously for THR bound to the vacant Tth 70S ribosome
in the absence of mRNA and P-site tRNA (Figure 3B) (8).
This suggests that the presence of the initiator tRNA in the
P site does not affect the general mode of THR binding to
the ribosome.

In our structure, THR binds in the loop at the top of
h44, where it forms extensive �-� stacking interactions with
the surrounding nucleobases of rRNAs (Figure 3C). The
aromatic tetracyclic moiety of the drug is sandwiched be-
tween the C1409:G1491 base pair of the 16S rRNA on
one side and nucleobase A1913 of the 23S rRNA on the
other (Figure 3C). Despite the abundance of hydrogen-

bond (H-bond) donors and acceptors in the THR molecule,
there is only a single H-bond that directly involves the drug
with the 2’-hydroxyl of residue A1913 of the 23S rRNA.
Other electrostatic interactions of THR with the ribosome
are mediated by a water-coordinated magnesium ion vis-
ible in the electron density map (Figures 2A and 3D).
In the drug-free Tth 70S ribosome, nucleotide C1914, lo-
cated at the tip of H69, stacks upon the next nucleotide
m5U1915 (Supplementary Figure S6A). However, in the
presence of THR, the m5U1915 nucleobase stacks with the
aromatic orthohydroxyphenyl moiety of the drug, thereby
taking the place of C1914 and causing it to flip out (Fig-
ure 3D; Figure S6B, C). THR binding to the DC of the ri-
bosome also re-arranges nucleotide A1913, which becomes
engaged in extensive stacking interactions with the drug
and can no longer interact with the incoming A-site tRNA
(Supplementary Figure S6C). Similar re-orientations of nu-
cleotides A1913 and C1914 were observed previously in
the 70S-THR structure featuring the vacant 70S ribosome
(8).

Thermorubin and A-site tRNA can co-exist on the ribosome

In principle, the flipped-out conformation of C1914 is in-
compatible with a tRNA in the ribosomal A site (Supple-
mentary Figure S6B), as suggested before (8). However, our
toe-printing data contradict this hypothesis and indicate
that the ribosome is able to translate ORFs in the presence
of THR (Figure 1D, E; Figure S1) – a result that could
hardly be reconciled if THR is incompatible with an ac-
commodated A-site tRNA. This observation suggests that,
in the presence of THR, accommodation of an aa-tRNA
into the ribosomal A site either causes re-orientation of
nucleotide C1914 and pushes it out of the way, or reposi-
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Figure 3. X-ray crystal structure of 70S-THR complex with P-site tRNA. (A) Overview of the drug-binding site (red) in the T. thermophilus 70S ribosome
carrying mRNA (magenta) and deacylated initiator tRNA in the P site (navy) viewed as a cross-cut section through the nascent peptide exit tunnel. The
30S subunit is shown in light yellow; the 50S subunit is light blue. Helices 69 and 44 of the 23S and 16S rRNAs are highlighted in blue and pale yellow,
respectively. (B) Superposition of the ribosome-bound THR in the presence of P-site tRNA (red) with the previous structure of THR bound to a vacant
ribosome (blue, PDB entry 4V8A (8)). The structures were aligned based on helix 44 of the 16S rRNA. (C, D) Close-up views of the THR bound in the
decoding center of the 70S ribosome (E. coli numbering of the 23S and 16S rRNA nucleotides is used). Potential H-bond interactions are indicated with
dashed lines. Note that binding of THR to the 16S–23S bridge B2a causes nucleotide C1914 to flip out of its usual location in the absence of A-site tRNA.
Also note that THR binding, even with the empty A site, induces nucleotides A1492 and A1493 of the 16S rRNA to flip out of helix 44.

tions the drug into a previously unseen conformation, or
both.

Therefore, in order to directly address the possibility of
A-tRNA-induced C1914 re-orientation, we determined the
2.7 Å-resolution cryo-electron microscopy (cryo-EM) struc-
ture of the E. coli 70S ribosome carrying Phe-tRNAPhe

and tRNAi
fMet in the A and P sites, respectively, and also

bound with THR (Figure 4A; Table S4). Contrary to the
previous hypothesis and in silico predictions (Supplemen-
tary Figure S6B), our cryo-EM structure reveals fully ac-
commodated Phe-tRNAPhe and THR both bound to the ri-
bosome side-by-side (Figures 2B and 4A; Figure S7). In-

terestingly, in the presence of THR, we observed a ∼90-
degree deflection of nucleotide C1914 towards the sol-
vent side relative to its flipped-out conformation seen in
the previous structure, allowing Phe-tRNAPhe to fully ac-
commodate into the A site (Figure 4B, C). At the same
time, most of the interactions of THR with the ribosome
were retained in the presence of the A-site tRNA, and
its binding site remained undisturbed (Figure 4C). This
structure shows that an aa-tRNA can accommodate into
the ribosomal A site even in the presence of ribosome-
bound THR, rationalizing our in vitro toe-printing data
(Figure 1D, E).
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Figure 4. Cryo-EM structure of 70S-THR complex with both A- and P-site tRNAs. (A) Overview of the THR binding site (yellow) in the E. coli 70S
ribosome containing mRNA (magenta) and full-length Phe-tRNAPhe (green) and tRNAi

fMet (navy) in the A and P sites, respectively, viewed as a cross-
cut section through the ribosome. (B) Close-up view of THR bound in the decoding center in the presence of fully accommodated A-site tRNA. Note
that nucleotide C1914 adopts a previously unseen conformation, in which it does not interfere with tRNA binding. (C) Structural re-arrangements in the
decoding center (red dashed arrows) upon THR binding and tRNA accommodation. Superpositioning of the previous structure of drug-free ribosome
carrying both A- and P-site tRNAs (PDB entry 6XHW (25)) with the two new 70S-THR structures with or without A-site tRNA. The structures were
aligned based on helix 44 of the 16S rRNA. Note that in the presence of THR and A-site tRNA, nucleotide C1914 flips halfway out from its normal position
in Helix 69 of the 23S rRNA, allowing for tRNA accommodation (light blue to blue transition). However, in the absence of A-site tRNA, nucleotide C1914
is unrestricted and fully flips out (blue to teal transition).

Thermorubin affects multiple steps of translation elongation

Altogether our toe-printing and structural data suggest that
THR does not inhibit translation initiation and binding of
tRNA to the ribosomal A site. However, the observed ri-
bosome stalling within the ORF of mRNA templates used
for toe-printing (Figure 1D, E, lane 2, blue, green, red, teal,
and orange arrowheads) suggests that one or more steps
of elongation could be impaired by THR. As the elonga-
tion cycle consists of (i) A-site tRNA delivery, (ii) peptide
bond formation, and (iii) translocation steps, we set to as-
sess the effects of THR on each of these individual steps
using a reconstituted in vitro translation system. First, to
monitor the effect of THR on tRNA delivery, we used a
stopped-flow fluorescence detection assay to follow the de-
livery of Phe-tRNAPhe(Prf16/17) in the form of the ternary
complex (EF-Tu•GTP•Phe-tRNAPhe(Prf16/17)) to the ini-
tiated ribosome complexes bearing the UUU codon in the
vacant A site (Figure 5A). An increase in a characteris-
tic biphasic fluorescence change represents the initial bind-
ing of the ternary complex to the ribosome and subse-
quent codon recognition, which induces GTPase activa-
tion and results in GTP hydrolysis by EF-Tu. The sub-
sequent decay of the high fluorescence intermediate is re-
lated to the release of tRNA from the GDP-bound form
of EF-Tu and accommodation of the tRNA in the A site
of the ribosome (53). Two-exponential fitting of the fluo-
rescence curves allowed us to measure the rate constants of
initial ternary complex binding and subsequent tRNA ac-
commodation. Interestingly, THR does not affect ternary
complex binding (kapp1(no drug) = 22.8 ± 0.9 s−1 ver-
sus kapp1(THR) = 19.0 ± 0.4 s−1), whereas the rate of
tRNA accommodation decreases by approximately eight
folds (kapp2(no drug) = 9.4 ± 0.3 s−1 versus kapp2(THR) =
1.19 ± 0.04 s−1) suggesting that THR slows down aa-tRNA
accommodation.

Accommodation of the aa-tRNA into the A site of
the PTC leads to peptide bond formation by fast spon-
taneous transfer of a peptidyl moiety of the P-site tRNA
onto the A-site tRNA. Thus, the final level of dipeptide
formed depends on the amount of correctly accommo-
dated A-site tRNA. We found that THR-containing riboso-
mal complexes are less effective in forming fMet-[14C]Phe-
dipeptidyl-tRNAPhe, with only 59% of dipeptide formed rel-
ative to the drug-free ribosomes, which is likely due to the
inhibitory effect of THR on aa-tRNA accommodation.

Peptide bond formation is followed by a translocation
event that comprises large-scale movements of mRNA and
tRNAs through the ribosome, marking the end of each
elongation cycle. During this step, the deacylated-tRNA
moves from the P to the E site, which then rapidly disso-
ciates from the ribosome. Simultaneously, peptidyl-tRNA
translocates from the A to the P site maintaining codon-
anticodon interactions with the mRNA that results in ri-
bosome movement by one codon along the mRNA. To as-
sess whether THR affects translocation, we monitored the
kinetics of this process by changes in fluorescence upon
addition of the translational GTPase EF-G to the pre-
translocation ribosome complex containing fluorescently
labeled fMet-Phe-tRNAPhe(Prf16/17) in the A site and dea-
cylated tRNAi

fMet in the P site. The addition of EF-G to
such complex results in a two-step change in fluorescence in-
tensity with a predominant fast step (more than 80% of the
total signal amplitude). The addition of THR increases the
rate of peptidyl-tRNA translocation from the A to the P site
by 2.5 fold (kNo Drug = 22.4 ± 0.3 s−1 versus kTHR = 55 ± 3
s−1), whereas the amplitude of the total fluorescence signal
decreases by 30% (Figure 5B). Both of these observations
indicate that A-site tRNA becomes destabilized in the pres-
ence of THR (similar to (47,54)), resulting either in disso-
ciation of the dipeptidyl-tRNA from the ribosome before
translocation or in its more rapid translocation to the P site



Nucleic Acids Research, 2023, Vol. 51, No. 1 459

Figure 5. Ribosome-bound THR impairs the elongation cycle. (A) Pre-steady state kinetics of A-site tRNA binding upon interaction of the ternary complex
EF-Tu•GTP•Phe-tRNAPhe(Prf16/17) (0.1 �M) with the 70S initiated ribosomes (0.4 �M) containing fMet-tRNAi

fMet in the P site. Shown are time courses
in the absence (blue) and presence (red) of THR. (B) Pre-steady state kinetics of translocation upon interaction of the 70S pre-translocation ribosome
complexes (60 nM) containing deacylated-tRNAi

fMet in the P site and fMet-Phe-tRNAPhe(Prf16/17) in the A site with EF-G (2 �M). Color scheme is
the same as in panel A. Each time course represents the average of five to seven experimental replicates. Standard deviations associated with the kinetics
were calculated using GraphPad Prism software. (C) Time courses of dissociation of peptidyl-tRNA from the A site of the 70S pre-translocation ribosome
complexes in the absence (blue) or presence (red) of THR.

upon addition of EF-G. These data agree with the observed
slowed-down accommodation of aa-tRNA, suggesting that,
although THR does not preclude tRNA binding to the ribo-
somal A site, THR-induced re-arrangements of rRNA nu-
cleotides are likely responsible for the observed poor stabil-
ity of the A-site tRNA. Indeed, our cryo-EM data reveals
that in the presence of THR, nucleotide A1913 of the 23S
rRNA is unable to form H-bond with the 2’-OH of the ri-
bose of nucleotide 37 in the A-site tRNA rationalizing the
lower stability of A-site tRNA.

Thermorubin decreases the binding affinity of tRNA to the A
site

Purine nucleotide at position 37 in most tRNAs is usually
heavily post-transcriptionally modified and plays a crucial
role in maintaining the structure of the tRNA anticodon
loop and stability of the codon-anticodon duplex (47). Re-
moval of the modification or replacement of purine at this
position with pyrimidine dramatically decreases the en-
thalpy of tRNA-ribosome interactions (47), suggesting that
the observed loss of H-bond between this nucleotide and
23S rRNA due to THR-induced re-arrangement of A1913
(Supplementary Figure S6A, B) might influence the ther-
modynamic properties of A-site tRNA binding. To eval-
uate the effect of THR on the affinity of peptidyl-tRNA
to the A site, we determined dissociation constants (47).
Under appropriate conditions, A-site peptidyl-tRNA can
dissociate reversibly from the purified pre-translocation ri-
bosome complexes depending on its binding stability (55),
allowing equilibrium dissociation constant (Kd) and the
rate constants of tRNA dissociation from (koff) and asso-
ciation with the A site (kon) to be calculated. When the
drug-free ribosome complexes containing A-site peptidyl-
tRNAVal were incubated at 37◦C and 10 mM Mg2+, ∼50%
of the peptidyl-tRNA remained bound to the ribosomal A
site even after 2 h of incubation (Figure 5C, blue curve).
In contrast, dissociation of the same amount of peptidyl-
tRNAVal from the THR-containing ribosome complexes
occurred significantly faster, leaving only about 10% of the
peptidyl-tRNA bound to the ribosomes after 10 min of in-

cubation (Figure 5C, red curve). The calculated affinity of
peptidyl-tRNAVal to the A site of the THR-bound ribosome
is 12 times lower compared to the drug-free ribosome com-
plexes (Kd(no drug) = 0.13 ± 0.08 �M versus Kd(THR) =
1.5 ± 0.3 �M) (Figure 5C; Table S5), yet again emphasizing
that A-site tRNA binding is negatively affected by THR.

Ribosome-bound thermorubin likely interferes with the activ-
ity of class-I RFs

THR-dependent ribosome stalling at the stop codons of
rst1, rst2, ermBL and yrbA mRNA templates used in our
toe-printing assay (Figure 1D, E; Figure S1) suggests that
THR can also act as an inhibitor of translation termina-
tion. In light of this finding, we explored whether THR sim-
ply prevents binding of class-I release factors (RF1 and/or
RF2) to the A site or, vice versa, traps class-I RFs on the
ribosome, similar to the mode of action of the peptide an-
tibiotic apidaecin (50), thereby making translation termina-
tion impossible in either case. To distinguish between these
two possibilities, we attempted to obtain structures of the
70S-RF1 complex with THR using ribosomes from T. ther-
mophilus or E. coli and either X-ray crystallography or cryo-
EM approaches. Despite numerous attempts, our structures
showed that RF1 did not bind to the 70S–THR complexes,
suggesting that THR sterically hinders the delivery of RF1
into the A site. Superimposition of the 70S-THR structure
with the previous structures of ribosome-bound RF1 (Fig-
ure 6A) reveals a relatively small sterical hindrance between
the ribosome-bound drug and Arg286 of the RF1 bound in
the A site. Although even a small sterical overlap between
the drug and RF1 should prevent binding of either one to
the ribosome, the Arg286 residue does not interact with any-
thing, is not restricted by the surrounding residues, and, in
principle, shall be able to reorient to avoid the clash with
THR. However, the THR-induced flipped-out conforma-
tion of nucleotide C1914 of the 23S rRNA produces exten-
sive sterical clash with residues Glu110, Arg112, Lys157 and
Ile293 of the A-site-bound RF1, suggesting that RF is un-
likely to be able to accommodate into the A site in the pres-
ence of THR (Figure 6A) explaining why we were unable to
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Figure 6. Ribosome-bound THR likely prevents binding of release factor to the A site. (A) Superimposition of the ribosome-bound RF1 (PDB entry 3D5A
(57)) with the new structure of 70S-THR complex carrying both A- and P-site tRNAs. The structures were aligned based on helix 44 of the 16S rRNA.
Note that the THR-induced flipped-out conformation of C1914 would cause steric clashes with RF1 bound in the A site. (B) Structural re-arrangements
in the decoding center that are required for RF1 to bind to the 70S ribosome (dashed red arrows). Note that binding of RF1/2 to the ribosome requires
nucleotides A1492, A1493 of the 16S rRNA and A1913 of the 23S rRNA to adopt positions that are incompatible with ribosome-bound THR.

obtain structures of such complexes. Moreover, binding of
RF to the ribosome induces significant re-arrangements of
nucleotides A1492, A1493 of the 16S rRNA and A1913 of
the 23S rRNA, which, in turn, are incompatible with THR
(Figure 6B). Altogether our structural analysis shows that
although binding positions of THR and class-I RFs on the
ribosome barely overlap, binding of one of these ligands to
the ribosome induces mutually exclusive conformations of
nucleotides around the DC, preventing binding of the other.

CONCLUSION

Altogether, our data suggest that THR is a potent inhibitor
of protein synthesis that targets the elongation and/or ter-
mination steps of translation. THR could also indirectly in-
hibit initiation by depleting the pool of individual 30S sub-
units. Interestingly, the effects of THR binding on transla-
tion resemble those observed from mutations in bridge B2a
(56), yet again suggesting interference with the functioning
of bridge B2a to be the primary mode of action of THR.
Given the current scarcity of new chemical scaffolds for new
antibiotic development, we believe that the structural and
biochemical data reported here will attract attention to this
‘forgotten’ antibiotic and could inform further attempts to
improve THR via rational drug design. Perhaps through
chemical derivatizations, the problems of THR’s poor solu-
bility and low thermostability may be solved to make THR
a more suitable candidate for clinical trials. It is intrigu-
ing, however, that a compound with such poor solubility
and low thermostability is naturally produced by a bacte-
rial host whose optimal growth temperature is between 48
and 53◦C (5). This makes us wonder if THR is naturally
complexed with an adjuvant, which stabilizes and solubi-
lizes it in the cytoplasm of the producing bacterial cells. An

alternate purifying strategy might help identify THR in its
native form, which may be more soluble and/or potent than
the parent compound.
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