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ABSTRACT 

Deciphering translation is of paramount importance for the understanding of many diseases, 

and antibiotics played a pivotal role in this endeavour. Blasticidin S (BlaS) targets translation 

by binding to the peptidyl transferase center of the large ribosomal subunit. Using biochemical, 

structural, and cellular approaches, we show here that BlaS inhibits both translation elongation 

and termination in Mammalia. Bound to mammalian terminating ribosomes, BlaS distorts the 

3’CCA tail of the P-site tRNA to a larger extent than previously reported for bacterial 

ribosomes, thus delaying both, peptide bond formation and peptidyl-tRNA hydrolysis. While 

BlaS does not inhibit stop codon recognition by the eukaryotic release factor1 (eRF1), it 

interferes with eRF1’s accommodation into the peptidyl transferase center and subsequent 

peptide release. In human cells, BlaS inhibits nonsense-mediated mRNA decay and, at 

subinhibitory concentrations, modulates translation dynamics at premature termination 

codons leading to enhanced protein production. 
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INTRODUCTION 

Ribosome-targeting antibiotics are priceless tools in biochemistry and structural biology to 

dissect individual steps of translation and probe the modes of action of these antibiotics as 

well as of the factors involved in translation. A plethora of such compounds target translation 

initiation and elongation, and many of the antibiotics compromising elongation have been 

implemented in clinical practice (1). However, only very few antibiotics interfere with translation 

termination (1,2). Blasticidin S (BlaS) is an inhibitor of translation termination in bacteria (3). 

As early as in the 1960s, BlaS was known to inhibit protein synthesis in all kingdoms of life (3-

7). BlaS is a peptidyl-nucleoside antibiotic composed of a cytosine, a pyranose sugar ring, and 

an N-methyl-guanidine tail. Structures show that BlaS binds to the P-site loop formed by 

ribosomal RNA within the peptidyl transferase center in the large ribosomal subunit of 

Thermus thermophilus (3), the archaea Haloarcula marismorui (8), and Saccharomyces 

cerevisiae (9). In contrast, other antibiotics known to interfere with peptide bond formation, 

such as puromycin or anisomycin, bind to the A-site in the peptidyl transferase center and 

inhibit aminoacyl-tRNA binding in archaea and yeast (8,9). 

Structures of bacterial translating ribosomes showed that ribosome-bound BlaS displaces and 

deforms the 3’CCA tail of P-site tRNA and distorts release factor 1 (RF1) binding in the A-site 

of the peptidyl transferase center, thereby preventing peptidyl-tRNA hydrolysis (3,10). BlaS 

also interferes with aminoacyl-tRNA binding to the ribosomal A-site and subsequent peptidyl 

transfer. However, peptide release is inhibited at considerably lower concentrations than 

peptide bond formation, and thus BlaS preferentially inhibits translation termination in bacteria 

(3,10). Since in S. cerevisiae BlaS binding to the P-site loop in the peptidyl transferase center 

was found to be conserved, inhibition of translation termination by BlaS was suggested to be 

the conserved in eukaryotes and in bacteria (9). 

In eukaryotic cells, translation termination is monitored by nonsense-mediated mRNA decay 

(NMD), a conserved eukaryotic mRNA surveillance pathway that targets mRNAs with 

premature stop codons for degradation (11-13). Active translation is required to recognize 

such nonsense mRNAs. Consequently, inhibition of translation by antibiotics cycloheximide, 
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anisomycin or puromycin protects nonsense mRNAs from NMD (14-16). How NMD factors 

recognize nonsense mRNAs and differentiate between proper and improper termination 

remains enigmatic. According to current NMD models, translation termination at a premature 

termination codon is slow and inefficient compared to termination at a normal stop codon (11-

13,17). This has been suggested to be caused by ribosome stalling at a premature stop codon, 

possibly due to inappropriate spacing between the stop codon and the termination-promoting 

poly(A)-binding protein in the 3’-untranslated region (18,19). Furthermore, the conserved NMD 

factor UPF3B has been shown to delay translation termination in vitro in a fully reconstituted 

human translation system (20). 

Nonsense mutations constitute ~20% of all human disease-associated single-base pair 

mutations (21). In this context, compounds that specifically modulate translation termination 

enabling enrichment of terminating ribosomes, are urgently needed to better understand the 

difference between termination at normal versus premature termination codons and to design 

new treatment strategies for diseases caused by nonsense mutations. 

Here, we dissected the impact of BlaS on mammalian translation, termination and on NMD. 

Using mammalian in vitro translation systems, we show that BlaS inhibits both translation 

elongation and termination. During termination, BlaS impairs peptide release and subsequent 

ribosomal dissociation by UPF3B. Cryogenic electron microscopy (cryo-EM) of BlaS-bound 

mammalian termination complexes reveals that, in contrast to bacterial complexes, 

accommodation of eRF1 in the peptidyl transferase center is inhibited in the mammalian 

ribosome due to a substantially larger deformation of the 3’CCA tail of the P-site tRNA, which 

is also predicted to interfere with peptide bond formation. In HeLa cells, BlaS treatment does 

not promote NMD by stalling termination, but instead stabilizes the premature stop codon-

mutated mRNA. At low, sub-inhibitory concentrations BlaS increases production of the 

truncated nonsense protein, while virtually not affecting global translation.  
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resin was then washed in lysis buffer containing 1 M NaCl, followed by 2X 10mL washes in 

lysis buffer and 4X 10mL elution steps with lysis buffer supplemented with 50 mM, 100 mM, 

150 mM, and 250 mM imidazole. Wash and elution fractions were analyzed by SDS-PAGE. 

eRF3a-containing fractions were diluted to 150 mM NaCl (final salt concentration) in buffer 

containing 25 mM HEPES pH 7.4, 1 mM DTT and loaded onto a 5 mL HiTrap Q XL column 

(GE, #17515901). Proteins were eluted over a 25 CV gradient from 150 to 1000 mM NaCl. 

Protein-containing fractions were analyzed by SDS PAGE and concentrated to 300 µM, flash 

frozen, and stored at -80°C. VCE was purified as previously described (25). 

In vitro translation luciferase assay 

100 ng Firefly luciferase mRNA was added to rabbit reticulocyte lysate (Green Hectares, 

Wisconsin, USA) in a reaction volume of 10 µL, as described previously (26). Blasticidin S 

(Sigma-Aldrich, #15205) was added simultaneously, and the in vitro translation reactions were 

incubated at 30°C for 30 mins. Reactions were stopped by the addition of 30 µL of 1X lysis 

buffer from the luciferase assay kit (Promega, #E1500). The luciferase activity was detected 

following the manufacturer’s protocol using a Synergy Neo2 plate reader (BioTek, Vermont, 

USA).  

Preparation of pre-termination complexes 

In vitro translation reactions were conducted using an adapted RRL system (23,27). For 

biochemical assays, [35S]-labelled pre-TCs were prepared as follows: RRL in vitro translation 

reactions were supplemented with 2 µg of mRNA, 10 µM eRF1AAQ and 0.1 mCi EasyTag™ 

[35S]-methionine (Perkin Elmer, #NEG772002MC) in a final volume of 200 µL for 20 mins at 

30°C. The reaction was stopped by adding 750 mM KOAc and 15 mM Mg(OAc)2. The pre-

TCs were immobilized on 200 µL ANTI-FLAG M2 Affinity Gel (SigmaAldrich, #A2220) by 

incubation with gentle rotation at 4°C for 1.5 hours, followed by washing 4X with wash buffer 

1 (50 mM HEPES pH 7.4, 100 mM KOAc, 5 mM Mg(OAc)2, 0.1% Triton X-100, 1mM DTT), 

2X with wash buffer 2 (50 mM HEPES pH 7.4, 250 mM KOAc, 5 mM Mg(OAc)2, 0.5% Triton 

X-100, 1mM DTT) and finally 4X with RNC buffer (50 mM HEPES, pH 7.4, 100 mM KOAc, 5 
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mM Mg(OAc)2, 1mM DTT). The pre-TCs were eluted with 0.1 mg/mL 3xFLAG peptide in RNC 

buffer, aliquoted, flash frozen and stored at -80°C.  

Peptide release assays 

For peptide release assays, [35S]-labelled Pre-TCs were incubated with an equal volume of 

RRL and supplemented with the indicated amount of BlaS. The reactions were incubated at 

30°C for 10 mins, then quenched by the addition of protein SDS-PAGE loading dye. For the 

peptide release time course assays, the reactions were supplemented with 800 nM BlaS and 

incubated at 30°C for the time points indicated. After quenching, the samples were separated 

on a 10% BIS:TRIS PAGE gel. All gels were dried and exposed to a phosphor screen and the 

amount of peptide measured using a Typhoon 9400 Variable Mode Imager (GE 

Healthcare/Amersham Biosciences) and images quantified using ImageJ (28).  

In vitro translation and toeprinting analysis of pre- and post-termination complexes 

In vitro termination and toeprinting analysis were performed as previously described (20). In 

the data displayed in Fig. 1, the release factors or the pre-TCs were incubated for five minutes 

at 37 °C with 5 µg/mL BlaS or 1 mM puromycin (with respect to the final volume of the 

termination reaction) and subsequently combined. Translation termination was performed in 

the presence or absence of UPF3B and allowed to proceed for five minutes. 

In vivo luciferase reporter assay 

The Luciferase reporter system has been described elsewhere (29). Briefly, 1x105 Hela 

cells/well were seeded in 6-well-plates and transfected after 24 hours with 0.6 µg/well of the 

reporter plasmids pCI-Renilla-HBB WT or pCI-Renilla-HBB-Nonsense-Mutation 39 (NS39). 

0.35 µg/well of the pCI-Firefly-luciferase plasmid and 0.2 µg/well of a YFP-expression vector 

were co-transfected for quantification and visual assessment of transfection efficiency. After 

16 hours the cells were washed with full medium and treated for 3 hours with BlaS or left 

untreated as indicated in Fig. 5 and Supplementary Fig 5. Cells were lysed in 200 µl/well 

Passive Lysis Buffer (Promega #E1941). 3 µl were used to measure luciferase luminescence 

in the Centro LB 960 luminometer (Berthold Technologies, Germany) using the Dual-

Luciferase Reporter Assay System (Promega # E1910). Renilla luciferase signals were 
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normalized to the Firefly luciferase control signals and subsequently normalized WT and NS39 

expression levels were compared. In indicated cases transfected cells were lysed in RIPA 

buffer. 10–15 µg of total protein was separated on 10% SDS-PAGE gels and immunoblotted. 

Expression of Renilla-HBB fusion proteins was monitored using an anti-Renilla antibody, and 

Firefly luciferase was detected using an anti-Firefly luciferase antibody (both Merck, 

Darmstadt, Germany). 

Quantitative real-time PCR 

The remainder of above lysate was extracted with TRIzol (ThermoFisher # 15596026) to 

isolate total mRNA. 2 µg total mRNA was used to generate cDNA. The quantitative RT-PCR 

was performed on a StepOnePlus™ machine (Applied Biosystems/ThermoFisher), using 

Absolute™ SYBR green mix (ThermoFisher #AB1158B). The primers used were:  

HBBex1/2sense: 5’CTGGGCAGGCTGCTGGTG3’; HBBex2/3 as: 

5’CGTTGCCCAGGAGCCTGAAG3’; Firefly sense: 5’AGAGATACGCCCTGGTTCCT3’; 

Firefly antisense: 5’ATAAATAACGCGCCCAACAC3’. Renilla-HBB WT/NS39 expression 

levels were normalized to Firefly expression levels and subsequently the normalized Renilla-

HBB-NS39 levels (with and without treatment) were compared to the respective WT levels. 

Sucrose cushion centrifugation and luciferase detection 

A 1mL 1M sucrose cushion in RNC buffer was topped with 300uL of prepared HeLa cell lysate 

transfected as above with pCI-Renilla-HBB-WT, pCI-Renilla-HBB-NS39, or pCI-Firefly-

Luciferase mRNA generated from a 10 cm dish lysed in 20 mM Tris, pH 7.5, 100 mM KAc, 5 

mM Mg(OAc)2, 0.5% NP 40 containing protease and RNase inhibitor. These cells were 

transfected and treated (for 3 hours) with 5 or 100ug/mL BlaS or left untreated and lysed as 

above. Ultracentrifugation was performed at 55,000 rpm for 3 hours using a TLA-55 rotor and 

an Optima Ultracentrifuge (Beckman Coulter) at 4°C.The supernatant was removed, and the 

ribosomal pellet was dissolved in an equal volume RNC buffer. Renilla and Firefly luciferase 

detection was conducted as above using the manufacturers recommended protocol but using 

a Synergy Neo2 plate reader (BioTEK, USA).  

Statistical analysis 
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eRFs, peptide release was substantially inhibited, and half-maximal release was achieved 

only after 25 mins (Fig. 1d, Supplementary Fig. 1b). 

We could not exclude that BlaS inhibits a step prior to peptide release. Therefore, we tested if 

BlaS also interferes with stop codon recognition by eRF1. Using preTCs that contain a MVHC-

tetrapeptide-tRNA generated in a human reconstituted translation system (20,40), we 

performed primer extension inhibition assays (toeprinting assays). PreTCs with peptidyl-

tRNACys in the ribosomal P-site and the stop codon in the A site generate a toe-print band 16 

nucleotides 3’ to the U of the P-site UGC (Cys) codon. Stop codon recognition by eRF1WT or 

eRF1AGQ is detected as a +1 or +2 nucleotide shift from a pre-TC to a post-termination complex 

(postTC) (Fig. 1e, lanes 1,2, Supplementary Fig. 1c) (40). The formation of postTCs, i.e. the 

recognition of the stop codon in the ribosomal decoding center by eRF1, was not impaired by 

the presence of BlaS (Fig. 1e, lanes 3,5,7,8) and/or by the presence of puromycin, which 

causes peptide release (Fig. 1e, left gel, lanes 4,6,7,8). This finding was independent of the 

order of addition of BlaS to the pre-TCs (Fig. 1e, lanes 3,7), or to the eRFs (Fig. 1e, lanes 5,8). 

Thus, BlaS does not interfere with stop codon recognition by eRF1. 

We previously reported that the NMD factor UPF3B dissociates postTCs after peptide release 

by eRFs in a manner reminiscent of ribosome recycling by eIF1, eIF1A, eIF3 and eIF3j (20,41). 

Ribosome dissociation is evidenced by the weakening of postTC toeprints and increased 

intensity of the full-length mRNA band (Fig. 1e, lane 9). When peptide release is further 

enhanced by puromycin, UPF3B causes a disappearance of postTC toeprints indicating 

complete ribosome dissociation (Fig. 1e, lanes 11,13,15). In contrast, BlaS interferes with 

postTC dissociation by UPF3B and preserves postTC toeprints, similar to the eRF1AGQ mutant 

(Fig. 1e, lanes 10,12,14, Supplementary Fig. 1c, compare lanes 5,6,8, and 10). This agrees 

with our finding that BlaS inhibits peptide release (Fig.1c,d), and further confirms our earlier 

finding that UPF3B triggers ribosome dissociation after peptidyl-tRNA hydrolysis. It indicates 

that the efficiency of UPF3B in ribosome dissociation directly reflects the completeness of 

peptide release by puromycin (Fig. 1e, lane 11) or the eRFs (Fig. 1e, lane 9) (20). Interestingly, 

in the toeprinting experiments, pre-binding of BlaS to the preTCs interferes to some extent 
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resolution), the P-site tRNA is present but poorly resolved (Supplementary Fig. 4c), and 

therefore the P-site tRNA in this structure is not modelled. The A-site in the small subunit (the 

decoding center) is bound by eRF1, and eRF1 and eRF3a are in the pre-accommodation state 

(Fig. 2c, Supplementary Figs. 2,3, Supplementary Table 1) (27). All three structures have BlaS 

bound in the 60S peptidyl transferase center (Fig. 3, Supplementary Fig. 4). 

 

BlaS binding distorts P-site tRNA and prevents eRF1 accommodation 

In the Empty-A cryo-EM structure representing ~35% ribosomes, density for BlaS is observed 

near the 3’CCA tail of the P-site peptidyl-tRNA (Fig. 2d). Hydrogen bonds are formed between 

the cytosine part of BlaS and 28S rRNA bases G4196 and G4197 of the P-loop, but we do not 

observe Watson-Crick base pairing as in bacteria and archaea (3,8). The N-methyl-guanidine 

tail of BlaS interacts with the phosphate backbone of G4385, G4546 and G4547 (Fig. 3). The 

P-site peptidyl-tRNA forms a base-stacking interaction with the cytosine part of BlaS via 

residue A76 of the 3’CCA tail. This leads to displacement of C74 and C75 and distortion of the 

3’CCA end (Fig. 2d, 3a). Interestingly, we observe a van der Waals interaction between BlaS 

and the sidechain of the terminal valine (Val68) of the nascent chain which further contributes 

to BlaS coordination and to distortion of the peptidyl-tRNA (Fig. 3a). Overall, BlaS binding to 

the P-site causes displacements of up to 9.5 Å for backbone phosphates and up to 14.5 Å for 

the bases of the 3’CCA tail of the tRNA relative to their normal position in the P-site of the 

peptidyl transferase center (Fig. 4a) (23). Beyond the 3’CCA tail, the binding of BlaS has 

virtually no impact on the tRNA conformation or the architecture of the 40S decoding center. 

In the Hybrid and eRF-Bound cryo-EM structures, BlaS density is observed in the P-site of the 

60S subunit at the same position (Fig. 3b,c,d). However, small differences are found in the 

positioning of BlaS’ cytosine and N-methyl-guanidine tail resulting in a slightly altered 

hydrogen bonding network and clearer base stacking with both C75 and A76 of the 3’CCA tail 

(Fig. 3b). 

An overlay of A-site and P-site tRNAs from a mammalian ribosomal elongation complex (44), 

with BlaS and peptidyl-tRNA in the Empty-A structure reveals that the distorted P-site tRNA 
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would cause clashes with the A-site tRNA (stars in Fig. 4b). Accordingly, accommodated A-

site aminoacyl-tRNA would have to adopt a different, sub-optimal conformation in the BlaS-

bound ribosome, explaining how BlaS interferes with peptide bond formation and thus 

elongation. 

Structures of bacterial RFs bound to ribosomal complexes have all indicated a strong 

propensity of RFs to exist in the accommodated state (45-48). To determine a cryo-EM 

structure of the pre-accommodation state of the bacterial termination complex, a special 

hyper-accurate RF1 variant combined with termination step inhibition by incubation with BlaS 

was required (49). Eukaryotic termination complexes show eRF1 in the accommodated state 

(23,27,50) and, in the presence of non-hydrolysable GTP analogues, in the pre-

accommodated state (27,51). Our three cryo-EM structures all show an empty 60S A-site 

despite efficient stop codon recognition by eRF1 in toeprinting assays (Fig. 1e, Fig. 2). This 

was unexpected because we added excess GTP to our sample and thus stop codon 

recognition should lead to activation of eRF3a, GTP hydrolysis, and accommodation of eRF1 

into the A-site of the peptidyl transferase center. However, density for eRF1 was found only in 

the decoding center of 40S in one of the structures (Fig. 2c). This eRF-bound structure, which 

presents ~6% of the particles, is lower resolution (4.1 Å) compared to the other two structures, 

and the local resolution of eRF1 and eRF3a is even lower (ca 4.5-6.0 Å), suggestive of a 

degree of dynamic conformational sampling within the eRF1-eRF3a complex (Supplementary 

Fig. 3c). This likely reflects attempted accommodation by eRF1 which is being prevented by 

BlaS binding. An overlay of a previous mammalian ribosomal termination complex with 

accommodated eRF1 (27) with our Empty-A structure reveals a steric clash between the 

distorted 3’CCA tail of the BlaS-bound peptidyl-tRNA and the M domain of eRF1, including the 

catalytic GGQ motif of eRF1 responsible for peptide release (Fig. 4c). In contrast, a structure 

of a bacterial 70S termination complex bound to RF1 and BlaS showed accommodation of 

RF1 (10), but with distortion of the catalytic GGQ motif of RF1. This difference is most likely 

due to a substantially larger distortion of the mammalian peptidyl-tRNA in the presence of BlaS 

compared to bacterial tRNA in the P-site (3) (Fig. 4d). BlaS is localized further towards the 3’ 
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HeLa cells transfected with the Renilla-HBB NS39 plasmid and treated with BlaS for 3 hours, 

we observed a BlaS concentration-dependent increase of the reporter mRNA levels (Fig. 5a 

right), whereas levels of the WT mRNA remained unchanged (Fig. 5a left). This suggests that 

inhibition of translation termination by BlaS was either not efficient in vivo or failed to simulate 

the molecular context of termination at a premature stop codon and thus did not lead to mRNA 

decay. 

 

Interestingly, Renilla luciferase enzymatic activity expressed from the nonsense reporter 

mRNA increased ~1.8-fold in the presence of 5 and 10 µg/mL BlaS (Fig. 5b right) whereas the 

levels of luciferase expressed from the Renilla-HBB WT mRNA had no statistically significant 

change (~1.2-fold, Fig. 5b left). At the same time, as judged by the expression of Firefly 

luciferase and actin B protein controls, global translation was not substantially affected at 5-

10 µg/mL BlaS (Supplementary Fig. 5a). The increased production of the Renilla-HBB 

nonsense protein is consistent with a similarly elevated nonsense mRNA level at 5-10 µg/mL 

BlaS (Fig. 5a right). Thus, the observed increase of both protein and nonsense mRNA levels, 

indicates that partial inhibition of NMD leads to higher nonsense mRNA level and increased 

translation of the encoded truncated protein. In contrast, higher concentrations of BlaS (50 

and 100 µg/mL BlaS) considerably reduce protein production and enzymatic activity of both 

the Renilla-HBB WT and nonsense reporter while inhibiting NMD as reflected by the up to 4-

fold increased expression of the nonsense reporter mRNA up to ~80% of the WT mRNA level 

(Fig.5a,b). Taken together, this suggests that stabilization of nonsense mRNAs by BlaS 

treatment precedes complete translation inhibition. 

 

BlaS does not prevent nascent chain release in vivo 

We hypothesized that inhibition of translation termination by BlaS would lead to an 

accumulation of ribosome-associated nascent protein in vivo. In eukaryotes, depending on co-

translational folding of the nascent peptide the ribosomal exit tunnel covers ~30–70 amino 

acid residues of the growing peptide chain (54). Firefly luciferase C-terminally extended by a 
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indicates that in vivo, BlaS does not efficiently inhibit translation termination and nascent chain 

release.  

 

DISCUSSION 

Although BlaS was discovered to inhibit protein synthesis as early as in the 1960’s, its 

functional characterization has hitherto been largely limited to bacterial and fungal systems 

(3-6,10,42,43). We expected BlaS’ mode of action and hence the preferential inhibition of 

translation termination to be conserved in Mammalia. Importantly, a specific inhibitor of 

termination would be an attractive tool to study the link between translation termination and 

NMD in vivo in higher eukaryotes. We therefore investigated the mechanism of BlaS-mediated 

inhibition of mammalian translation biochemically and structurally. 

Similar to the situation in bacteria, we found that BlaS slows down peptide release mediated 

by eRF1, eRF3a and GTP and partially prevents peptidyl-tRNA hydrolysis. At higher 

concentrations BlaS inhibits peptide synthesis (Fig. 1b), revealing an impact on both 

elongation and termination steps. However, in our mammalian system, translation termination 

is impaired at a 6-fold higher concentration than elongation (IC50 21 nM for translation inhibition 

vs 120 nM for termination inhibition, Fig. 1a,c), while the situation in bacteria is the reverse 

(IC50 182-380 nM vs 32 nM) (3,43). Hence, our in vitro experiments indicate that BlaS inhibits 

elongation more efficiently than peptide release in Mammalia (Fig. 1a,c). Consistently, a recent 

study using an adapted luciferase system to monitor in vitro mammalian translation termination 

in real-time reported that BlaS (at high concentration) strongly inhibits translation elongation 

(55). However, the authors found no effect on termination (55). We further explored specific 

steps of termination, and found that stop codon recognition by the eRFs, a precondition of 

eRF1-mediated peptide release, is not affected by BlaS (Fig. 1e left, Supplementary Fig. 1c). 

UPF3B-mediated ribosome dissociation, which requires peptide release, is impaired in the 

presence of BlaS (Fig. 1e, right), thus confirming that BlaS inhibits the peptide release step 

during translation termination. 
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To better understand BlaS’ mode of action regarding mammalian peptide release, we solved 

the cryo-EM structure of ribosomal termination complexes in the presence of BlaS, eRFs and 

GTP. Our findings illuminate the differences between the effects of BlaS on bacterial versus 

mammalian translation. Computational sorting yielded three distinct complexes which all 

comprised BlaS density bound to the P-loop in the peptidyl transferase center. BlaS displaces 

both C74 and C75 of the 3’CCA tail from the rRNA (Fig. 4a). In contrast, in the bacterial BlaS-

ribosome structures only C75 is displaced by ~7Å by BlaS which intercalates between C74 

and A76 (Fig. 4d) (3,10). In our structure, BlaS displaces C74 and C75 up to 14.5 Å resulting 

in a substantially larger distortion in the peptidyl transferase center (Fig. 4a). 

Our structures shed light on the mechanism of BlaS’ inhibition of peptide bond formation and 

peptide release. The displacement of the peptidyl-tRNA from the P-loop towards the A-site is 

predicted to lead to a series of clashes with the amino acyl-tRNA bound to the A-site (Fig. 4b). 

Accommodation of amino-acyl-tRNA into the A-site would require a conformational adaptation 

resulting in suboptimal geometry of the tRNAs and thus slowdown of the peptidyl transfer 

reaction. In the eRF-Bound termination complex, eRF1 is bound in the pre-accommodated 

state and complexed with eRF3a (Fig. 2c). The lower local resolution of the eRFs (4.5-6.0Å) 

and the flexibility of the P-site tRNA (only weak density for the 3’CCA tail and anticodon stem 

loop is detected) suggests that these factors are in a state of conformational sampling, likely 

a product of attempted accommodation of eRF1. Superimposition of the Empty-A structure 

with a termination complex with bound, accommodated eRF1 (27) reveals a substantial steric 

clash between the GGQ-loop of eRF1 and the displaced 3’CCA tail of the P-site tRNA (Fig. 

4c). This indicates that eRF1 accommodation into the peptidyl transferase center is inhibited 

in the presence of BlaS. In contrast, RF1 accommodation in the bacterial ribosome in the 

presence of BlaS is enabled due to a ~2Å shift of the GGQ-motif of RF1 and a distortion of the 

conserved U2585 residue (bacterial rRNA numbering) which then binds Gln235 of the GGQ 

motif (10). Consequently, the interaction between RF1 and peptidyl-tRNA is perturbed and 

this leads to inhibition of peptide release. In our structures, the 3’CCA tail of P-site tRNA is 
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shifted even further (~14.5Å, compared to ~7Å) towards the A-site, likely preventing eRF1 

accommodation into the 60S A-site (Fig 4c,d). 

Because purified ribosomes and translation factors only partially recapitulate the situation in a 

cellular environment, we used our NMD reporter system (29) to address the impact of a range 

of BlaS concentrations on translation of a normal and a premature stop codon-mutated 

transcript in transiently transfected HeLa cells. Specifically, we wondered whether the 

termination inhibition activity of BlaS would enhance mRNA decay as reflected by both mRNA 

level and enzymatic reporter activity and thus support a model of NMD where delayed 

termination triggers mRNA decay (11-13,17). However, while the WT reporter mRNA level 

remained unaffected by BlaS, the premature stop codon-mutated mRNA level gradually 

increased with increasing BlaS concentrations to 80% of the WT at the highest concentration 

tested. At this concentration both WT and truncated protein expression and activity were 

considerably reduced (Fig. 5a,b). NMD inhibition by translation inhibitors is well-described 

(15,16,52,57-59). It therefore appears that BlaS mainly acts as an elongation inhibitor in vivo. 

Interestingly, protein expression from Renilla luciferase-HBB wildtype and nonsense reporter 

mRNAs, as measured by enzymatic activity, differed in response to BlaS treatment (Fig. 5b): 

At sub-inhibitory concentrations, wildtype protein expression was virtually unaffected by BlaS 

(~1.2-fold) and only inhibited at high concentrations. In contrast, sub-inhibitory concentrations 

of BlaS induced an increase of both expression and activity of the truncated reporter protein 

(Fig. 5b, right panel; Supplementary Fig. 5), while global translation seems not to be affected 

under these conditions. Our sucrose centrifugation experiments revealed that neither full-

length nor truncated Renilla-HBB nascent chains accumulate on elongation- or termination-

stalled ribosomes after BlaS treatment. It thus appears that either termination is not 

significantly inhibited at these BlaS concentrations or that in vivo stalled ribosomes are rapidly 

dissolved and the produced nonsense proteins are released from the ribosome (Fig. 5c). We 

note that the stimulatory effect on nonsense protein expression at sub-inhibitory BlaS 

concentrations appears to be proportional to the stabilization of the nonsense mRNA levels 

(Fig. 5a,b); both mRNA and protein enzymatic activity increased ~1.8-fold at 5 and 10 µg/mL 
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BlaS. In conclusion, NMD appears to be sensitive to small disturbances of translation 

dynamics by antibiotics. 

In recent years, translation inhibitors were used to study no-go decay and ribosome quality 

control mechanisms (37,60). Subinhibitory cycloheximide concentrations induce ribosome 

collisions and trigger no-go quality control (60). Ribosome collisions induced by difficult-to-

translate sequences (e.g. by poly(A) sequences) and subsequent translational quality control 

can be prevented by sub-inhibitory amounts of initiation inhibitor pactamycin leading to a lower 

ribosome density on the mRNA transcript; and this slowdown of translation through a 

problematic sequence does not cause ribosome collisions (37). Here, the sub-inhibitory BlaS 

concentrations are likely to slow-down elongation by binding and dissociating from the 

ribosome. At the same time, this mildly impaired elongation may prevent translation 

termination at the premature stop codon from being recognized as slow and aberrant, and 

therefore NMD is not triggered. It seems that by generating a translation problem elsewhere 

(during elongation), problems during termination can be avoided, possibly by reducing 

ribosomal collisions at the premature stop codon. This suggests that the NMD machinery can 

be impaired by the absence of active translation (global translation inhibition) as well as by 

changed translation dynamics (slowed elongation). 

Further investigation is required to understand how cells use such translation dynamics to 

finetune the levels of endogenous NMD-target mRNAs. Enhanced expression of proteins 

encoded by exogenous and endogenous NMD target mRNAs has been observed upon 

treatment with other NMD inhibitors (59). Moreover, the extent of nonsense mRNA 

stabilization in response to antibiotics treatment varies depending on NMD substrate and cell 

type (61,62). Further studies will reveal if such antibiotics-induced effects could be exploited 

for new treatment strategies of NMD-associated diseases, where NMD aggravates the 

disease phenotype and the C-terminally truncated nonsense protein would be (partially) 

functional.  
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SUPPLEMENATARY DATA  

Supplementary Data are available at NAR online. 

 

FUNDING 

The work of G.N-Y, A.E.K. and M.W.H. was supported by the Deutsche 

Forschungsgemeinschaft through the SPP1935 grant. The work of C.S. was supported by a 

Wellcome Trust Investigator Award (210701/Z/18/Z). 

 

ACKNOWLEDGEMENTS 

We are particularly grateful to Dr Ramanujan Hegde and Dr Szymon Juszkiewicz of the MRC-

LMB for their support and guidance with the RRL in vitro translation system. We thank Simon 

Burbidge and Thomas Batstone for computation infrastructure support for BBSRC-funded 

BluoCryo [BB/R000484/1]. We thank Jiayi Fu for assistance with cloning eRF1AAQ. We 

acknowledge support by the Wolfson Bioimaging Facility and the GW4 Facility for High-

Resolution Electron Cryo-Microscopy funded by the Wellcome Trust [202904/Z/16/Z and 

206181/Z/17/Z]. For the purpose of open access, the authors have applied a CC BY public 

copyright license to any author accepted manuscript version arising from this submission. 

 

COMPETING INTERESTS 

The authors declare no competing interest.   



27 
 

REFERENCES 

1. Wilson, D.N. (2014) Ribosome-targeting antibiotics and mechanisms of bacterial 

resistance. Nat. Rev. Microbiol., 12, 35-48. 

2. Lin, J., Zhou, D., Steitz, T.A., Polikanov, Y.S. and Gagnon, M.G. (2018) Ribosome-

Targeting Antibiotics: Modes of Action, Mechanisms of Resistance, and Implications 

for Drug Design. Annu. Rev. Biochem., 87, 451-478. 

3. Svidritskiy, E., Ling, C., Ermolenko, D.N. and Korostelev, A.A. (2013) Blasticidin S 

inhibits translation by trapping deformed tRNA on the ribosome. Proc. Natl. Acad. Sci. 

USA, 110, 12283-12288. 

4. Yamaguchi, H. and Tanaka, N. (1966) Inhibition of protein synthesis by blasticidin S. 

II. Studies on the site of action in E. coli polypeptide synthesizing systems. J. Biochem., 

60, 632-642. 

5. Yamaguchi, H., Yamamoto, C. and Tanaka, N. (1965) Inhibition of protein synthesis 

by blasticidin S. I. Studies with cell-free systems from bacterial and mammalian cells. 

J. Biochem., 57, 667-677. 

6. Takeuchi, S., Hirayama, K., Ueda, K., Sakai, H. and Yonehara, H. (1958) Blasticidin 

S, a new antibiotic. J. Antibiot. (Tokyo), 11, 1-5. 

7. Izumi, M., Miyazawa, H., Kamakura, T., Yamaguchi, I., Endo, T. and Hanaoka, F. 

(1991) Blasticidin S-resistance gene (bsr): a novel selectable marker for mammalian 

cells. Exp. Cell Res., 197, 229-233. 

8. Hansen, J.L., Moore, P.B. and Steitz, T.A. (2003) Structures of five antibiotics bound 

at the peptidyl transferase center of the large ribosomal subunit. J. Mol. Biol., 330, 

1061-1075. 

9. Garreau de Loubresse, N., Prokhorova, I., Holtkamp, W., Rodnina, M.V., Yusupova, 

G. and Yusupov, M. (2014) Structural basis for the inhibition of the eukaryotic 

ribosome. Nature, 513, 517-522. 

10. Svidritskiy, E. and Korostelev, A.A. (2018) Mechanism of Inhibition of Translation 

Termination by Blasticidin S. J. Mol. Biol., 430, 591-593. 

11. Lykke-Andersen, S. and Jensen, T.H. (2015) Nonsense-mediated mRNA decay: an 

intricate machinery that shapes transcriptomes. Nat. Rev. Mol. Cell Biol., 16, 665-677. 

12. Kurosaki, T., Popp, M.W. and Maquat, L.E. (2019) Quality and quantity control of gene 

expression by nonsense-mediated mRNA decay. Nat. Rev. Mol. Cell Biol., 20, 406-

420. 

13. Karousis, E.D. and Mühlemann, O. (2019) Nonsense-Mediated mRNA Decay Begins 

Where Translation Ends. Cold Spring Harb. Perspect. Biol., 11. 



28 
 

14. Belgrader, P., Cheng, J. and Maquat, L.E. (1993) Evidence to implicate translation by 

ribosomes in the mechanism by which nonsense codons reduce the nuclear level of 

human triosephosphate isomerase mRNA. Proc. Natl. Acad. Sci. USA, 90, 482-486. 

15. Carter, M.S., Doskow, J., Morris, P., Li, S., Nhim, R.P., Sandstedt, S. and Wilkinson, 

M.F. (1995) A regulatory mechanism that detects premature nonsense codons in T-

cell receptor transcripts in vivo is reversed by protein synthesis inhibitors in vitro. J. 

Biol. Chem., 270, 28995-29003. 

16. Noensie, E.N. and Dietz, H.C. (2001) A strategy for disease gene identification through 

nonsense-mediated mRNA decay inhibition. Nat. Biotechnol., 19, 434-439. 

17. Celik, A., He, F. and Jacobson, A. (2017) NMD monitors translational fidelity 24/7. Curr. 

Genet., 63, 1007-1010. 

18. Wu, C., Roy, B., He, F., Yan, K. and Jacobson, A. (2020) Poly(A)-Binding Protein 

Regulates the Efficiency of Translation Termination. Cell Rep., 33, 108399. 

19. Ivanov, A., Mikhailova, T., Eliseev, B., Yeramala, L., Sokolova, E., Susorov, D., 

Shuvalov, A., Schaffitzel, C. and Alkalaeva, E. (2016) PABP enhances release factor 

recruitment and stop codon recognition during translation termination. Nucleic Acids 

Res., 44, 7766-7776. 

20. Neu-Yilik, G., Raimondeau, E., Eliseev, B., Yeramala, L., Amthor, B., Deniaud, A., 

Huard, K., Kerschgens, K., Hentze, M.W., Schaffitzel, C. et al. (2017) Dual function of 

UPF3B in early and late translation termination. EMBO J., 36, 2968-2986. 

21. Miller, J.N. and Pearce, D.A. (2014) Nonsense-mediated decay in genetic disease: 

friend or foe? Mutat. Res. Rev. Mutat. Res., 762, 52-64. 

22. De Gregorio, E., Preiss, T. and Hentze, M.W. (1999) Translation driven by an eIF4G 

core domain in vivo. EMBO J., 18, 4865-4874. 

23. Brown, A., Shao, S., Murray, J., Hegde, R.S. and Ramakrishnan, V. (2015) Structural 

basis for stop codon recognition in eukaryotes. Nature, 524, 493-496. 

24. Fitzgerald, D.J., Berger, P., Schaffitzel, C., Yamada, K., Richmond, T.J. and Berger, I. 

(2006) Protein complex expression by using multigene baculoviral vectors. Nat. 

Methods, 3, 1021-1032. 

25. Kyrieleis, O.J., Chang, J., de la Pena, M., Shuman, S. and Cusack, S. (2014) Crystal 

structure of vaccinia virus mRNA capping enzyme provides insights into the 

mechanism and evolution of the capping apparatus. Structure, 22, 452-465. 

26. Chandrasekaran, V., Juszkiewicz, S., Choi, J., Puglisi, J.D., Brown, A., Shao, S., 

Ramakrishnan, V. and Hegde, R.S. (2019) Mechanism of ribosome stalling during 

translation of a poly(A) tail. Nat. Struct. Mol. Biol., 26, 1132-1140. 



29 
 

27. Shao, S., Murray, J., Brown, A., Taunton, J., Ramakrishnan, V. and Hegde, R.S. (2016) 

Decoding Mammalian Ribosome-mRNA States by Translational GTPase Complexes. 

Cell, 167, 1229-1240 e1215. 

28. Schneider, C.A., Rasband, W.S. and Eliceiri, K.W. (2012) NIH Image to ImageJ: 25 

years of image analysis. Nat. Methods, 9, 671-675. 

29. Boelz, S., Neu-Yilik, G., Gehring, N.H., Hentze, M.W. and Kulozik, A.E. (2006) A 

chemiluminescence-based reporter system to monitor nonsense-mediated mRNA 

decay. Biochem. Biophys. Res. Commun., 349, 186-191. 

30. Li, X., Mooney, P., Zheng, S., Booth, C.R., Braunfeld, M.B., Gubbens, S., Agard, D.A. 

and Cheng, Y. (2013) Electron counting and beam-induced motion correction enable 

near-atomic-resolution single-particle cryo-EM. Nat. Methods., 10, 584-590. 

31. Rohou, A. and Grigorieff, N. (2015) CTFFIND4: Fast and accurate defocus estimation 

from electron micrographs. J. Struct. Biol., 192, 216-221. 

32. Scheres, S.H. (2012) RELION: implementation of a Bayesian approach to cryo-EM 

structure determination. J. Struct. Biol., 180, 519-530. 

33. Chen, S., McMullan, G., Faruqi, A.R., Murshudov, G.N., Short, J.M., Scheres, S.H. and 

Henderson, R. (2013) High-resolution noise substitution to measure overfitting and 

validate resolution in 3D structure determination by single particle electron 

cryomicroscopy. Ultramicroscopy, 135, 24-35. 

34. Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, 

E.C. and Ferrin, T.E. (2004) UCSF Chimera--a visualization system for exploratory 

research and analysis. J. Comput .Chem., 25, 1605-1612. 

35. Emsley, P., Lohkamp, B., Scott, W.G. and Cowtan, K. (2010) Features and 

development of Coot. Acta Crystallogr. D Biol. Crystallogr., 66, 486-501. 

36. Afonine, P.V., Grosse-Kunstleve, R.W., Echols, N., Headd, J.J., Moriarty, N.W., 

Mustyakimov, M., Terwilliger, T.C., Urzhumtsev, A., Zwart, P.H. and Adams, P.D. 

(2012) Towards automated crystallographic structure refinement with phenix.refine. 

Acta Crystallogr. D Biol. Crystallogr., 68, 352-367. 

37. Juszkiewicz, S., Chandrasekaran, V., Lin, Z., Kraatz, S., Ramakrishnan, V. and Hegde, 

R.S. (2018) ZNF598 Is a Quality Control Sensor of Collided Ribosomes. Mol. Cell, 72, 

469-481 e467. 

38. Williams, C.J., Headd, J.J., Moriarty, N.W., Prisant, M.G., Videau, L.L., Deis, L.N., 

Verma, V., Keedy, D.A., Hintze, B.J., Chen, V.B. et al. (2018) MolProbity: More and 

better reference data for improved all-atom structure validation. Protein Sci., 27, 293-

315. 



30 
 

39. Pierson, W.E., Hoffer, E.D., Keedy, H.E., Simms, C.L., Dunham, C.M. and Zaher, H.S. 

(2016) Uniformity of Peptide Release Is Maintained by Methylation of Release Factors. 

Cell Rep., 17, 11-18. 

40. Alkalaeva, E.Z., Pisarev, A.V., Frolova, L.Y., Kisselev, L.L. and Pestova, T.V. (2006) 

In vitro reconstitution of eukaryotic translation reveals cooperativity between release 

factors eRF1 and eRF3. Cell, 125, 1125-1136. 

41. Pisarev, A.V., Hellen, C.U. and Pestova, T.V. (2007) Recycling of eukaryotic 

posttermination ribosomal complexes. Cell, 131, 286-299. 

42. Kalpaxis, D.L., Theocharis, D.A. and Coutsogeorgopoulos, C. (1986) Kinetic studies 

on ribosomal peptidyltransferase. The behaviour of the inhibitor blasticidin S. Eur. J. 

Biochem., 154, 267-271. 

43. Petropoulos, A.D., Xaplanteri, M.A., Dinos, G.P., Wilson, D.N. and Kalpaxis, D.L. 

(2004) Polyamines affect diversely the antibiotic potency: insight gained from kinetic 

studies of the blasticidin S AND spiramycin interactions with functional ribosomes. J. 

Biol. Chem., 279, 26518-26525. 

44. Voorhees, R.M., Weixlbaumer, A., Loakes, D., Kelley, A.C. and Ramakrishnan, V. 

(2009) Insights into substrate stabilization from snapshots of the peptidyl transferase 

center of the intact 70S ribosome. Nat. Struct. Mol. Biol., 16, 528-533. 

45. Jin, H., Kelley, A.C., Loakes, D. and Ramakrishnan, V. (2010) Structure of the 70S 

ribosome bound to release factor 2 and a substrate analog provides insights into 

catalysis of peptide release. Proc. Natl. Acad. Sci. USA, 107, 8593-8598. 

46. Klaholz, B.P., Pape, T., Zavialov, A.V., Myasnikov, A.G., Orlova, E.V., Vestergaard, 

B., Ehrenberg, M. and van Heel, M. (2003) Structure of the Escherichia coli ribosomal 

termination complex with release factor 2. Nature, 421, 90-94. 

47. Laurberg, M., Asahara, H., Korostelev, A., Zhu, J., Trakhanov, S. and Noller, H.F. 

(2008) Structural basis for translation termination on the 70S ribosome. Nature, 454, 

852-857. 

48. Rawat, U.B., Zavialov, A.V., Sengupta, J., Valle, M., Grassucci, R.A., Linde, J., 

Vestergaard, B., Ehrenberg, M. and Frank, J. (2003) A cryo-electron microscopic study 

of ribosome-bound termination factor RF2. Nature, 421, 87-90. 

49. Svidritskiy, E. and Korostelev, A.A. (2018) Conformational Control of Translation 

Termination on the 70S Ribosome. Structure, 26, 821-828 e823. 

50. Matheisl, S., Berninghausen, O., Becker, T. and Beckmann, R. (2015) Structure of a 

human translation termination complex. Nucleic Acids Res., 43, 8615-8626. 

51. des Georges, A., Hashem, Y., Unbehaun, A., Grassucci, R.A., Taylor, D., Hellen, C.U., 

Pestova, T.V. and Frank, J. (2014) Structure of the mammalian ribosomal pre-



31 
 

termination complex associated with eRF1.eRF3.GDPNP. Nucleic Acids Res., 42, 

3409-3418. 

52. Thermann, R., Neu-Yilik, G., Deters, A., Frede, U., Wehr, K., Hagemeier, C., Hentze, 

M.W. and Kulozik, A.E. (1998) Binary specification of nonsense codons by splicing and 

cytoplasmic translation. EMBO J., 17, 3484-3494. 

53. Welch, E.M., Barton, E.R., Zhuo, J., Tomizawa, Y., Friesen, W.J., Trifillis, P., Paushkin, 

S., Patel, M., Trotta, C.R., Hwang, S. et al. (2007) PTC124 targets genetic disorders 

caused by nonsense mutations. Nature, 447, 87-91. 

54. Kramer, G., Ramachandiran, V. and Hardesty, B. (2001) Cotranslational folding--

omnia mea mecum porto? Int. J. Biochem. Cell Biol., 33, 541-553. 

55. Lashkevich, K.A., Shlyk, V.I., Kushchenko, A.S., Gladyshev, V.N., Alkalaeva, E.Z. and 

Dmitriev, S.E. (2020) CTELS: A Cell-Free System for the Analysis of Translation 

Termination Rate. Biomolecules, 10. 

56. Malkin, L.I. and Rich, A. (1967) Partial resistance of nascent polypeptide chains to 

proteolytic digestion due to ribosomal shielding. J. Mol. Biol., 26, 329-346. 

57. Bordeira-Carrico, R., Pego, A.P., Santos, M. and Oliveira, C. (2012) Cancer 

syndromes and therapy by stop-codon readthrough. Trends Mol. Med., 18, 667-678. 

58. Keeling, K.M., Xue, X., Gunn, G. and Bedwell, D.M. (2014) Therapeutics based on 

stop codon readthrough. Annu. Rev. Genomics Hum. Genet., 15, 371-394. 

59. Bhuvanagiri, M., Lewis, J., Putzker, K., Becker, J.P., Leicht, S., Krijgsveld, J., Batra, 

R., Turnwald, B., Jovanovic, B., Hauer, C. et al. (2014) 5-azacytidine inhibits 

nonsense-mediated decay in a MYC-dependent fashion. EMBO Mol. Med., 6, 1593-

1609. 

60. Simms, C.L., Yan, L.L. and Zaher, H.S. (2017) Ribosome Collision Is Critical for Quality 

Control during No-Go Decay. Mol. Cell, 68, 361-373. 

61. Bateman, J.F., Freddi, S., Nattrass, G. and Savarirayan, R. (2003) Tissue-specific 

RNA surveillance? Nonsense-mediated mRNA decay causes collagen X 

haploinsufficiency in Schmid metaphyseal chondrodysplasia cartilage. Hum. Mol. 

Genet., 12, 217-225. 

62. Lindeboom, R.G., Supek, F. and Lehner, B. (2016) The rules and impact of nonsense-

mediated mRNA decay in human cancers. Nat. Genet., 48, 1112-1118. 

63. Skabkin, M.A., Skabkina, O.V., Hellen, C.U. and Pestova, T.V. (2013) Reinitiation and 

other unconventional posttermination events during eukaryotic translation. Mol. Cell, 

51, 249-264. 

  





33 
 

the A/P hybrid state (Hybrid, 3.8 Å resolution) representing ~11% of the particles. c, TC-

structure with BlaS in the peptidyl transferase center and eRF1/eRF3a in a pre-

accommodation state bound to the decoding center of 40S (eRF-Bound, 4.1 Å resolution) 

representing ~6% of the particles. In panels a-c, the 60S subunit is depicted in cyan, the 40S 

in orange, mRNA in red, nascent chain in grey, peptidyl-tRNA in green, empty tRNA in light 

red, eRF1 in pink, eRF3a in magenta, and BlaS in purple. d, Close-up view into the peptidyl 

transferase center in the Empty-A structure. EM density (purple mesh) corresponding to BlaS 

(purple) bound to 28S rRNA (cyan) and by the 3’ CCA tail of the P-site peptidyl-tRNA (green, 

nascent chain grey) is shown. Left: same view as in panel a; right: 100° rotated about the Y-

axis.  

 

Figure 3: BlaS binding to the P-site in the 60S peptidyl transferase center. Contacts 

formed by BlaS (purple) with 28S rRNA bases in the P-site (cyan) and with the 3’CCA tail of 

the bound peptidyl-tRNA (green and grey for nascent chain) in the Empty-A structure (a), the 

Hybrid structure (b) and the eRF-Bound structure (c). Hydrogen bonds are shown by black 

dashed lines, van der Waals contacts are shown by grey dotted lines. d, The relative positions 

and orientations of bound BlaS in these three structures are overlaid with BlaS colored 

magenta in the Empty-A structure, pink in the Hybrid structure, and light pink in the eRF-

Bound structure. 

 

Figure 4: Mis-positioning of the peptidyl-tRNA 3’CCA tail in the presence of BlaS.  a, 

Overlay of BlaS-bound P-site tRNA in the Empty-A structure (light green, BlaS purple) and P-

site tRNA in a normal (not BlaS-bound) mammalian ribosomal termination complex (dark 

green) (PDBID: 3JAH, (23)). Arrows indicate displacement of the 3’CCA bases. b, Overlay of 

BlaS-bound P-site tRNA in the Empty-A structure (light green, BlaS purple) and of an 

elongating Thermus thermophilus 70S ribosomal complex with acylated A-site (pink) and P-

site tRNAs (grey) (PDBID: 4V5D, (44)). Minor steric clashes are indicated by yellow stars.  c, 
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