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2‌ ‌ 
‌ 

1 ABSTRACT‌ ‌ 

2 The‌ ‌antibiotic‌ ‌linezolid,‌ ‌the‌ ‌first‌ ‌clinically‌ ‌approved‌ ‌member‌ ‌of‌ ‌the‌ ‌oxazolidinone‌ ‌class,‌ ‌inhibits‌‌                         

3 translation‌ ‌of‌ ‌bacterial‌ ‌ribosomes‌ ‌by‌ ‌binding‌ ‌to‌ ‌the‌ ‌peptidyl‌ ‌transferase‌ ‌center.‌ ‌Recent‌ ‌work‌ ‌has‌‌                           

4 demonstrated‌‌that‌‌linezolid‌‌does‌‌not‌‌inhibit‌‌peptide‌‌bond‌‌formation‌‌at‌‌all‌‌sequences‌‌but‌‌rather‌‌acts‌‌in‌‌a‌‌                                 
5 context-specific‌‌manner,‌‌namely‌‌when‌‌alanine‌‌occupies‌‌the‌‌penultimate‌‌position‌‌of‌‌the‌‌nascent‌‌chain.‌‌In‌‌                           

6 this‌‌study,‌‌we‌‌determined‌‌that‌‌the‌‌second-generation‌‌oxazolidinone‌‌radezolid‌‌also‌‌induces‌‌stalling‌‌with‌‌                         
7 alanine‌ ‌at‌ ‌the‌ ‌penultimate‌ ‌position.‌ ‌However,‌ ‌the‌ ‌molecular‌ ‌basis‌ ‌for‌ ‌context-specificity‌ ‌of‌ ‌these‌‌                         

8 inhibitors‌ ‌has‌ ‌not‌ ‌been‌ ‌elucidated.‌ ‌In‌ ‌this‌ ‌study,‌‌we‌‌determined‌‌high-resolution‌‌cryo-EM‌‌structures‌‌of‌‌                           

9 both‌ ‌linezolid‌ ‌and‌ ‌radezolid-stalled‌ ‌ribosome‌ ‌complexes.‌ ‌These‌ ‌structures‌ ‌reveal‌ ‌that‌ ‌the‌‌alanine‌‌side‌‌                         
10 chain‌‌fits‌‌within‌‌a‌‌small‌‌hydrophobic‌‌crevice‌‌created‌‌by‌‌oxazolidinone,‌‌resulting‌‌in‌‌improved‌‌ribosome‌‌                           

11 binding.‌ ‌Modification‌ ‌of‌ ‌the‌ ‌ribosome‌ ‌by‌ ‌the‌ ‌antibiotic‌ ‌resistance‌ ‌enzyme‌ ‌Cfr‌ ‌disrupts‌ ‌stalling‌ ‌by‌‌                           
12 forcing‌ ‌the‌ ‌antibiotic‌ ‌to‌ ‌adopt‌ ‌a‌ ‌conformation‌ ‌that‌ ‌narrows‌ ‌the‌ ‌hydrophobic‌‌alanine‌‌pocket.‌‌Together,‌‌                           

13 the‌ ‌structural‌ ‌and‌ ‌biochemical‌ ‌findings‌ ‌presented‌ ‌in‌ ‌this‌ ‌work‌ ‌provide‌ ‌molecular‌ ‌understanding‌ ‌of‌‌                         
14 context-specific‌ ‌inhibition‌ ‌of‌ ‌translation‌ ‌by‌ ‌clinically‌ ‌important‌ ‌oxazolidinone‌ ‌antibiotics.‌‌ ‌  

15 KEYWORDS:‌ ‌‌linezolid,‌ ‌radezolid,‌ ‌oxazolidinone‌ ‌antibiotics,‌ ‌peptidyl‌ ‌transferase‌ ‌center,‌ ‌cryo-EM,‌‌                 
16 stalled‌ ‌ribosome,‌ ‌nascent‌ ‌peptide,‌ ‌selective‌ ‌inhibition‌ ‌of‌ ‌translation,‌ ‌Cfr,‌ ‌m‌8‌A2503‌ ‌ ‌   
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3‌ ‌ 
‌ 

1 INTRODUCTION‌ ‌ 

2 During‌ ‌translation,‌ ‌peptide‌ ‌bond‌ ‌formation‌ ‌occurs‌ ‌within‌ ‌the‌ ‌peptidyl‌ ‌transferase‌ ‌center‌ ‌(PTC)‌‌of‌‌the‌‌                           

3 ribosome.‌ ‌The‌ ‌PTC‌ ‌is‌ ‌located‌ ‌within‌ ‌the‌ ‌large‌ ‌ribosomal‌ ‌subunit‌ ‌and‌ ‌catalyzes‌ ‌extension‌ ‌of‌ ‌the‌‌                             

4 polypeptide‌‌chain‌‌through‌‌proper‌‌positioning‌‌of‌‌the‌‌peptidyl-tRNA‌‌in‌‌the‌‌P-site‌‌and‌‌aminoacyl‌‌tRNA‌‌in‌‌                             
5 the‌ ‌A-site.‌ ‌Due‌ ‌to‌ ‌its‌‌functional‌‌importance,‌‌the‌‌PTC‌‌of‌‌the‌‌bacterial‌‌ribosome‌‌is‌‌a‌‌common‌‌target‌‌for‌‌                                   
6 antibiotics‌ ‌that‌ ‌inhibit‌ ‌translation‌1,2‌.‌ ‌ 

7 The‌ ‌PTC‌ ‌antibiotic‌ ‌linezolid‌ ‌(LZD,‌ ‌‌Fig.‌‌1a‌)‌‌was‌‌the‌‌first‌‌clinically‌‌approved‌‌member‌‌of‌‌the‌‌synthetic‌‌                               
8 oxazolidinone‌ ‌class‌ ‌of‌ ‌antibiotics‌3‌.‌ ‌Linezolid‌ ‌is‌ ‌used‌ ‌to‌ ‌treat‌ ‌drug-resistant‌ ‌gram-positive‌ ‌infections‌‌                       
9 including‌ ‌those‌‌caused‌‌by‌‌methicillin-resistant‌‌‌S.‌‌aureus‌‌and‌‌vancomycin-resistant‌‌Enterococci‌4‌.‌‌Initial‌‌                     

10 cross-linking‌ ‌experiments‌ ‌identified‌ ‌the‌ ‌binding‌ ‌site‌ ‌for‌ ‌linezolid‌ ‌within‌ ‌the‌ ‌PTC‌ ‌A-site‌ ‌only‌ ‌when‌‌                           
11 performed‌ ‌with‌ ‌actively‌ ‌translating‌ ‌ribosomes‌5,6‌,‌ ‌suggesting‌ ‌that‌ ‌other‌ ‌translation‌‌components‌‌may‌‌be‌‌                       

12 involved‌ ‌in‌ ‌linezolid‌ ‌binding.‌ ‌However,‌ ‌existing‌ ‌structures‌ ‌of‌ ‌linezolid-bound‌ ‌ribosomes‌ ‌have‌ ‌been‌‌                       
13 obtained‌ ‌with‌ ‌the‌ ‌ribosomes‌ ‌devoid‌ ‌of‌ ‌charged‌ ‌tRNAs‌7,8‌ ‌or‌ ‌ribosomes‌ ‌containing‌ ‌only‌ ‌a‌‌P-site‌‌tRNA‌‌                             
14 lacking‌ ‌a‌ ‌nascent‌ ‌chain‌9‌.‌ ‌Recent‌ ‌evidence‌ ‌obtained‌ ‌through‌ ‌ribosome‌ ‌profiling‌ ‌and‌ ‌single-molecule‌‌                       
15 studies‌‌demonstrated‌‌that‌‌linezolid‌‌does‌‌not‌‌indiscriminately‌‌inhibit‌‌the‌‌formation‌‌of‌‌every‌‌peptide‌‌bond‌‌                           

16 but‌ ‌rather‌ ‌interferes‌ ‌with‌ ‌translation‌ ‌at‌ ‌certain‌ ‌mRNA‌ ‌sites.‌ ‌Robust‌ ‌inhibition‌ ‌of‌ ‌translation‌ ‌and‌‌                           

17 ribosome‌‌stalling‌‌by‌‌linezolid‌‌is‌‌strongly‌‌favored‌‌when‌‌the‌‌amino‌‌acid‌‌alanine‌‌occupies‌‌the‌‌penultimate,‌‌                             
18 (-1),‌ ‌position‌ ‌within‌ ‌the‌ ‌nascent‌ ‌chain‌10,11‌.‌ ‌‌Together,‌ ‌these‌ ‌results‌ ‌suggest‌ ‌that‌ ‌interactions‌ ‌between‌‌                         

19 linezolid‌ ‌and‌ ‌the‌ ‌nascent‌ ‌peptide‌ ‌may‌ ‌be‌ ‌important‌ ‌for‌ ‌stabilizing‌ ‌antibiotic‌ ‌binding‌ ‌to‌ ‌the‌‌ribosome.‌‌                             
20 However,‌ ‌the‌ ‌exact‌ ‌nature‌ ‌of‌ ‌these‌ ‌interactions‌ ‌is‌ ‌yet‌ ‌to‌ ‌be‌ ‌elucidated.‌ ‌ 

21 The‌ ‌clinical‌ ‌success‌ ‌of‌‌LZD‌‌and‌‌emergence‌‌of‌‌resistance‌‌to‌‌this‌‌antibiotic‌‌through‌‌modification‌‌of‌‌the‌‌                               

22 ribosome‌ ‌by‌ ‌chloramphenicol-florfenicol‌ ‌resistance‌ ‌enzyme‌ ‌Cfr‌ ‌sparked‌ ‌the‌ ‌development‌ ‌of‌‌                   
23 second-generation‌‌derivatives,‌‌such‌‌as‌‌radezolid‌‌(RZD),‌‌with‌‌improved‌‌potency‌12‌.‌‌Radezolid‌‌(‌Fig.‌‌1a‌)‌‌is‌‌                         
24 in‌‌clinical‌‌development‌‌for‌‌bacterial‌‌acne‌‌and‌‌community-acquired‌‌pneumonia‌13‌.‌‌Compared‌‌to‌‌linezolid,‌‌                       

25 radezolid‌ ‌retains‌ ‌the‌ ‌aryl-oxazolidinone‌ ‌core‌ ‌(rings‌ ‌A‌ ‌and‌ ‌B)‌ ‌and‌ ‌C5‌ ‌group‌ ‌but‌ ‌has‌ ‌alterations‌‌to‌‌the‌‌                                 
26 C/D‌‌ring‌‌system.‌‌Given‌‌that‌‌key‌‌chemical‌‌elements‌‌are‌‌conserved‌‌between‌‌LZD‌‌and‌‌RZD‌‌it‌‌is‌‌plausible‌‌                                 
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4‌ ‌ 
‌ 

1 that‌ ‌RZD‌ ‌can‌ ‌also‌ ‌act‌ ‌as‌ ‌a‌ ‌context-specific‌ ‌inhibitor‌‌of‌‌translation.‌‌The‌‌importance‌‌of‌‌both‌‌conserved‌‌                               

2 and‌‌distinct‌‌structural‌‌features‌‌of‌‌second‌‌generation‌‌oxazolidinones‌‌to‌‌translation‌‌inhibition‌‌and‌‌context‌‌                         

3 specificity,‌ ‌if‌ ‌any,‌ ‌is‌ ‌yet‌ ‌to‌ ‌be‌ ‌elucidated.‌‌ ‌  

4 In‌ ‌this‌ ‌work,‌ ‌we‌ ‌discovered‌ ‌that‌ ‌RZD‌ ‌exhibits‌ ‌ribosome‌ ‌stalling‌ ‌behavior‌ ‌similar‌ ‌to‌ ‌that‌ ‌of‌ ‌LZD,‌‌                               
5 arresting‌ ‌translating‌ ‌ribosomes‌ ‌when‌ ‌alanine‌ ‌occupies‌ ‌the‌ ‌penultimate‌ ‌position‌ ‌within‌ ‌the‌ ‌nascent‌‌                       

6 peptide‌ ‌chain.‌ ‌Capitalizing‌ ‌on‌ ‌the‌ ‌stalling‌ ‌preference‌ ‌of‌ ‌these‌ ‌two‌ ‌antibiotics,‌ ‌we‌ ‌generated‌ ‌high‌‌                           
7 resolution‌‌cryo-EM‌‌structures‌‌of‌‌LZD-‌‌and‌‌RZD-stalled‌‌ribosome‌‌complexes.‌‌Direct‌‌comparison‌‌of‌‌the‌‌                         

8 drug-stalled‌ ‌translation‌ ‌complexes‌ ‌with‌ ‌the‌ ‌structures‌ ‌of‌ ‌the‌ ‌vacant‌ ‌ribosomes‌ ‌bound‌ ‌to‌ ‌the‌ ‌same‌‌                           

9 antibiotics‌ ‌enabled‌ ‌identification‌ ‌of‌ ‌molecular‌ ‌contacts‌ ‌that‌ ‌improve‌ ‌oxazolidinone‌ ‌binding‌ ‌to‌ ‌the‌‌                       
10 ribosome.‌ ‌Specifically,‌ ‌we‌ ‌find‌ ‌that‌ ‌the‌ ‌penultimate‌ ‌alanine‌ ‌fits‌ ‌snugly‌ ‌within‌ ‌a‌ ‌shallow‌‌hydrophobic‌‌                           

11 pocket‌‌created‌‌by‌‌the‌‌oxazolidinone‌‌molecules,‌‌providing‌‌structural‌‌rationale‌‌for‌‌context‌‌specificity.‌‌Our‌‌                         
12 analysis‌ ‌of‌ ‌RZD‌ ‌action‌ ‌on‌ ‌ribosomes‌ ‌modified‌ ‌by‌ ‌the‌ ‌oxazolidinone‌ ‌resistance‌ ‌enzyme‌ ‌Cfr‌ ‌and‌ ‌the‌‌                             

13 structure‌ ‌of‌ ‌RZD‌ ‌bound‌ ‌to‌ ‌the‌ ‌Cfr-modified‌ ‌ribosome‌ ‌provides‌ ‌the‌‌first‌‌insights‌‌into‌‌how‌‌this‌‌second‌‌                               
14 generation‌ ‌oxazolidinone‌ ‌interacts‌ ‌with‌ ‌a‌ ‌LZD-resistant‌ ‌ribosome.‌ ‌ 
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5‌ ‌ 
‌ 

1 RESULTS‌ ‌ 

2 Linezolid‌ ‌and‌ ‌radezolid‌ ‌have‌ ‌similar‌ ‌ribosome‌ ‌stalling‌ ‌behavior‌ ‌ 

3 Previous‌ in‌ ‌vitro‌ ‌‌toe-printing‌ ‌experiments‌‌have‌‌demonstrated‌‌that‌‌LZD‌‌induces‌‌ribosome‌‌stalling‌‌on‌‌a‌‌                           

4 model‌ ‌mRNA‌ ‌sequence‌ ‌when‌ ‌the‌ ‌amino‌ ‌acid‌ ‌alanine‌‌is‌‌located‌‌in‌‌the‌‌penultimate‌‌(-1)‌‌position‌‌of‌‌the‌‌                                 
5 nascent‌ ‌polypeptide‌ ‌chain‌10,11‌ ‌(‌Fig.‌ ‌1b‌).‌ ‌LZD-induced‌ ‌ribosome‌ ‌stalling‌ ‌is‌ ‌abolished‌ ‌when‌ ‌the‌‌                       

6 penultimate‌ ‌alanine‌ ‌is‌ ‌replaced‌ ‌with‌ ‌tyrosine‌ ‌(‌Fig.‌ ‌1b‌).‌ ‌To‌ ‌evaluate‌ ‌if‌ ‌the‌ ‌second‌ ‌generation‌‌                           

7 oxazolidinone‌ ‌RZD‌ ‌shows‌ ‌similar‌ ‌stalling‌ ‌behavior,‌ ‌we‌ ‌carried‌ ‌out‌ ‌‌in‌ ‌vitro‌ ‌‌toeprinting‌ ‌analysis‌ ‌to‌‌                           
8 monitor‌ ‌the‌ ‌position‌ ‌of‌ ‌stalled‌ ‌ribosomes‌ ‌on‌‌the‌‌previously‌‌described‌‌mRNAs‌‌encoding‌‌the‌‌following‌‌                           
9 peptide‌ ‌sequences:‌ ‌MFK‌A‌FKNIIRTRTL‌ ‌and‌ ‌MFK‌Y‌FKNIIRTRTL‌11‌.‌ ‌   

10 Similarly‌ ‌to‌ ‌LZD,‌ ‌the‌ ‌presence‌ ‌of‌ ‌RZD‌ ‌permits‌ ‌formation‌ ‌of‌ ‌the‌ ‌first‌‌peptide‌‌bond‌‌with‌‌both‌‌mRNA‌‌                                 
11 transcripts‌ ‌as‌ ‌templates‌ ‌(‌Fig.‌ ‌1b‌).‌ ‌This‌ ‌result‌ ‌indicates‌ ‌that‌ ‌RZD‌ ‌is‌ ‌not‌ ‌a‌ ‌universal‌ ‌inhibitor‌ ‌of‌‌                               
12 translation‌ ‌and‌ ‌also‌ ‌does‌ ‌not‌ ‌act‌‌as‌‌initiation‌‌inhibitor‌‌as‌‌suggested‌‌for‌‌LZD‌‌by‌‌some‌‌earlier‌‌studies‌14‌.‌‌                                 

13 While‌ ‌no‌ ‌inhibition‌ ‌of‌ ‌translation‌ ‌at‌ ‌the‌ ‌early‌ ‌mRNA‌ ‌codons‌ ‌was‌ ‌observed‌ ‌on‌ ‌MFK‌Y‌FK-encoding‌‌                           
14 template,‌ ‌presence‌ ‌of‌ ‌RZD‌ ‌or‌ ‌LZD‌ ‌led‌ ‌to‌ ‌selective‌ ‌stalling‌ ‌of‌ ‌the‌ ‌ribosome‌ ‌during‌ ‌the‌ ‌translation‌ ‌of‌‌                                 

15 MFK‌A‌FK-encoding‌ ‌template.‌ ‌The‌‌stalling‌‌occurred‌‌at‌‌the‌‌F5‌‌codon‌‌when‌‌an‌‌alanine‌‌residue‌‌appeared‌‌                           
16 in‌ ‌the‌‌penultimate‌‌position‌‌within‌‌the‌‌nascent‌‌peptide‌‌chain.‌‌These‌‌results‌‌indicate‌‌that‌‌RZD-‌‌or‌‌LZD-‌‌                               

17 bound‌‌ribosomes‌‌are‌‌unable‌‌to‌‌catalyze‌‌peptide‌‌bond‌‌formation‌‌between‌‌F5‌‌and‌‌K6‌‌when‌‌the‌‌MFK‌A‌F‌‌                               

18 nascent‌ ‌peptide‌ ‌occupies‌ ‌the‌ ‌exit‌ ‌tunnel.‌ ‌Comparison‌ ‌of‌ ‌the‌ ‌relative‌ ‌intensity‌ ‌of‌ ‌the‌ ‌stalled‌ ‌ribosome‌‌                             
19 toeprint‌‌bands‌‌suggests‌‌that‌‌RZD‌‌is‌‌a‌‌stronger‌‌inducer‌‌of‌‌ribosome‌‌stalling‌‌than‌‌LZD.‌‌The‌‌observation‌‌                               

20 that‌ ‌RZD‌ ‌is‌ ‌unable‌ ‌to‌ ‌stall‌ ‌the‌ ‌ribosome‌ ‌if‌ ‌the‌ ‌critical‌ ‌alanine‌ ‌residue‌ ‌is‌ ‌replaced‌ ‌with‌ ‌a‌ ‌tyrosine‌‌                                   
21 (MFK‌Y‌F)‌ ‌is‌ ‌consistent‌ ‌with‌ ‌the‌ ‌specificity‌ ‌of‌ ‌action‌ ‌of‌ ‌LZD‌ ‌(‌Fig.‌ ‌1b‌).‌ ‌ ‌   
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6‌ ‌ 
‌ 

1

‌ 

2 Figure‌ ‌1.‌ ‌Radezolid‌ ‌induces‌ ‌ribosome‌ ‌stalling‌ ‌with‌ ‌alanine‌ ‌in‌ ‌the‌ ‌penultimate‌ ‌position.‌ ‌‌(‌a‌)‌‌                         
3 Molecular‌‌architecture‌‌of‌‌oxazolidinone‌‌antibiotics.‌‌The‌‌oxazolidinone‌‌(A-ring)‌‌portion‌‌of‌‌the‌‌molecule‌‌                       
4 is‌ ‌conserved‌ ‌amongst‌ ‌the‌ ‌oxazolidinone‌ ‌class‌ ‌and‌ ‌designated‌ ‌in‌ ‌black.‌ ‌Chemical‌ ‌moieties‌ ‌that‌ ‌vary‌‌                           
5 amongst‌ ‌oxazolidinone‌ ‌derivatives,‌ ‌the‌ ‌C5-moiety,‌ ‌and‌ ‌B,‌ ‌C,‌ ‌and‌ ‌D‌ ‌rings,‌ ‌are‌ ‌designated‌ ‌by‌ ‌their‌‌                             
6 respective‌‌color.‌‌(‌b‌)‌‌Toeprinting‌‌assays‌‌performed‌‌on‌‌model‌‌mRNAs‌‌encoding‌‌stalling‌‌and‌‌non-stalling‌‌                         
7 peptides.‌ ‌The‌ ‌control‌ ‌antibiotic‌ ‌retapamulin‌ ‌(RET)‌ ‌was‌ ‌used‌ ‌to‌ ‌stall‌ ‌ribosomes‌ ‌at‌ ‌the‌ ‌start‌ ‌codon‌                             
8 indicated‌ ‌by‌ ‌the‌ ‌green‌ ‌arrow‌15‌.‌ ‌‘None’‌ ‌designates‌ ‌samples‌ ‌lacking‌‌ribosome-targeting‌‌antibiotics.‌‌The‌‌                       
9 control‌‌antibiotic‌‌chloramphenicol‌‌(CHL)‌‌was‌‌used‌‌to‌‌stall‌‌with‌‌alanine‌‌at‌‌the‌‌penultimate‌‌position‌10,11‌.‌‌                           

10 The‌ ‌toeprint‌ ‌bands‌ ‌corresponding‌ ‌to‌ ‌the‌ ‌prominent‌ ‌stall‌ ‌sites‌ ‌observed‌ ‌in‌ ‌reactions‌ ‌containing‌‌                         
11 chloramphenicol‌ ‌(CHL),‌ ‌LZD,‌ ‌or‌ ‌RZD‌ ‌when‌ ‌the‌ ‌4th‌ ‌amino‌ ‌acid‌ ‌is‌ ‌an‌ ‌alanine,‌ ‌but‌ ‌not‌ ‌tyrosine,‌ ‌are‌‌                                 
12 indicated‌ ‌by‌ ‌the‌ ‌red‌ ‌arrow.‌ ‌Due‌ ‌to‌ ‌the‌ ‌inclusion‌ ‌of‌ ‌the‌‌Ile-tRNA‌‌synthetase‌‌inhibitor‌‌mupirocin‌‌in‌‌all‌‌                                 
13 toeprinting‌‌reactions,‌‌any‌‌ribosomes‌‌not‌‌stalled‌‌at‌‌an‌‌upstream‌‌codon‌‌are‌‌trapped‌‌at‌‌the‌‌downstream‌‌Ile‌‌                               
14 codons‌ ‌designated‌ ‌by‌ ‌grey‌ ‌arrows.‌ ‌ ‌   
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7‌ ‌ 
‌ 

1 Generation‌ ‌of‌ ‌stalled‌ ‌ribosomes‌ ‌complexes‌ ‌and‌ ‌cryo-EM‌ ‌analysis‌ ‌ 

2 Guided‌‌by‌‌the‌‌‌in‌‌vitro‌‌‌stalling‌‌behavior,‌‌we‌‌designed‌‌a‌‌stalling‌‌peptide‌‌to‌‌capture‌‌LZD‌‌and‌‌RZD‌‌stalled‌‌                                   

3 ribosome‌ ‌complexes‌ ‌(SRC)‌ ‌for‌ ‌structural‌ ‌analysis,‌ ‌herein‌ ‌referred‌ ‌to‌ ‌as‌ ‌LZD-SRC‌ ‌and‌ ‌RZD-SRC,‌‌                         
4 respectively.‌ ‌Stalled‌‌complexes‌‌were‌‌generated‌‌by‌‌conducting‌‌coupled‌‌‌in‌‌vitro‌‌‌transcription-translation‌‌                     

5 reactions‌‌with‌‌‌E.‌‌coli‌‌‌ribosomes‌‌in‌‌the‌‌presence‌‌of‌‌oxazolidinone‌‌antibiotics‌‌(‌Fig.‌‌2a‌).‌‌To‌‌bias‌‌formation‌‌                               

6 of‌ ‌ribosomes‌ ‌with‌ ‌nascent‌ ‌peptide‌ ‌stalled‌ ‌at‌ ‌the‌ ‌F5‌ ‌codon,‌ ‌we‌ ‌designed‌ ‌the‌‌DNA‌‌template‌‌where‌‌the‌‌                                 
7 open‌‌reading‌‌frame‌‌encoding‌‌the‌‌MFK‌A‌F‌‌stalling‌‌peptide‌‌lacked‌‌a‌‌stop‌‌codon‌‌(‌Fig.‌‌2a‌,‌‌‌Supplementary‌‌                             

8 Fig.‌ ‌1‌).‌ ‌Stalled‌ ‌70S‌‌ribosome‌‌complexes‌‌were‌‌purified‌‌away‌‌from‌‌other‌‌components‌‌of‌‌the‌‌translation‌                             
9 reaction‌ ‌by‌ ‌sucrose‌ ‌gradient‌ ‌fractionation‌ ‌and‌ ‌vitrified‌ ‌on‌ ‌carbon‌ ‌grids‌ ‌for‌ ‌cryo-EM‌ ‌analysis.‌‌                         

10 Refinement‌ ‌and‌ ‌reconstruction‌ ‌was‌ ‌performed‌ ‌using‌ ‌the‌ ‌cisTEM‌ ‌software‌ ‌suite‌16‌ ‌to‌ ‌obtain‌ ‌2.5‌ ‌Å‌‌                           
11 resolution‌ ‌structure‌ ‌of‌ ‌LZD-SRC‌ ‌and‌ ‌2.5‌ ‌Å‌‌resolution‌‌of‌‌RZD-SRC‌‌(‌Fig.‌‌2b,‌‌Supplementary‌‌Fig.‌‌2,‌‌                             

12 Supplementary‌ ‌Table‌ ‌1‌).‌ ‌ 

13 The‌ ‌generated‌ ‌cryo-EM‌ ‌maps‌ ‌of‌ ‌LZD-SRC‌ ‌and‌ ‌RZD-SRC‌ ‌have‌ ‌well-defined‌ ‌densities‌ ‌for‌ ‌the‌‌                         

14 oxazolidinone‌ ‌antibiotic‌ ‌and‌ ‌rRNA‌ ‌nucleotides,‌ ‌especially‌ ‌those‌ ‌within‌‌the‌‌PTC.‌‌Both‌‌cryo-EM‌‌maps‌‌                         
15 also‌‌have‌‌well‌‌defined‌‌densities‌‌for‌‌the‌‌peptidyl-tRNA‌‌located‌‌in‌‌the‌‌P-site.‌‌No‌‌A-site‌‌or‌‌E-site‌‌tRNAs‌                                 

16 are‌‌present.‌‌Modeling‌‌of‌‌the‌‌density‌‌maps‌‌unambiguously‌‌assigns‌‌the‌‌penultimate‌‌residue‌‌in‌‌the‌‌nascent‌‌                             
17 peptide‌ ‌as‌ ‌alanine,‌ ‌as‌ ‌expected‌ ‌based‌ ‌on‌ ‌the‌ ‌DNA‌ ‌template‌ ‌used‌ ‌in‌ ‌the‌ ‌experiment‌ ‌(‌Fig.‌ ‌2b,‌‌                               

18 Supplementary‌ ‌Fig.‌ ‌2‌).‌ ‌This‌ ‌assignment‌ ‌is‌ ‌further‌ ‌supported‌ ‌by‌ ‌cryo-EM‌ ‌densities‌ ‌corresponding‌‌to‌‌                         

19 mRNA:tRNA‌ ‌interaction.‌ ‌The‌ ‌codon-anticodon‌ ‌densities‌ ‌are‌ ‌best‌ ‌modeled‌ ‌by‌ ‌the‌‌interaction‌‌between‌‌                       

20 UUC:GAA-tRNA‌Phe‌‌ ‌rather‌ ‌than‌ ‌GCA:UGC-tRNA‌Ala‌ ‌‌(‌Supplementary‌ ‌Fig.‌ ‌3‌)‌.‌ ‌ ‌  

21 To‌ ‌directly‌ ‌compare‌ ‌how‌ ‌presence‌ ‌of‌ ‌the‌ ‌nascent‌ ‌peptide‌ ‌may‌ ‌influence‌ ‌positioning‌ ‌of‌ ‌the‌ ‌antibiotic‌‌                             

22 and/or‌‌conformation‌‌of‌‌rRNA‌‌nucleotides,‌‌we‌‌also‌‌generated‌‌structures‌‌of‌‌vacant‌‌‌E.‌‌coli‌‌‌50S‌‌ribosomal‌‌                             
23 subunits‌ ‌in‌ ‌complex‌ ‌with‌ ‌LZD‌ ‌or‌ ‌RZD‌ ‌alone,‌ ‌herein‌ ‌referred‌ ‌to‌ ‌as‌ ‌LZD-50S‌‌and‌‌RZD-50S,‌‌at‌‌2.4‌‌Å‌‌                                   

24 resolution‌ ‌and‌ ‌2.5‌ ‌Å‌ ‌resolution,‌ ‌respectively‌ ‌(‌Supplementary‌ ‌Fig.‌ ‌2,‌ ‌Supplementary‌ ‌Table‌ ‌1‌).‌‌                       

25 Similarly‌‌to‌‌the‌‌stalled‌‌complexes,‌‌antibiotic-only‌‌bound‌‌structures‌‌have‌‌unambiguous‌‌densities‌‌for‌‌the‌‌                         
26 oxazolidinone‌ ‌antibiotic.‌ ‌ ‌   
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8‌ ‌ 
‌ 

1

2 Figure‌ ‌2.‌ ‌Cryo-EM‌ ‌structures‌ ‌of‌ ‌linezolid‌ ‌and‌ ‌radezolid-stalled‌ ‌ribosome‌ ‌complexes‌.‌ ‌‌(‌a‌)‌ ‌Stalled‌‌                       
3 complexes‌ ‌were‌ ‌generated‌ ‌by‌ ‌performing‌ ‌coupled‌ ‌‌in‌ ‌vitro‌ ‌‌transcription-translation‌ ‌reactions‌ ‌in‌ ‌the‌‌                       
4 presence‌ ‌of‌ ‌the‌ ‌oxazolidinone‌ ‌(Oxa)‌‌antibiotic‌‌linezolid‌‌or‌‌radezolid.‌‌Complexes‌‌were‌‌further‌‌purified‌‌                         
5 by‌‌sucrose‌‌gradient‌‌fractionation.‌‌(‌b‌)‌‌Cross-section‌‌of‌‌the‌‌cryo-EM‌‌density‌‌map‌‌of‌‌the‌‌70S‌‌ribosome‌‌in‌‌                               
6 complex‌ ‌with‌ ‌peptidyl-tRNA‌ ‌and‌ ‌oxazolidinone.‌ ‌Inserts‌ ‌are‌ ‌close-up‌ ‌views‌ ‌of‌ ‌the‌ ‌linezolid‌‌(LZD)‌‌or‌‌                           
7 radezolid‌‌(RZD)‌‌in‌‌complex‌‌with‌‌the‌‌MFK‌A‌F‌‌nascent‌‌peptide.‌‌‌Coulomb‌‌potential‌‌density‌‌is‌‌contoured‌‌                           
8 at‌ ‌4.0𝜎‌ ‌in‌‌surface‌‌representation‌‌and‌‌1.0𝜎‌‌in‌‌mesh‌‌representation.‌‌Figure‌‌was‌‌made‌‌using‌‌unsharpened‌‌                             
9 maps.‌‌ ‌ ‌    
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9‌ ‌ 
‌ 

1 The‌ ‌penultimate‌ ‌alanine‌ ‌facilitates‌ ‌oxazolidinone‌ ‌antibiotic‌ ‌binding‌ ‌to‌ ‌the‌ ‌ribosome‌ ‌ 

2 The‌ ‌overall‌ ‌binding‌ ‌modes‌ ‌of‌ ‌LZD‌ ‌and‌ ‌RZD‌ ‌within‌ ‌the‌ ‌PTC‌ ‌in‌ ‌antibiotic-only‌ ‌bound‌ ‌and‌ ‌stalled‌‌                               
3 ribosome‌‌complexes‌‌are‌‌similar‌‌to‌‌those‌‌described‌‌previously‌7–9,17‌.‌‌The‌‌fluorophenyl‌‌moiety‌‌(B-ring)‌‌sits‌‌                         

4 in‌‌the‌‌A-site‌‌cleft,‌‌a‌‌hydrophobic‌‌pocket‌‌formed‌‌by‌‌splayed‌‌out‌‌nitrogen‌‌bases‌‌of‌‌nucleotides‌‌C2452‌‌and‌‌                                 
5 A2451‌‌(‌Supplementary‌‌Fig.‌‌4a,b‌).‌‌The‌‌oxazolidinone‌‌ring‌‌(A-ring)‌‌of‌‌LZD‌‌and‌‌RZD‌‌is‌‌positioned‌‌in‌‌                             

6 an‌ ‌offset‌ ‌π-π‌ ‌stacking‌ ‌interaction‌ ‌with‌ ‌Ψ2504.‌ ‌Interestingly,‌ ‌we‌ ‌find‌ ‌that‌ ‌the‌ ‌carbonyl‌ ‌of‌ ‌the‌‌                             
7 oxazolidinone‌‌ring‌‌does‌‌not‌‌interact‌‌with‌‌rRNA‌‌but‌‌is‌‌rather‌‌chelated‌‌to‌‌what‌‌is‌‌likely‌‌a‌‌Mg‌2+‌ ‌ion‌‌based‌‌                                     

8 on‌ ‌the‌ ‌coordination‌ ‌geometry‌ ‌(‌Supplementary‌ ‌Fig.‌ ‌4c,d‌),‌ ‌corroborating‌ ‌previous‌ ‌SAR‌ ‌studies‌ ‌that‌‌                       
9 demonstrated‌ ‌the‌ ‌importance‌ ‌of‌ ‌an‌ ‌electron-pair‌ ‌donor‌ ‌for‌ ‌activity‌18‌.‌ ‌ 

10 The‌ ‌binding‌ ‌poses‌ ‌for‌ ‌both‌ ‌LZD‌ ‌and‌ ‌RZD‌ ‌are‌ ‌near-identical‌ ‌between‌ ‌the‌ ‌antibiotic-only‌ ‌and‌‌                           

11 stalled-ribosome‌ ‌structures‌ ‌(‌Supplementary‌ ‌Fig.‌ ‌5‌).‌ ‌We‌ ‌do,‌ ‌however,‌ ‌observe‌ ‌improved‌ ‌density‌ ‌for‌‌                       

12 both‌‌antibiotics,‌‌suggesting‌‌that‌‌presence‌‌of‌‌the‌‌stalling‌‌nascent‌‌peptide‌‌stabilizes‌‌the‌‌placement‌‌of‌‌LZD‌‌                             
13 and‌ ‌RZD‌ ‌in‌ ‌the‌‌ribosome‌‌(‌Fig.‌‌3a,b‌).‌‌Specifically,‌‌we‌‌observe‌‌improved‌‌density‌‌for‌‌the‌‌C5‌‌acetamide‌‌                               

14 group‌‌for‌‌both‌‌antibiotics,‌‌as‌‌well‌‌as‌‌enhanced‌‌density‌‌for‌‌the‌‌D-ring‌‌of‌‌RZD‌‌in‌‌the‌‌stalled‌‌structures.‌‌Of‌‌                                     
15 note,‌ ‌in‌ ‌previously‌ ‌published‌ ‌density‌ ‌maps‌7–9,17‌,‌ ‌‌the‌ ‌acetamide‌ ‌is‌ ‌less‌ ‌well‌ ‌resolved‌ ‌and‌ ‌has‌ ‌been‌‌                             

16 modeled‌ ‌in‌ ‌a‌ ‌variety‌ ‌of‌ ‌positions,‌ ‌likely‌ ‌due‌ ‌to‌ ‌its‌ ‌ability‌ ‌to‌ ‌sample‌ ‌multiple‌ ‌conformations.‌ ‌Our‌‌                               

17 structures‌ ‌suggest‌ ‌that‌ ‌the‌ ‌nascent‌ ‌peptide‌ ‌present‌ ‌in‌ ‌the‌ ‌stalled‌ ‌ribosome‌ ‌complex‌ ‌stabilizes‌ ‌the‌ ‌C5‌‌                             
18 group‌ ‌thereby‌ ‌providing‌ ‌a‌ ‌more‌ ‌biologically‌ ‌relevant‌ ‌view‌ ‌on‌ ‌the‌ ‌drug‌ ‌placement.‌ ‌ 

19 The‌ ‌nascent‌ ‌protein‌ ‌chain,‌ ‌and‌ ‌more‌ ‌specifically,‌ ‌the‌ ‌penultimate‌ ‌Ala‌ ‌residue,‌ ‌contributes‌ ‌directly‌ ‌to‌‌                           

20 formation‌ ‌of‌ ‌the‌ ‌drug‌ ‌binding‌ ‌site‌ ‌(‌Fig.‌ ‌2b,‌ ‌Fig.‌ ‌3c,d‌).‌ ‌In‌ ‌contrast‌ ‌to‌ ‌the‌ ‌orientation‌ ‌of‌ ‌the‌ ‌flanking‌‌                                   
21 residues‌ ‌within‌ ‌the‌ ‌nascent‌ ‌peptide,‌ ‌the‌ ‌side‌ ‌chain‌ ‌of‌ ‌the‌ ‌penultimate‌ ‌alanine‌ ‌faces‌ ‌towards‌ ‌the‌‌                             

22 oxazolidinone‌ ‌binding‌ ‌pocket.‌ ‌In‌ ‌this‌ ‌orientation,‌ ‌the‌ ‌methyl‌ ‌group‌ ‌of‌ ‌alanine‌ ‌fits‌ ‌snugly‌ ‌within‌ ‌the‌‌                             

23 hydrophobic‌‌crevice‌‌formed‌‌by‌‌the‌‌C5‌‌group‌‌and‌‌A/B-ring‌‌system‌‌of‌‌the‌‌antibiotic.‌‌The‌‌crevice‌‌is‌‌deep‌‌                                 
24 enough‌ ‌to‌ ‌accommodate‌ ‌the‌ ‌small‌ ‌side‌ ‌chain‌ ‌of‌ ‌alanine,‌ ‌but‌ ‌is‌ ‌too‌ ‌shallow‌ ‌to‌ ‌fit‌ ‌bulkier‌ ‌side‌‌chains,‌‌                                   

25 including‌ ‌that‌ ‌of‌ ‌tyrosine,‌ ‌providing‌ ‌rationale‌ ‌for‌ ‌differential‌ ‌stalling‌ ‌preferences‌ ‌observed‌ ‌in‌ ‌our‌‌                         
26 toeprinting‌‌experiments‌‌(‌Fig.‌‌1b‌).‌‌In‌‌the‌‌stalled‌‌complex,‌‌the‌‌alanine’s‌‌side‌‌chain‌‌methyl‌‌group‌‌engages‌                             
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10‌ ‌ 
‌ 

1 in‌ ‌a‌ ‌CH-‌π‌ ‌interaction‌ ‌with‌‌the‌‌aryl‌‌B-ring‌‌of‌‌the‌‌oxazolidinone‌‌‌(3.6‌‌Å‌‌and‌‌3.9‌‌Å‌‌‌between‌‌C‌‌atom‌‌and‌‌                                       

2 plane‌ ‌of‌ ‌the‌ ‌B-ring‌ ‌for‌ ‌LZD-SRC‌ ‌and‌ ‌RZD-SRC,‌ ‌respectively‌)‌ ‌(‌Fig.‌ ‌3c,d‌).‌ ‌This‌ ‌interaction‌ ‌likely‌‌                           

3 facilitates‌ ‌antibiotic‌ ‌binding‌ ‌to‌ ‌the‌ ‌A-site‌ ‌of‌ ‌the‌ ‌PTC,‌ ‌resulting‌ ‌in‌ ‌enhanced‌ ‌occlusion‌ ‌of‌ ‌incoming‌‌                             
4 aminoacyl‌‌tRNAs.‌‌Glycine,‌‌the‌‌smallest‌‌amino‌‌acid‌‌residue‌‌and‌‌which‌‌lacks‌‌a‌‌side‌‌chain,‌‌does‌‌not‌‌clash‌‌                                 

5 with‌‌the‌‌ribosome-bound‌‌antibiotic‌‌when‌‌present‌‌in‌‌the‌‌penultimate‌‌position‌‌of‌‌the‌‌nascent‌‌peptide,‌‌yet‌‌                             
6 it‌ ‌is‌ ‌not‌ ‌favored‌ ‌for‌ ‌drug-induced‌ ‌ribosome‌ ‌stalling‌10,11‌.‌ ‌The‌ ‌inability‌ ‌of‌ ‌glycine‌ ‌to‌ ‌form‌ ‌the‌‌                             

7 alanine-specific‌ ‌CH-π‌ ‌interaction‌ ‌with‌ ‌the‌ ‌drug‌ ‌molecule‌ ‌likely‌ ‌explains‌ ‌this‌ ‌observation.‌ ‌ 

8 A‌‌similar‌‌‌CH-‌π‌‌interaction‌‌has‌‌been‌‌recently‌‌observed‌‌between‌‌the‌‌penultimate‌‌alanine‌‌and‌‌aryl‌‌ring‌‌of‌‌                               

9 chloramphenicol‌ ‌(CHL),‌ ‌‌another‌ ‌PTC-targeting‌ ‌antibiotic‌ ‌that‌ ‌also‌ ‌exhibits‌ ‌context-specific‌‌inhibition‌‌                   
10 of‌ ‌translation‌19‌.‌ ‌In‌ ‌contrast‌ ‌to‌ ‌CHL,‌ ‌which‌ ‌also‌ ‌induces‌ ‌robust‌ ‌ribosome‌ ‌stalling‌ ‌when‌ ‌serine‌ ‌or‌‌                             
11 threonine‌ ‌occupy‌ ‌the‌ ‌penultimate‌ ‌position,‌ ‌LZD‌ ‌exhibits‌ ‌a‌ ‌strong‌ ‌preference‌ ‌for‌ ‌alanine‌10‌.‌ ‌While‌ ‌‌in‌‌                           
12 silico‌‌‌modeling‌‌of‌‌serine‌‌or‌‌threonine‌‌at‌‌the‌‌penultimate‌‌position‌‌in‌‌LZD-SRC‌‌reveals‌‌that‌‌serine‌‌can‌‌be‌‌                                 

13 accommodated,‌ ‌the‌ ‌methyl‌ ‌group‌ ‌of‌ ‌threonine‌ ‌generates‌ ‌a‌ ‌steric‌ ‌clash‌ ‌for‌ ‌all‌ ‌favored‌ ‌rotamers‌‌                           
14 (‌Supplementary‌ ‌Fig.‌ ‌6‌).‌ ‌Recent‌ ‌work‌ ‌hypothesized‌ ‌that‌ ‌CHL-induced‌ ‌stalling‌ ‌with‌ ‌serine‌ ‌in‌ ‌the‌‌                         

15 penultimate‌ ‌position‌ ‌of‌ ‌the‌ ‌nascent‌ ‌peptide‌‌is‌‌stabilized‌‌by‌‌a‌‌H-bond‌‌between‌‌the‌‌serine‌‌hydroxyl‌‌and‌‌                               
16 chlorine‌‌atom‌‌of‌‌CHL‌19‌.‌‌Since‌‌the‌‌C5‌‌group‌‌of‌‌LZD‌‌does‌‌not‌‌have‌‌an‌‌analogous‌‌electron-pair‌‌donor,‌‌it‌‌                                   
17 is‌ ‌likely‌‌that‌‌the‌‌unsatisfied‌‌H-bond‌‌acceptor,‌‌rather‌‌than‌‌sterics,‌‌accounts‌‌for‌‌LZD’s‌‌strong‌‌preference‌‌                             

18 for‌ ‌alanine‌ ‌over‌ ‌serine.‌‌ ‌  

19 ‌ 

20 Dynamic‌ ‌nucleotides‌ ‌are‌ ‌stabilized‌ ‌to‌ ‌provide‌ ‌additional‌ ‌interactions‌ ‌with‌ ‌the‌ ‌oxazolidinone‌‌                     
21 antibiotics‌ ‌ 

22 In‌‌LZD‌‌and‌‌RZD‌‌antibiotic-only‌‌50S‌‌structures,‌‌the‌‌exit‌‌tunnel‌‌nucleotide‌‌A2062‌‌can‌‌adopt‌‌two‌‌distinct‌‌                               

23 conformations‌ ‌(‌Fig.‌ ‌3g‌).‌ ‌In‌ ‌its‌ ‌dominant‌ ‌conformation‌ ‌the‌ ‌A2062‌ ‌base‌ ‌projects‌ ‌into‌ ‌the‌‌lumen‌‌of‌‌the‌‌                               

24 exit‌ ‌tunnel,‌ ‌while‌ ‌in‌ ‌the‌ ‌minor‌ ‌conformation,‌ ‌A2062‌ ‌is‌ ‌rotated‌ ‌and‌ ‌lays‌ ‌flat‌ ‌against‌ ‌the‌ ‌tunnel‌ ‌wall.‌‌                                 
25 Strikingly,‌ ‌in‌ ‌the‌ ‌stalled‌ ‌ribosome‌ ‌complexes‌ ‌with‌ ‌the‌‌nascent‌‌protein‌‌chain‌‌occupying‌‌the‌‌tunnel,‌‌the‌‌                             

26 A2062‌‌base‌‌is‌‌stabilized‌‌in‌‌the‌‌rotated‌‌state‌‌juxtaposed‌‌against‌‌the‌‌tunnel‌‌wall‌‌(‌Fig.‌‌3h,‌‌Supplementary‌‌                               
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11‌ ‌ 
‌ 

1 Fig.‌‌7a‌).‌‌The‌‌rotated‌‌state‌‌of‌‌A2062‌‌is‌‌stabilized‌‌by‌‌a‌‌H-bond‌‌between‌‌the‌‌N1‌‌atom‌‌of‌‌adenine‌‌and‌‌the‌‌                                       
2 stalling‌ ‌peptide‌ ‌backbone,‌ ‌as‌ ‌well‌ ‌as‌ ‌a‌ ‌non-canonical‌ ‌A:A‌ ‌base-pair‌ ‌with‌ ‌m‌2‌A2503‌ ‌(‌Supplementary‌‌                         

3 Fig.‌ ‌7b‌).‌ ‌In‌ ‌this‌ ‌conformation,‌ ‌the‌ ‌exocyclic‌ ‌amine‌ ‌of‌ ‌A2062‌ ‌is‌ ‌within‌ ‌H-bonding‌ ‌distance‌ ‌of‌ ‌the‌‌                               
4 acetamide‌ ‌carbonyl‌ ‌of‌ ‌LZD/RZD‌ ‌(2.7‌ ‌Å/3.3‌ ‌Å),‌ ‌which‌ ‌likely‌ ‌explains‌ ‌why‌ ‌we‌ ‌observe‌ ‌improved‌                           

5 density‌‌for‌‌the‌‌C5‌‌group‌‌in‌‌the‌‌stalled‌‌complexes‌‌(‌Fig.‌‌3a,b‌).‌‌This‌‌interaction‌‌has‌‌not‌‌been‌‌observed‌‌in‌‌                                   
6 existing‌‌structures‌‌of‌‌oxazolidinone-bound‌‌vacant‌‌ribosomes‌‌due‌‌to‌‌the‌‌alternative‌‌orientation‌‌of‌‌A2062.‌‌                         

7 The‌ ‌peptide-induced‌ ‌interaction‌ ‌between‌ ‌A2062‌ ‌and‌ ‌the‌ ‌oxazolidinone‌ ‌is‌ ‌distinct‌ ‌from‌ ‌that‌ ‌observed‌‌                         

8 with‌‌CHL.‌‌In‌‌structures‌‌of‌‌chloramphenicol‌‌without‌‌nascent‌‌peptide,‌‌A2062‌‌is‌‌already‌‌in‌‌a‌‌rotated‌‌state‌‌                               
9 to‌ ‌form‌ ‌a‌ ‌H-bond‌ ‌with‌ ‌the‌ ‌antibiotic‌20‌.‌ ‌ 

10 Compared‌ ‌to‌ ‌the‌ ‌antibiotic-only‌ ‌bound‌ ‌structures,‌ ‌we‌ ‌also‌ ‌observe‌ ‌stabilization‌ ‌of‌ ‌dynamic‌ ‌PTC‌‌                         

11 nucleotides‌ ‌in‌ ‌conformations‌ ‌that‌ ‌provide‌ ‌additional‌ ‌contacts‌ ‌with‌ ‌the‌ ‌antibiotics.‌ ‌Notably,‌ ‌the‌ ‌global‌‌                         
12 resolutions‌ ‌of‌ ‌the‌‌maps‌‌are‌‌similar‌‌and‌‌many‌‌residues‌‌show‌‌nearly‌‌identical‌‌fits‌‌to‌‌density‌‌at‌‌the‌‌same‌‌                                   

13 map‌‌threshold‌‌(‌Supplementary‌‌Fig.‌‌8‌).‌‌We‌‌observe‌‌improved‌‌density‌‌for‌‌U2585,‌‌which‌‌as‌‌the‌‌C4‌‌enol‌‌                               
14 tautomer‌ ‌could‌ ‌provide‌ ‌a‌ ‌H-bonding‌ ‌interaction‌ ‌with‌ ‌the‌‌oxygen‌‌atom‌‌of‌‌the‌‌morpholine‌‌ring‌‌in‌‌LZD‌‌                               

15 (‌Supplementary‌ ‌Fig.‌ ‌7,‌ ‌8‌).‌ ‌Although‌ ‌U2506‌ ‌does‌ ‌not‌ ‌make‌‌direct‌‌contact‌‌with‌‌the‌‌LZD,‌‌we‌‌observe‌‌                               

16 dramatically‌ ‌improved‌ ‌density‌ ‌for‌ ‌this‌ ‌nucleotide‌ ‌in‌ ‌a‌ ‌conformation‌ ‌analogous‌ ‌to‌ ‌an‌ ‌uninduced‌ ‌or‌‌                           
17 nonproductive‌‌state‌‌of‌‌the‌‌PTC‌21‌ ‌(‌Supplementary‌‌Fig.‌‌7c,‌‌8‌).‌‌In‌‌the‌‌RZD-stalled‌‌complex,‌‌we‌‌observe‌‌                             

18 improved‌ ‌densities‌ ‌for‌ ‌U2506,‌ ‌U2585‌ ‌and‌ ‌A2602‌ ‌(‌Supplementary‌ ‌Fig.‌ ‌8‌).‌ ‌Nucleotides‌ ‌U2506‌ ‌and‌‌                         
19 A2602‌ ‌provide‌ ‌π-π‌ ‌stacking‌ ‌interactions‌ ‌with‌‌the‌‌C-‌‌and‌‌D-ring,‌‌respectively,‌‌while‌‌nucleotide‌‌U2585‌‌                           

20 engages‌‌in‌‌a‌‌H-bond‌‌with‌‌the‌‌secondary‌‌amine‌‌of‌‌RZD‌‌(‌Fig.‌‌3b,‌‌Supplementary‌‌Fig.‌‌7‌).‌‌Interestingly,‌‌                               
21 the‌‌D-ring‌‌interaction‌‌with‌‌A2602‌‌has‌‌not‌‌been‌‌observed‌‌in‌‌a‌‌previous‌‌ribosome‌‌structure‌‌with‌‌RZD‌‌‌17‌ ‌                                 
22 but‌ ‌likely‌ ‌explains‌ ‌why‌ ‌RZD‌ ‌is‌ ‌a‌ ‌better‌ ‌inhibitor‌ ‌of‌ ‌translation‌ ‌compared‌ ‌to‌ ‌LZD,‌ ‌as‌ ‌the‌ ‌stabilized‌‌                                 

23 D-ring‌‌would‌‌provide‌‌additional‌‌steric‌‌interference‌‌with‌‌aminoacyl‌‌tRNA‌‌binding‌‌(‌Supplementary‌‌Fig.‌‌                       
24 9‌).‌‌Together‌‌these‌‌results‌‌suggest‌‌that,‌‌in‌‌addition‌‌to‌‌favorable‌‌interactions‌‌with‌‌the‌‌penultimate‌‌alanine,‌‌                             

25 interactions‌‌between‌‌rRNA‌‌nucleotides‌‌and‌‌the‌‌oxazolidinone‌‌likely‌‌play‌‌a‌‌role‌‌in‌‌improving‌‌antibiotic‌‌                           

26 binding‌ ‌to‌ ‌the‌ ‌ribosome‌ ‌to‌ ‌facilitate‌ ‌stalling.‌ ‌ 

‌ 

‌ 

‌ 

‌ 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 10, 2021. ; https://doi.org/10.1101/2021.08.10.455846doi: bioRxiv preprint 

https://paperpile.com/c/zWCv7B/hFJO
https://paperpile.com/c/zWCv7B/A7yQ
https://paperpile.com/c/zWCv7B/CZbD
https://doi.org/10.1101/2021.08.10.455846


12‌ ‌ 
‌ 

1

‌ 
2 Figure‌‌3.‌‌Stalling‌‌peptide‌‌stabilizes‌‌oxazolidinone‌‌binding‌‌to‌‌the‌‌ribosome.‌ ‌‌For‌‌this‌‌figure,‌‌coulomb‌‌                           
3 potential‌ ‌density‌ ‌is‌ ‌contoured‌ ‌at‌ ‌4.0𝜎‌ ‌in‌ ‌surface‌ ‌representation‌ ‌and‌ ‌1.0𝜎‌ ‌in‌ ‌mesh‌ ‌representation‌ ‌from‌‌                             
4 unsharpened‌ ‌maps‌ ‌generated‌ ‌with‌ ‌a‌ ‌soft‌ ‌50S‌ ‌mask.‌ ‌(‌a‌)‌ ‌Comparison‌ ‌of‌ ‌linezolid‌ ‌density‌ ‌in‌ ‌the‌‌                             
5 linezolid-only‌ ‌bound‌ ‌(LZD-50S)‌ ‌and‌ ‌the‌ ‌linezolid-stalled‌ ‌complex‌ ‌(LZD-SRC).‌ ‌(‌b‌)‌ ‌Comparison‌ ‌of‌‌                     
6 radezolid‌ ‌density‌ ‌in‌ ‌the‌ ‌radezolid-only‌ ‌bound‌ ‌(RZD-50S)‌ ‌and‌ ‌the‌ ‌radezolid-stalled‌ ‌complex‌‌                     
7 (RZD-SRC).‌‌(‌c‌)‌‌‌Close‌‌up‌‌view‌‌of‌‌the‌‌CH-π‌‌interaction‌‌between‌‌the‌‌B-ring‌‌of‌‌LZD‌‌and‌‌the‌‌penultimate‌‌                                 
8 alanine‌‌(Ala4).‌‌(‌d‌)‌‌Close‌‌up‌‌view‌‌of‌‌the‌‌CH-π‌‌interaction‌‌between‌‌the‌‌RZD‌‌B-ring‌‌and‌‌the‌‌penultimate‌‌                                 
9 alanine.‌ ‌(‌e,f‌)‌ ‌Schematic‌ ‌of‌ ‌the‌ ‌CH-π‌ ‌interaction‌ ‌involved‌ ‌in‌ ‌stabilizing‌ ‌antibiotic‌ ‌binding‌ ‌in‌ ‌(‌e‌)‌‌                           

10 LZD-stalled‌ ‌and‌ ‌(‌f‌)‌ ‌RZD-stalled‌ ‌ribosome‌ ‌complexes.‌ ‌(‌g‌)‌ ‌Density‌‌of‌‌the‌‌exit‌‌tunnel‌‌rRNA‌‌nucleotide‌‌                           
11 A2062‌ ‌in‌ ‌LZD-only‌ ‌bound‌ ‌structure,‌ ‌highlighting‌ ‌two‌ ‌conformations.‌ ‌(‌h‌)‌ ‌Density‌ ‌of‌ ‌A2062‌ ‌in‌ ‌the‌‌                           
12 LZD-stalled‌ ‌structure,‌ ‌with‌ ‌only‌ ‌one‌ ‌observed‌ ‌conformation.‌ ‌ ‌ ‌     
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‌ 

1 Cfr‌ ‌methylation‌ ‌destabilizes‌ ‌the‌ ‌stalled‌ ‌ribosome‌ ‌complex‌ ‌ 

2 A‌‌prevalent‌‌resistance‌‌mechanism‌‌to‌‌LZD‌‌identified‌‌in‌‌multiple‌‌clinical‌‌isolates‌‌worldwide‌22–28‌ ‌involves‌‌                         

3 methylation‌ ‌of‌ ‌rRNA‌ ‌by‌ ‌the‌ ‌Cfr‌ ‌enzyme,‌ ‌which‌ ‌adds‌ ‌a‌ ‌methyl‌ ‌group‌ ‌at‌ ‌the‌ ‌C8‌ ‌atom‌ ‌of‌ ‌A2503‌‌                                   
4 (m‌8‌A2503)‌ ‌in‌ ‌23S‌ ‌rRNA‌29–33‌.‌ ‌The‌ ‌Cfr‌ ‌modification‌ ‌disrupts‌ ‌LZD‌ ‌binding‌ ‌to‌ ‌the‌ ‌ribosome‌ ‌by‌                           
5 introducing‌ ‌a‌ ‌steric‌ ‌clash‌‌between‌‌the‌‌installed‌‌methyl‌‌mark‌‌and‌‌the‌‌C5‌‌group‌‌of‌‌the‌‌antibiotic.‌‌While‌‌                                 

6 this‌ ‌modification‌ ‌confers‌ ‌high‌ ‌levels‌ ‌of‌ ‌resistance‌ ‌to‌ ‌LZD,‌ ‌RZD‌ ‌retains‌ ‌modest‌ ‌efficacy‌ ‌against‌‌                           
7 Cfr-positive‌‌strains‌34,35‌,‌‌likely‌‌due‌‌to‌‌retained‌‌interactions‌‌on‌‌the‌‌other‌‌side‌‌of‌‌the‌‌molecule‌‌involving‌‌the‌‌                               

8 D-ring‌‌(‌Fig.‌‌3b‌).‌‌However,‌‌this‌‌suggests‌‌that‌‌when‌‌RZD‌‌binds‌‌to‌‌Cfr-modified‌‌ribosomes,‌‌the‌‌C5‌‌group‌‌                               
9 must‌ ‌adopt‌ ‌an‌ ‌alternative‌‌conformation‌‌to‌‌accommodate‌‌C8‌‌methyl‌‌group‌‌of‌‌m‌8‌A2503.‌‌Given‌‌that‌‌the‌‌                             

10 C5‌ ‌group‌ ‌is‌ ‌an‌ ‌important‌ ‌component‌ ‌of‌‌the‌‌antibiotic‌‌pocket‌‌required‌‌to‌‌fit‌‌the‌‌alanine‌‌side‌‌chain,‌‌we‌‌                                   

11 wanted‌ ‌to‌ ‌evaluate‌ ‌the‌ ‌ability‌ ‌of‌ ‌RZD‌ ‌to‌ ‌induce‌ ‌stalling‌ ‌of‌ ‌Cfr-modified‌ ‌ribosomes.‌‌ ‌  

12 To‌ ‌perform‌ ‌‌in‌ ‌vitro‌ ‌‌assays,‌ ‌we‌ ‌expressed‌ ‌Cfr‌ ‌in‌ ‌‌E.‌ ‌coli‌ ‌and‌ ‌isolated‌ ‌ribosomes‌ ‌with‌ ‌near-complete‌‌                               
13 methylation‌ ‌of‌ ‌m‌8‌A2503‌ ‌as‌ ‌described‌ ‌previously‌33‌.‌ ‌As‌ ‌expected,‌ ‌RZD‌ ‌retains‌ ‌activity‌ ‌against‌ ‌the‌‌                         
14 m‌8‌A2503‌ ‌ribosomes.‌ ‌‌In‌ ‌vitro‌ ‌‌translation‌ ‌of‌ ‌the‌ ‌sf-GFP‌ ‌by‌ ‌Cfr-modified‌ ‌ribosomes‌ ‌could‌ ‌not‌ ‌be‌‌                           

15 suppressed‌ ‌by‌ ‌LZD‌ ‌but‌ ‌was‌ ‌readily‌ ‌inhibited‌ ‌by‌ ‌RZD‌ ‌(IC‌50‌ ‌~1‌ ‌µM‌ ‌(‌Supplementary‌ ‌Fig.‌ ‌10a‌)).‌ ‌As‌‌                               
16 expected,‌ ‌in‌ ‌toe-printing‌ ‌experiments‌ ‌the‌ ‌m‌8‌A2503‌ ‌modification‌ ‌alleviated‌ ‌LZD-induced‌ ‌ribosome‌‌                   

17 arrest‌ ‌at‌ ‌the‌ ‌F5‌ ‌codon‌ ‌of‌ ‌the‌ ‌MFK‌A‌F…-encoding‌‌ORF‌‌(‌Fig.‌‌4a‌).‌‌Strikingly,‌‌RZD,‌‌while‌‌retaining‌‌its‌‌                               
18 general‌‌translation‌‌inhibitory‌‌activity,‌‌also‌‌failed‌‌to‌‌arrest‌‌the‌‌m‌8‌A2503‌‌ribosome‌‌at‌‌the‌‌F5‌‌codon‌‌of‌‌the‌‌                                 

19 MFK‌A‌F‌ ‌template‌ ‌(‌Fig.‌ ‌4a‌).‌ ‌Together,‌ ‌these‌ ‌results‌ ‌suggest‌ ‌that‌ ‌the‌ ‌presence‌ ‌of‌ ‌C8‌ ‌methyl‌ ‌group‌ ‌at‌‌                               
20 A2503‌ ‌does‌ ‌not‌ ‌prevent‌ ‌antibiotic‌ ‌binding‌ ‌but‌ ‌alters‌ ‌its‌ ‌ability‌ ‌to‌ ‌arrest‌‌translation‌‌in‌‌the‌‌penultimate‌‌                               

21 alanine-specific‌ ‌manner.‌ ‌ 

22 In‌ ‌search‌ ‌of‌ ‌a‌ ‌molecular‌ ‌explanation‌ ‌for‌ ‌this‌ ‌result,‌ ‌we‌ ‌determined‌ ‌the‌ ‌structure‌ ‌of‌ ‌RZD-bound‌ ‌to‌‌                               

23 Cfr-modified‌‌ribosome‌‌‘forced-stalled’‌‌with‌‌the‌‌MFK‌A‌F-tRNA‌‌in‌‌the‌‌P-site‌‌at‌‌2.4‌‌Å‌‌resolution.‌‌While‌‌                           
24 the‌ ‌overall‌ ‌binding‌ ‌of‌ ‌the‌ ‌antibiotic‌ ‌molecule‌ ‌was‌ ‌similar‌ ‌to‌ ‌that‌ ‌observed‌ ‌in‌ ‌the‌ ‌stalled‌ ‌‌wildtype‌‌                               
25 ribosome,‌ ‌the‌ ‌C5‌ ‌group‌ ‌of‌ ‌RZD‌ ‌bound‌‌to‌‌the‌‌m‌8‌A2503‌‌ribosome‌‌adopts‌‌a‌‌conformation‌‌distinct‌‌from‌‌                               
26 that‌‌of‌‌the‌‌‌wildtype‌‌complex‌‌(‌Fig.‌‌4b‌).‌‌In‌‌this‌‌alternative‌‌conformation,‌‌the‌‌C5‌‌group‌‌encroaches‌‌upon‌‌                               
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14‌ ‌ 
‌ 

1 the‌‌binding‌‌pocket‌‌of‌‌the‌‌penultimate‌‌alanine‌‌to‌‌introduce‌‌a‌‌mild‌‌steric‌‌clash‌‌(‌Fig.‌‌4c‌).‌‌As‌‌a‌‌result,‌‌the‌‌                                     

2 oxazolidinone‌ ‌cavity‌ ‌becomes‌ ‌a‌ ‌poor‌ ‌fit‌ ‌for‌ ‌the‌ ‌penultimate‌ ‌alanine‌ ‌of‌ ‌the‌ ‌nascent‌ ‌protein‌ ‌chain.‌‌                             

3 Destabilization‌‌of‌‌a‌‌properly‌‌stalled‌‌complex‌‌is‌‌exhibited‌‌by‌‌poor‌‌density‌‌for‌‌certain‌‌side‌‌chains‌‌of‌‌the‌‌                                 
4 nascent‌‌peptide‌‌(‌Supplementary‌‌Fig.‌‌10b‌).‌‌We‌‌also‌‌observe‌‌reversion‌‌of‌‌exit‌‌tunnel‌‌nucleotide‌‌A2062‌‌                           

5 to‌‌its‌‌lumen‌‌conformation‌‌which‌‌is‌‌now‌‌positioned‌‌too‌‌far‌‌away‌‌to‌‌engage‌‌in‌‌a‌‌H-bond‌‌with‌‌RZD.‌‌These‌‌                                     
6 results‌ ‌suggest‌ ‌that‌ ‌the‌ ‌m‌8‌A2503‌ ‌modification‌ ‌alters‌ ‌the‌ ‌RZD‌ ‌stalling‌ ‌landscape‌ ‌by‌ ‌changing‌ ‌the‌‌                           

7 interface‌ ‌between‌ ‌the‌ ‌antibiotic‌ ‌and‌ ‌the‌ ‌nascent‌ ‌peptide.‌ ‌ 

8 Our‌ ‌structural‌ ‌findings‌ ‌also‌ ‌provide‌ ‌important‌ ‌insights‌ ‌into‌ ‌how‌ ‌RZD‌ ‌retains‌ ‌efficacy‌ ‌against‌‌                         

9 LZD-resistant‌‌ribosomes.‌‌While‌‌the‌‌Cfr‌‌modification‌‌perturbs‌‌positioning‌‌of‌‌the‌‌C5‌‌group,‌‌which‌‌likely‌‌                           
10 disrupts‌ ‌interaction‌ ‌with‌ ‌exit‌ ‌tunnel‌ ‌nucleotide‌ ‌A2062,‌ ‌we‌ ‌observe‌ ‌retention‌ ‌of‌ ‌other‌ ‌interactions.‌‌                         

11 Although‌ ‌somewhat‌ ‌diminished,‌ ‌we‌ ‌observe‌ ‌densities‌ ‌for‌ ‌the‌ ‌D-ring‌ ‌and‌ ‌A2602‌ ‌engaged‌ ‌in‌ ‌a‌ ‌π-π‌‌                             
12 stacking‌ ‌interaction‌ ‌analogous‌ ‌to‌ ‌that‌ ‌observed‌ ‌in‌ ‌the‌ ‌‌wildtype,‌ ‌‌non-Cfr‌ ‌modified‌ ‌‌complex‌ ‌(‌Fig.‌ ‌4d‌).‌‌                           

13 LZD‌‌does‌‌not‌‌contain‌‌the‌‌additional‌‌D-ring‌‌and‌‌is‌‌thus‌‌more‌‌dramatically‌‌impacted‌‌by‌‌lost‌‌interactions‌‌                               
14 due‌ ‌to‌ ‌m‌8‌A2503.‌ ‌Our‌ ‌results‌ ‌suggest‌ ‌that‌ ‌in‌ ‌addition‌ ‌to‌ ‌shortening‌ ‌of‌ ‌the‌ ‌C5‌ ‌group,‌ ‌which‌ ‌has‌ ‌been‌‌                                   
15 carried‌‌out‌‌with‌‌other‌‌oxazolidinones‌‌derivatives‌13,36‌,‌‌extension‌‌of‌‌the‌‌ring‌‌system‌‌on‌‌the‌‌opposite‌‌end‌‌of‌‌                               

16 the‌‌molecule‌‌is‌‌an‌‌orthogonal,‌‌viable‌‌strategy‌‌for‌‌generating‌‌oxazolidinone‌‌antibiotics‌‌that‌‌overcome‌‌Cfr‌‌                           
17 resistance.‌‌ ‌  
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‌ 

1

‌ 
2 Figure‌ ‌4.‌ ‌The‌ ‌Cfr‌ ‌modification‌ ‌m‌8‌A2503‌ ‌perturbs‌ ‌linezolid‌ ‌and‌ ‌radezolid-induced‌ ‌ribosome‌‌                     
3 stalling.‌ ‌‌(‌a‌)‌ ‌Toeprinting‌ ‌assays‌ ‌performed‌ ‌on‌ ‌the‌ ‌MFK‌A‌F‌ ‌stalling‌ ‌peptide‌ ‌sequence.‌ ‌Prominent‌ ‌stall‌‌                         
4 sites‌ ‌observed‌ ‌in‌ ‌reactions‌ ‌containing‌ ‌chloramphenicol‌ ‌(CHL),‌ ‌linezolid‌ ‌(LZD),‌ ‌or‌ ‌radezolid‌ ‌(RZD)‌‌                       
5 with‌ ‌‌wildtype‌ ‌ribosomes,‌ ‌but‌ ‌not‌ ‌with‌ ‌Cfr-modified‌ ‌ribosomes,‌‌are‌‌indicated‌‌by‌‌the‌‌red‌‌arrow.‌‌Due‌‌to‌‌                               
6 the‌‌inclusion‌‌of‌‌the‌‌tRNA‌‌synthetase‌‌inhibitor‌‌mupirocin‌‌in‌‌all‌‌toeprinting‌‌reactions,‌‌any‌‌ribosomes‌‌not‌‌                             
7 stalled‌ ‌at‌ ‌an‌ ‌upstream‌ ‌codon‌ ‌are‌ ‌forced‌ ‌to‌ ‌stall‌ ‌at‌ ‌the‌ ‌Ile‌ ‌codons‌ ‌designated‌ ‌by‌ ‌grey‌ ‌arrows.‌ ‌‌(‌b‌)‌‌                                   
8 Structural‌ ‌rearrangements‌ ‌identified‌ ‌in‌ ‌RZD-forced‌ ‌stalled‌ ‌complex‌ ‌with‌ ‌Cfr-modified‌ ‌ribosomes‌‌                   
9 (RZD-SRC*).‌ ‌Stalling‌‌peptide‌‌in‌‌purple‌‌is‌‌from‌‌RZD-SRC.‌‌Rotation‌‌of‌‌the‌‌RZD‌‌C5‌‌group‌‌is‌‌required‌‌                               

10 to‌‌accommodate‌‌m‌8‌A2503,‌‌resulting‌‌in‌‌a‌‌steric‌‌clash‌‌between‌‌the‌‌penultimate‌‌alanine‌‌and‌‌the‌‌C5‌‌group,‌‌                               
11 close-up‌‌view‌‌shown‌‌in‌‌sphere‌‌representation‌‌in‌‌panel‌‌(‌c‌).‌‌(‌d‌)‌‌Retained‌‌interaction‌‌between‌‌RZD‌‌D-ring‌‌                             
12 and‌ ‌A2602‌ ‌in‌ ‌Cfr-modified‌ ‌ribosomes.‌‌ ‌ ‌    
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‌ 

1 DISCUSSION‌ ‌ 

2 We‌‌identified‌‌two‌‌factors‌‌that‌‌contribute‌‌to‌‌context‌‌specificity‌‌of‌‌oxazolidinones‌‌LZD‌‌and‌‌RZD‌‌(‌Fig.‌‌5‌).‌‌                               

3 While‌‌the‌‌antibiotic‌‌can‌‌still‌‌bind‌‌to‌‌the‌‌ribosome‌‌that‌‌lacks‌‌the‌‌nascent‌‌protein‌‌chain,‌‌as‌‌revealed‌‌by‌‌our‌‌                                     

4 and‌‌previously‌‌published‌‌structures‌‌of‌‌the‌‌vacant‌‌ribosome‌‌complexed‌‌with‌‌LZD‌‌and‌‌RZD,‌‌the‌‌presence‌‌                             
5 of‌ ‌the‌ ‌nascent‌ ‌chain‌ ‌stabilizes‌ ‌binding‌ ‌of‌ ‌the‌ ‌drug‌ ‌by‌ ‌providing‌ ‌additional‌ ‌points‌ ‌of‌ ‌contact.‌ ‌Most‌‌                               

6 importantly,‌ ‌the‌ ‌side‌ ‌chain‌ ‌of‌ ‌the‌ ‌penultimate‌ ‌alanine‌ ‌residue‌ ‌is‌ ‌intercalated‌ ‌into‌ ‌the‌‌                         
7 complementary-shaped‌‌cavity‌‌formed‌‌by‌‌the‌‌drug‌‌molecule‌‌(‌Fig.‌‌2b,‌‌Fig.‌‌3c,d‌).‌‌Larger‌‌amino‌‌acids‌‌in‌‌                             

8 the‌‌penultimate‌‌position‌‌of‌‌the‌‌nascent‌‌peptide‌‌would‌‌clash‌‌with‌‌the‌‌antibiotic,‌‌preventing‌‌its‌‌binding.‌‌In‌‌                               

9 contrast,‌ ‌glycine‌ ‌cannot‌ ‌make‌ ‌a‌ ‌CH-π‌ ‌interaction‌ ‌with‌ ‌the‌ ‌drug,‌ ‌thereby‌ ‌making‌ ‌its‌ ‌binding‌ ‌less‌‌                             
10 favorable.‌ ‌As‌ ‌a‌ ‌secondary‌ ‌effect‌ ‌of‌ ‌the‌ ‌alanine‌ ‌interaction,‌ ‌we‌ ‌also‌ ‌observe‌ ‌stabilization‌ ‌of‌ ‌dynamic‌‌                             

11 nucleotides‌ ‌in‌ ‌conformations‌ ‌that‌ ‌provide‌‌additional‌‌contacts‌‌with‌‌the‌‌antibiotic‌‌(‌Supplementary‌‌Fig.‌‌                       
12 7‌).‌‌The‌‌culmination‌‌of‌‌these‌‌interactions‌‌leads‌‌to‌‌improved‌‌antibiotic‌‌binding‌‌to‌‌the‌‌ribosomal‌‌A-site‌‌in‌‌                               

13 the‌ ‌presence‌ ‌of‌ ‌nascent‌ ‌peptides‌ ‌containing‌ ‌a‌ ‌penultimate‌ ‌Ala,‌ ‌facilitating‌‌competition‌‌with‌‌incoming‌‌                         
14 aminoacyl‌ ‌tRNAs‌ ‌and‌ ‌thus‌ ‌resulting‌ ‌in‌ ‌ribosome‌ ‌stalling.‌‌ ‌  

15 Our‌ ‌structural‌ ‌investigations‌ ‌into‌ ‌RZD‌‌binding‌‌to‌‌a‌‌Cfr-modified‌‌ribosome‌‌revealed‌‌the‌‌importance‌‌of‌‌                           

16 the‌ ‌D-ring‌ ‌in‌ ‌stabilizing‌‌ribosome‌‌engagement,‌‌providing‌‌unprecedented‌‌insight‌‌into‌‌how‌‌RZD‌‌retains‌‌                         

17 efficacy‌ ‌against‌ ‌Cfr‌ ‌modified‌ ‌ribosomes.‌ ‌Surprisingly,‌ ‌we‌ ‌found‌ ‌that‌ ‌while‌ ‌RZD‌ ‌retains‌ ‌inhibitory‌‌                         
18 activity‌‌against‌‌Cfr-modified‌‌ribosomes,‌‌the‌‌m‌8‌A2503‌‌modification‌‌disrupts‌‌RZD‌‌stalling‌‌on‌‌the‌‌tested‌‌                         

19 alanine-containing‌ ‌peptide.‌ ‌Our‌ ‌structural‌ ‌findings‌ ‌suggest‌ ‌the‌ ‌Cfr‌ ‌modification‌ ‌likely‌ ‌changes‌ ‌the‌‌                       
20 context‌ ‌specificity‌ ‌of‌ ‌RZD‌ ‌by‌ ‌remodeling‌ ‌the‌ ‌hydrophobic‌ ‌pocket‌ ‌engaged‌ ‌by‌ ‌alanine‌ ‌in‌ ‌complexes‌‌                           

21 with‌ ‌‌wildtype‌ ‌‌ribosomes.‌ ‌In‌ ‌summary,‌ ‌our‌ ‌findings‌ ‌provide‌ ‌a‌ ‌unifying‌ ‌model‌ ‌for‌ ‌context-specific‌                         

22 inhibition‌‌of‌‌translation‌‌by‌‌oxazolidinone‌‌antibiotics.‌‌Our‌‌observation‌‌that‌‌the‌‌antibiotic‌‌binding‌‌pocket‌‌                         
23 is‌ ‌formed,‌ ‌in‌ ‌part,‌ ‌by‌ ‌the‌ ‌nascent‌ ‌peptide,‌ ‌has‌ ‌revealed‌ ‌the‌ ‌“missing”‌ ‌component‌ ‌of‌ ‌translation‌‌                             

24 machinery‌ ‌involved‌ ‌in‌ ‌antibiotic‌ ‌binding‌ ‌from‌ ‌previous‌ ‌cross-linking‌ ‌experiments.‌ ‌The‌‌importance‌‌of‌‌                       
25 Ala‌‌in‌‌the‌‌penultimate‌‌position‌‌of‌‌the‌‌nascent‌‌peptide‌‌for‌‌stabilizing‌‌the‌‌antibiotic‌‌provides‌‌the‌‌structural‌‌                               

26 basis‌ ‌for‌ ‌context‌‌specificity‌‌observed‌‌in‌‌ribosome‌‌profiling‌‌and‌‌single‌‌molecule‌‌studies.‌‌Our‌‌structural‌‌                           
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‌ 

1 insights‌ ‌into‌ ‌nascent-peptide‌ ‌specific‌ ‌inhibition‌ ‌of‌ ‌translation‌ ‌by‌ ‌oxazolidinones,‌ ‌and‌ ‌complementary‌‌                     
2 work‌ ‌in‌ ‌related‌ ‌systems‌19,37–39‌,‌ ‌suggests‌ ‌prospects‌ ‌for‌ ‌the‌ ‌development‌ ‌of‌ ‌drugs‌ ‌that‌ ‌can‌ ‌modulate‌‌                           

3 activity‌ ‌of‌ ‌the‌ ‌ribosomes‌ ‌in‌ ‌a‌ ‌protein-selective‌ ‌manner.‌‌ ‌  

4 ‌   

‌ 

‌ 

‌ 

‌ 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 10, 2021. ; https://doi.org/10.1101/2021.08.10.455846doi: bioRxiv preprint 

https://paperpile.com/c/zWCv7B/P2aQ+PUq2+vKKcq+yzvB
https://doi.org/10.1101/2021.08.10.455846


18‌ ‌ 
‌ 

1

‌ 

2 Figure‌ ‌5.‌ ‌Model‌‌for‌‌oxazolidinone‌‌context-specific‌‌inhibition‌‌of‌‌translation.‌‌‌(‌a‌)‌‌‌Linezolid‌‌(yellow)‌‌                       
3 is‌ ‌either‌ ‌unstably‌ ‌bound‌ ‌or‌ ‌sterically‌ ‌occluded‌ ‌from‌ ‌binding‌ ‌to‌ ‌the‌ ‌ribosome‌ ‌when‌ ‌glycine‌ ‌(Gly)‌ ‌or‌‌                               
4 larger‌ ‌residues‌ ‌occupy‌ ‌the‌ ‌penultimate‌ ‌position‌ ‌within‌ ‌the‌ ‌nascent‌ ‌chain.‌ ‌When‌ ‌alanine‌ ‌(Ala,‌ ‌blue)‌‌                           
5 occupies‌ ‌the‌ ‌penultimate‌ ‌position,‌ ‌linezolid‌ ‌becomes‌ ‌stably‌ ‌bound‌ ‌to‌ ‌the‌ ‌ribosomal‌ ‌PTC‌ ‌A-site,‌‌                         
6 enabling‌ ‌linezolid‌ ‌to‌ ‌better‌ ‌compete‌ ‌away‌ ‌incoming‌ ‌aminoacyl‌ ‌tRNAs‌ ‌(aa-tRNAs)‌ ‌and‌ ‌resulting‌ ‌in‌‌                         
7 ribosome‌ ‌stalling.‌ ‌(‌b‌)‌ ‌Radezolid‌ ‌(green)‌ ‌also‌ ‌facilitates‌ ‌stalling‌ ‌of‌ ‌ribosomes‌ ‌with‌ ‌alanine‌ ‌in‌ ‌the‌‌                           
8 penultimate‌‌position‌‌by‌‌enhancing‌‌radezolid‌‌binding‌‌to‌‌the‌‌PTC‌‌A-site.‌‌(‌c‌)‌‌Radezolid‌‌context-specificity‌‌                         
9 is‌‌altered‌‌in‌‌Cfr-modified‌‌ribosomes‌‌due‌‌to‌‌repositioning‌‌of‌‌the‌‌C5‌‌group‌‌required‌‌to‌‌accommodate‌‌the‌‌                               

10 m‌8‌A2503‌ ‌modification‌ ‌(pink‌ ‌circle).‌ ‌Rotation‌ ‌of‌ ‌the‌ ‌radezolid‌‌C5‌‌group‌‌narrows‌‌the‌‌antibiotic‌‌pocket‌‌                           
11 that‌ ‌normally‌ ‌houses‌ ‌the‌‌alanine‌‌side‌‌chain.‌‌Retained‌‌interaction‌‌between‌‌radezolid‌‌D-ring‌‌and‌‌A2602‌‌                           
12 (grey)‌ ‌explains‌ ‌why‌ ‌RZD‌ ‌can‌ ‌overcome‌ ‌Cfr-mediated‌ ‌resistance.‌ ‌ 
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1 METHODS‌ ‌ 
2 ‌ 
3 Generation‌ ‌of‌ ‌DNA‌ ‌templates‌ ‌for‌ ‌PURExpress‌ ‌system‌ ‌ 
4 PCR‌‌reactions‌‌were‌‌conducted‌‌with‌‌AccuPrime‌‌Taq‌‌DNA‌‌Polymerase‌‌(Thermo‌‌Fisher).‌‌DNA‌‌templates‌‌                         
5 used‌ ‌for‌ ‌toeprinting‌ ‌analysis‌ ‌were‌ ‌prepared‌ ‌as‌ ‌described‌ ‌previously‌11‌.‌ ‌DNA‌ ‌templates‌ ‌used‌ ‌for‌ ‌the‌‌                           
6 generation‌‌of‌‌stalled‌‌ribosome‌‌complexes‌‌were‌‌prepared‌‌using‌‌by‌‌combining‌‌the‌‌following‌‌primers:‌‌100‌‌                           
7 µM‌‌T7,‌‌100‌‌µM‌‌ORF_SD,‌‌10‌‌µM‌‌T7_MFKAF_Fwd,‌‌and‌‌10‌‌µM‌‌SD_MFKAF_Rev.‌‌Primer‌‌sequences‌‌                           
8 are‌ ‌listed‌ ‌in‌ ‌‌Supplementary‌ ‌Table‌ ‌2.‌ ‌‌The‌ ‌PCR‌ ‌product‌ ‌was‌ ‌purified‌ ‌using‌ ‌the‌ ‌MiniElute‌ ‌PCR‌ ‌kit‌‌                               
9 (Qiagen)‌ ‌following‌‌manufacturer’s‌‌instructions‌‌and‌‌quality‌‌was‌‌confirmed‌‌using‌‌a‌‌8%‌‌TBE‌‌(Novagen)‌‌                         

10 gel.‌ ‌Sequence‌ ‌architecture‌ ‌of‌ ‌the‌ ‌resulting‌ ‌DNA‌ ‌product‌ ‌is‌ ‌outlined‌ ‌in‌ ‌‌Supplementary‌ ‌Fig.‌ ‌2.‌‌ ‌  
11 ‌ 
12 Purification‌ ‌of‌ ‌70S‌ ‌ribosomes‌ ‌ 
13 Wildtype‌ ‌E.‌ ‌coli‌ ‌‌70S‌ ‌‌ribosomes‌ ‌were‌ ‌purified‌ ‌from‌ ‌the‌ ‌MRE600‌ ‌strain‌ ‌as‌ ‌described‌ ‌previously‌40‌.‌‌                           
14 Cfr-modified‌‌70S‌‌ribosomes‌‌were‌‌prepared‌‌using‌‌previously‌‌published‌‌protocol‌‌with‌‌modification‌33‌ ‌.‌ ‌In‌‌                         
15 short,‌E.‌ ‌coli‌ ‌BW25113‌ ‌expressing‌ ‌the‌‌evolved‌‌variant‌‌CfrV7‌‌were‌‌grown‌‌to‌‌an‌‌OD‌600‌ ‌of‌‌~0.7‌‌‌in‌‌LB‌‌                                   
16 media‌ ‌containing‌ ‌ampicillin‌ ‌(100‌ ‌µg/mL)‌ ‌and‌ ‌AHT‌ ‌inducer‌ ‌(30‌ ‌ng/mL)‌ ‌at‌ ‌37°C.‌ ‌After‌ ‌lysis‌ ‌using‌ ‌a‌‌                               
17 microfluidizer,‌ ‌clarified‌ ‌lysates‌ ‌were‌ ‌applied‌ ‌to‌ ‌a‌ ‌32%‌ ‌w/v‌ ‌sucrose‌ ‌cushion.‌ ‌Tight-coupled‌ ‌70S‌‌                         
18 ribosomes‌ ‌were‌ ‌purified‌ ‌on‌ ‌a‌ ‌15-30%‌ ‌w/v‌ ‌sucrose‌ ‌gradient.‌ ‌To‌ ‌eliminate‌ ‌sucrose,‌ ‌ribosomes‌ ‌were‌‌                           
19 precipitated‌ ‌by‌ ‌the‌ ‌addition‌‌of‌‌PEG‌‌20,000‌‌and‌‌subsequently‌‌resuspended‌‌in‌‌buffer‌‌containing‌‌50‌‌mM‌‌                             
20 Hepes-KOH‌ ‌(pH‌ ‌7.5),‌ ‌150‌ ‌mM‌ ‌KOAc,‌ ‌20‌ ‌mM‌ ‌Mg(OAc)‌2‌,‌ ‌7‌ ‌mM‌ ‌β-mercaptoethanol,‌ ‌20‌ ‌U/mL‌‌                           
21 SuperASE-In.‌‌ ‌  
22  
23 In‌ ‌vitro‌ ‌‌toeprinting‌ ‌assay‌ ‌ 
24 Toeprinting‌‌assays‌‌were‌‌conducted‌‌as‌‌previously‌‌described‌11,38,41‌.‌‌Briefly,‌‌reactions‌‌were‌‌prepared‌‌using‌‌                       
25 the‌ ‌‌PURExpress‌ ‌‌∆‌ ‌‌Ribosome‌ ‌Kit‌ ‌(New‌ ‌England‌ ‌Biolabs)‌ ‌in‌ ‌volumes‌ ‌of‌ ‌5‌ ‌µL‌ ‌and‌ ‌were‌ ‌allowed‌ ‌to‌‌                                 
26 proceed‌ ‌for‌ ‌15‌ ‌min‌ ‌at‌ ‌37 °C.‌ ‌Primer‌ ‌extension‌ ‌was‌ ‌initiated‌ ‌by‌ ‌the‌ ‌addition‌ ‌of‌ ‌AMV‌ ‌reverse‌‌                               
27 transcriptase‌‌(New‌‌England‌‌Biolabs)‌‌and‌‌allowed‌‌to‌‌proceed‌‌for‌‌10‌‌min.‌‌All‌‌reactions‌‌contained‌‌50‌‌µM‌‌                               
28 mupirocin.‌‌ ‌  
29 ‌ 
30 Preparation‌ ‌of‌ ‌linezolid‌ ‌and‌ ‌radezolid-only‌ ‌bound‌ ‌ribosomes‌ ‌for‌ ‌cryo-EM‌ ‌ 
31 Purified‌‌70S‌‌‌wildtype‌‌‌or‌‌Cfr-modified‌‌ribosomes‌‌were‌‌diluted‌‌to‌‌1‌‌pmol/µL‌‌in‌‌buffer‌‌containing‌‌50‌‌mM‌‌                               
32 Hepes-KOH‌ ‌(pH‌ ‌7.5),‌ ‌150‌ ‌mM‌ ‌KOAc,‌ ‌20‌ ‌mM‌ ‌Mg(OAc)‌2‌,‌ ‌7‌ ‌mM‌ ‌β-mercaptoethanol,‌ ‌20‌ ‌U/mL‌‌                           
33 SuperASE-In.‌ ‌Diluted‌ ‌ribosomes‌ ‌were‌ ‌then‌ ‌incubated‌ ‌at‌ ‌4‌o‌C‌ ‌for‌ ‌1.5‌ ‌h‌ ‌after‌ ‌the‌ ‌addition‌ ‌of‌ ‌either‌‌                               
34 linezolid‌ ‌(Med‌ ‌Chem‌ ‌Express)‌ ‌or‌ ‌radezolid‌ ‌(Med‌ ‌Chem‌ ‌Express)‌ ‌in‌ ‌40-60X‌ ‌molar‌ ‌excess.‌ ‌‌Samples‌‌                           
35 were‌ ‌then‌ ‌filtered‌ ‌for‌ ‌5‌ ‌min‌ ‌at‌ ‌‌14,000‌ ‌x‌ ‌‌g‌ ‌‌at‌ ‌4‌o‌C‌‌‌using‌‌a‌‌‌0.22‌‌uM‌‌low-binding‌‌Durapore‌‌PVDF‌‌filter‌‌                                       
36 (Millipore).‌‌ ‌  
37 ‌ 
38 ‌   

‌ 

‌ 

‌ 

‌ 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 10, 2021. ; https://doi.org/10.1101/2021.08.10.455846doi: bioRxiv preprint 

https://paperpile.com/c/zWCv7B/mj14
https://paperpile.com/c/zWCv7B/GTBu6
https://paperpile.com/c/zWCv7B/WiZS
https://paperpile.com/c/zWCv7B/fVigB+vKKcq+mj14
https://doi.org/10.1101/2021.08.10.455846


21‌ ‌ 
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1 Preparation‌ ‌of‌ ‌stalled‌ ‌ribosome‌ ‌complexes‌ ‌for‌ ‌cryo-EM‌ ‌ 
2 Stalled‌ ‌ribosome‌ ‌complexes‌‌containing‌‌the‌‌stalling‌‌peptide‌‌and‌‌corresponding‌‌oxazolidinone‌‌antibiotic‌‌                     
3 were‌‌prepared‌‌by‌‌‌in‌‌vitro‌‌‌t‌ranscription-translation.‌‌Reactions‌‌of‌‌100‌‌µL‌‌volume‌‌were‌‌prepared‌‌using‌‌the‌‌                             
4 PURExpress‌ ‌‌∆‌ ‌‌Ribosome‌ ‌Kit‌ ‌(New‌ ‌England‌ ‌Biolabs,‌ ‌‌E3313S‌)‌ ‌containing‌ ‌0.8‌ ‌U/µL‌ ‌of‌‌SuperASE-In,‌‌                         
5 ~1100‌‌ng‌‌of‌‌DNA‌‌template‌‌encoding‌‌the‌‌stalling‌‌peptide‌‌sequence‌‌(‌Supplementary‌‌Fig.‌‌2‌),‌‌5000‌‌pmol‌‌                             
6 of‌ ‌linezolid‌ ‌(Med‌ ‌Chem‌ ‌Express)‌ ‌or‌ ‌radezolid‌ ‌(Med‌ ‌Chem‌ ‌Express),‌ ‌and‌ ‌360‌ ‌pmol‌ ‌of‌ ‌‌wildtype‌‌                             
7 ribosomes‌‌or‌‌250‌‌pmol‌‌of‌‌Cfr-modified‌‌ribosomes.‌‌The‌‌reaction‌‌was‌‌halted‌‌by‌‌placing‌‌reactions‌‌on‌‌ice‌‌                               
8 after‌‌incubation‌‌at‌‌37‌‌o‌C‌‌for‌‌1‌‌h.‌‌The‌‌reaction‌‌was‌‌diluted‌‌to‌‌190‌‌µL‌‌by‌‌the‌‌addition‌‌of‌‌Buffer‌‌C‌‌(50‌‌mM‌‌                                             
9 Hepes-KOH-pH‌ ‌7.5,‌ ‌150‌ ‌mM‌ ‌KOAc,‌ ‌20‌ ‌mM‌ ‌Mg(OAc)‌2‌,‌ ‌7‌ ‌mM‌ ‌β-mercaptoethanol,‌ ‌20‌ ‌U/mL‌‌                         

10 SuperASE-In)‌‌and‌‌purified‌‌by‌‌a‌‌10-50%‌‌sucrose‌‌gradient‌‌also‌‌prepared‌‌in‌‌Buffer‌‌C.‌‌Ultracentrifugation‌‌                           
11 was‌‌performed‌‌using‌‌a‌‌SW‌‌Ti41‌‌rotor‌‌(Beckman‌‌Coulter)‌‌at‌‌22,000‌‌rpm‌‌for‌‌16‌‌h‌‌at‌‌4‌o‌C.‌‌Gradients‌‌were‌‌                                     
12 fractionated‌ ‌using‌ ‌a‌ ‌Bio-Comp‌ ‌Fractionator‌ ‌in‌ ‌20‌ ‌fractions‌ ‌where‌ ‌absorbance‌ ‌at‌ ‌260‌ ‌nm‌ ‌was‌‌                           
13 continuously‌ ‌monitored.‌ ‌Fractions‌ ‌corresponding‌ ‌to‌ ‌stalled‌ ‌ribosome‌ ‌complexes‌ ‌were‌ ‌precipitated‌ ‌by‌‌                     
14 the‌ ‌slow‌ ‌addition‌ ‌of‌ ‌PEG‌ ‌20,000‌ ‌in‌ ‌Buffer‌ ‌C‌ ‌at‌ ‌4‌o‌C‌ ‌to‌ ‌a‌ ‌final‌ ‌concentration‌ ‌of‌ ‌8%‌ ‌w/v.‌ ‌Stalled‌‌                                     
15 complexes‌ ‌were‌ ‌isolated‌ ‌by‌ ‌centrifugation‌ ‌for‌ ‌10‌ ‌min‌ ‌at‌ ‌17,500‌ ‌x‌ ‌‌g‌ ‌‌at‌ ‌4‌o‌C.‌ ‌‌After‌ ‌removing‌ ‌the‌‌                                 
16 supernatant,‌‌‌samples‌‌were‌‌slowly‌‌resuspended‌‌in‌‌Buffer‌‌C‌‌at‌‌4‌o‌C.‌‌Sample‌‌concentration‌‌was‌‌determined‌‌                           
17 by‌‌NanoDrop‌‌UV‌‌spectr‌ophotometer‌‌(Thermo),‌‌where‌‌A‌260‌=1‌‌corresponds‌‌to‌‌24‌‌pmol‌‌of‌‌70S‌‌ribosome.‌‌                           
18 Purified‌ ‌stalled‌ ‌ribosome‌ ‌complexes‌ ‌were‌ ‌then‌ ‌incubated‌ ‌with‌ ‌20-30X‌ ‌molar‌ ‌excess‌ ‌of‌ ‌the‌‌                         
19 corresponding‌ ‌oxazolidinone‌ ‌antibiotic‌ ‌(linezolid‌ ‌or‌ ‌radezolid)‌ ‌for‌ ‌1‌ ‌h‌ ‌at‌ ‌‌4‌o‌C.‌ ‌‌Prior‌ ‌to‌ ‌freezing‌‌grids,‌‌                             
20 stalled‌ ‌ribosome‌ ‌complexes‌ ‌were‌ ‌filtered‌ ‌for‌ ‌5‌‌min‌‌at‌‌‌14,000‌‌x‌‌‌g‌‌‌at‌‌4‌o‌C‌‌‌using‌‌a‌‌‌0.22‌‌uM‌‌low-binding‌‌                                     
21 Durapore‌ ‌PVDF‌ ‌filter‌ ‌(Millipore).‌‌ ‌  
22 ‌ 
23 Cryo-EM‌ ‌analysis‌ ‌ 
24 Samples‌ ‌described‌ ‌above‌ ‌were‌ ‌diluted‌ ‌in‌ ‌Buffer‌ ‌C‌ ‌and‌ ‌deposited‌ ‌onto‌ ‌freshly‌ ‌glow-discharged‌‌                         
25 (EMS-100‌ ‌Glow‌ ‌Discharge‌ ‌System,‌ ‌Electron‌ ‌Microscopy‌ ‌Sciences,‌ ‌30‌ ‌s‌‌at‌‌15‌‌mA)‌‌copper‌‌Quantifoil‌‌                           
26 (Quantifoil‌‌Micro‌‌Tools‌‌GmbH)‌‌grids‌‌with‌‌2‌‌nm‌‌thick‌‌amorphous‌‌carbon‌‌on‌‌top.‌‌Grids‌‌were‌‌incubated‌‌                               
27 for‌‌30‌‌s‌‌at‌‌10‌‌°C‌‌and‌‌95%‌‌humidity,‌‌before‌‌blotting‌‌and‌‌vitrification‌‌by‌‌plunging‌‌into‌‌liquid‌‌ethane‌‌using‌‌                                     
28 a‌ ‌FEI‌ ‌Vitrobot‌ ‌Mark‌ ‌IV‌ ‌(ThermoFisher).‌ ‌Ice‌ ‌thickness‌ ‌was‌ ‌controlled‌ ‌by‌‌varying‌‌the‌‌blot‌‌time,‌‌using‌‌                               
29 Whatman‌ ‌#1‌ ‌filter‌ ‌paper‌ ‌for‌ ‌blotting.‌ ‌Grids‌ ‌were‌ ‌screened‌ ‌for‌ ‌ice‌ ‌quality‌ ‌using‌ ‌a‌ ‌FEI‌ ‌Talos‌ ‌Arctica‌‌                                 
30 electron‌‌microscope‌‌(ThermoFisher,‌‌200‌‌kV,‌‌at‌‌UCSF)‌‌before‌‌grids‌‌were‌‌transported‌‌via‌‌dry‌‌shipper‌‌to‌‌                             
31 other‌ ‌facilities‌ ‌or‌ ‌loaded‌ ‌into‌ ‌a‌ ‌UCSF‌ ‌FEI‌ ‌Titan‌ ‌Krios‌ ‌(ThermoFisher).‌‌ ‌  
32 ‌ 
33 All‌ ‌datasets‌ ‌used‌ ‌for‌ ‌reconstruction‌ ‌were‌‌imaged‌‌on‌‌FEI‌‌Titan‌‌Krios‌‌microscopes‌‌(ThermoFisher,‌‌300‌‌                           
34 kV).‌‌The‌‌LZD-50S‌‌and‌‌LZD-SRC‌‌datasets‌‌were‌‌collected‌‌at‌‌the‌‌Stanford-SLAC‌‌CryoEM‌‌Center‌‌(S‌2‌C‌2‌)‌‌                           
35 using‌‌SerialEM‌‌on‌‌a‌‌microscope‌‌equipped‌‌with‌‌a‌‌Gatan‌‌K3‌‌direct‌‌electron‌‌detector‌‌(DED)‌‌but‌‌without‌‌                               
36 an‌ ‌imaging‌ ‌filter.‌ ‌The‌ ‌RZD-50S‌ ‌and‌ ‌RZD-SRC‌ ‌datasets‌ ‌were‌ ‌collected‌ ‌at‌ ‌the‌ ‌National‌ ‌Center‌ ‌for‌‌                             
37 CryoEM‌‌Access‌‌and‌‌Training‌‌(NCCAT)‌‌using‌‌Leginon/Appion‌‌on‌‌a‌‌microscope‌‌equipped‌‌with‌‌a‌‌Gatan‌‌                           
38 K2‌‌Summit‌‌DED‌‌and‌‌an‌‌imaging‌‌filter‌‌(20‌‌eV‌‌slit).‌‌The‌‌RZD-SRC*‌‌dataset‌‌was‌‌collected‌‌at‌‌UCSF‌‌on‌‌a‌‌                                     
39 microscope‌‌equipped‌‌with‌‌a‌‌Gatan‌‌K3‌‌DED‌‌and‌‌an‌‌imaging‌‌filter‌‌(20‌‌eV‌‌slit).‌‌The‌‌RZD-SRC*‌‌dataset‌                                 
40 was‌ ‌collected‌ ‌on-axis;‌ ‌all‌ ‌other‌ ‌datasets‌ ‌were‌ ‌collected‌ ‌using‌ ‌a‌ ‌nine-shot‌ ‌beam-image‌ ‌shift‌ ‌approach‌‌                           
41 with‌ ‌coma‌ ‌compensation.‌ ‌All‌ ‌image‌ ‌stacks‌ ‌were‌ ‌collected‌ ‌in‌ ‌super-resolution‌ ‌mode.‌ ‌Pixel‌ ‌sizes,‌                         
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1 micrograph‌ ‌count,‌ ‌defocus‌ ‌values,‌ ‌and‌ ‌exposures‌ ‌varied‌ ‌slightly‌‌between‌‌facilities‌‌and‌‌are‌‌reported‌‌in‌‌                           
2 Supplementary‌ ‌Table‌ ‌1‌.‌‌ ‌  
3 ‌ 
4 All‌ ‌image‌ ‌stacks‌ ‌were‌ ‌binned‌ ‌by‌ ‌a‌ ‌factor‌ ‌of‌ ‌2,‌ ‌motion‌ ‌corrected,‌ ‌and‌ ‌dose-weighted‌ ‌using‌ ‌UCSF‌‌                               
5 MotionCor2‌42‌.‌ ‌All‌ ‌reconstructions‌ ‌used‌ ‌dose-weighted‌ ‌micrographs.‌ ‌Initial‌ ‌CTF‌ ‌parameters‌ ‌were‌‌                   
6 determined‌‌using‌‌CTFFIND4‌‌within‌‌the‌‌cisTEM‌‌(v1.0.0-beta)‌16‌ ‌software‌‌sweet.‌‌Micrographs‌‌with‌‌poor‌‌                       
7 CTF‌‌fits‌‌or‌‌crystalline‌‌ice‌‌were‌‌excluded.‌‌Unsupervised‌‌particle‌‌picking‌‌used‌‌a‌‌soft-edged‌‌disk‌‌template‌‌                             
8 was‌ ‌followed‌ ‌by‌ ‌2D‌ ‌classification‌ ‌in‌ ‌cisTEM.‌ ‌Initial‌ ‌and‌ ‌final‌ ‌particle‌ ‌counts‌ ‌are‌ ‌reported‌ ‌in‌‌                             
9 Supplementary‌ ‌Table‌ ‌1‌.‌ ‌Only‌ ‌classes‌ ‌that‌ ‌clearly‌ ‌contained‌ ‌ice‌ ‌were‌ ‌omitted.‌ ‌An‌ ‌‌ab‌ ‌initio‌‌                           

10 reconstruction‌‌was‌‌carried‌‌out‌‌in‌‌cisTEM‌‌on‌‌the‌‌RZD-SRC*‌‌dataset,‌‌which‌‌yielded‌‌a‌‌starting‌‌reference‌‌                             
11 which‌ ‌was‌ ‌lowpass‌ ‌filtered‌ ‌and‌ ‌used‌ ‌as‌ ‌the‌ ‌initial‌ ‌reference‌ ‌for‌ ‌all‌ ‌five‌ ‌datasets.‌ ‌For‌ ‌SRC‌ ‌datasets,‌‌                                 
12 multi-class‌‌Auto‌‌refinement‌‌in‌‌cisTEM‌‌was‌‌used‌‌to‌‌select‌‌for‌‌all‌‌particles‌‌that‌‌had‌‌tRNA‌‌present.‌‌After‌‌                                 
13 this,‌ ‌and‌ ‌all‌ ‌non-SRC‌ ‌datasets,‌ ‌were‌ ‌subjected‌ ‌to‌ ‌a‌ ‌two-class‌ ‌Auto‌ ‌refinement‌ ‌in‌ ‌cisTEM‌ ‌to‌ ‌classify‌‌                               
14 between‌‌“good”‌‌particles‌‌and‌‌damaged‌‌“garbage”‌‌particles‌‌and‌‌high-frequency‌‌noise.‌‌The‌‌good‌‌classes‌‌                         
15 were‌ ‌carried‌ ‌forward‌ ‌into‌ ‌single‌ ‌class‌ ‌Auto‌‌and‌‌manual‌‌refinement‌‌efforts,‌‌including‌‌per-particle‌‌CTF‌‌                           
16 estimation.‌ ‌Care‌ ‌was‌ ‌taken‌ ‌not‌ ‌to‌ ‌increment‌ ‌the‌ ‌high-resolution‌ ‌cutoff‌ ‌in‌ ‌refinement‌ ‌to‌ ‌prevent‌‌                           
17 overfitting.‌ ‌Unsharpened‌ ‌maps‌ ‌were‌ ‌used‌ ‌in‌ ‌model‌ ‌refinement‌ ‌and‌ ‌figure‌ ‌preparation.‌ ‌Pixel‌ ‌size‌ ‌was‌‌                           
18 confirmed‌ ‌by‌ ‌comparison‌ ‌and‌ ‌cross-correlation‌ ‌between‌ ‌the‌ ‌resulting‌ ‌map‌ ‌and‌ ‌a‌‌                     
19 crystallographically-derived‌ ‌ribosome‌ ‌structure.‌ ‌70S‌ ‌maps‌ ‌were‌ ‌used‌ ‌for‌ ‌model‌ ‌building,‌ ‌but‌ ‌50S‌‌                       
20 focused‌‌refinement‌‌(using‌‌a‌‌binary‌‌mask‌‌to‌‌select‌‌for‌‌the‌‌50S‌‌in‌‌cisTEM)‌‌was‌‌carried‌‌out‌‌to‌‌aid‌‌in‌‌figure‌‌                                       
21 preparation.‌ ‌Map‌ ‌resolution‌ ‌values‌ ‌are‌ ‌reported‌ ‌as‌ ‌particle‌ ‌Fourier‌ ‌Shell‌ ‌Correlation‌ ‌(FSC)‌ ‌at‌ ‌0.143.‌ ‌ 
22 ‌ 
23 Atomic‌ ‌model‌ ‌building‌ ‌and‌ ‌refinement‌ ‌ 
24 Atomic‌ ‌models‌ ‌of‌ ‌50S‌ ‌ribosomal‌ ‌subunit‌ ‌with‌ ‌antibiotics‌ ‌and‌ ‌70S‌ ‌stalled‌ ‌ribosome‌ ‌complexes‌ ‌were‌‌                           
25 generated‌‌by‌‌rounds‌‌of‌‌model‌‌building‌‌in‌‌Coot‌43‌ ‌and‌‌refinement‌‌in‌‌PHENIX‌44‌.‌‌The‌‌atomic‌‌models‌‌of‌‌the‌‌                                 
26 wildtype‌‌‌E.‌‌coli‌‌‌50S‌‌subunit‌‌(PDB‌‌‌6PJ6‌)‌‌was‌‌used‌‌as‌‌the‌‌starting‌‌point.‌‌Initial‌‌models‌‌for‌‌the‌‌three‌‌70S‌‌                                     
27 stalled‌ ‌ribosome‌ ‌complexes‌ ‌were‌ ‌obtained‌ ‌by‌ ‌combining:‌ ‌(i)‌ ‌a‌ ‌model‌ ‌of‌ ‌‌wildtype‌ ‌‌E.‌‌coli‌‌‌50S‌‌subunit‌‌                               
28 (PDB‌ ‌‌6PJ6‌);‌ ‌(ii)‌ ‌a‌ ‌model‌ ‌of‌ ‌the‌ ‌30S‌ ‌subunit‌ ‌from‌ ‌‌wildtype‌ ‌‌E.‌ ‌coli‌ ‌‌ErmBL-stalled‌ ‌ribosome‌‌‌structure‌‌                               
29 (PDB:‌ ‌5JU8)‌45‌;‌ ‌(iii)‌ ‌‌P-tRNA‌ ‌and‌ ‌mRNA‌ ‌extracted‌ ‌from‌ ‌the‌ ‌‌ErmBL-stalled‌ ‌ribosome‌ ‌‌structure‌‌(PDB:‌‌                         
30 5JU8,‌ ‌‌mutated‌ ‌and‌ ‌remodeled‌ ‌in‌ ‌‌Coot‌43‌ ‌to‌ ‌yield‌ ‌fully‌ ‌modified‌ ‌‌E.‌ ‌coli‌ ‌tRNA‌Phe‌ ‌and‌ ‌a‌ ‌short‌ ‌mRNA,‌‌                                 
31 respectively);‌‌and‌‌(iv)‌‌the‌‌nascent‌ ‌peptide,‌‌which‌‌was‌‌modelled‌‌in‌‌‌Coot‌.‌‌‌Model‌‌refinement‌‌against‌‌the‌‌                             
32 acquired‌ ‌cryo-EM‌ ‌map‌ ‌was‌ ‌performed‌ ‌by‌ ‌multiple‌ ‌rounds‌ ‌of‌ ‌manual‌ ‌model‌ ‌building‌ ‌and‌ ‌restrained‌‌                           
33 parameter-refinement‌‌(real-space‌‌refinement,‌‌positional‌‌refinement,‌‌and‌‌simulated‌‌annealing).‌‌‌Modified‌‌                 
34 nucleotides‌ ‌were‌ ‌generated‌ ‌using‌ ‌eLBOW‌46‌ ‌within‌ ‌Phenix‌40‌.‌ ‌‌The‌ ‌L3,‌ ‌L10‌ ‌and‌ ‌L31‌ ‌proteins‌ ‌were‌ ‌not‌‌                             
35 modelled‌ ‌in‌ ‌any‌ ‌of‌ ‌the‌ ‌cryo-EM‌ ‌structures.‌ ‌Prior‌‌to‌‌running‌‌MolProbity‌47‌ ‌analysis,‌‌nucleotides‌‌76-94,‌‌                           
36 998-1009,‌ ‌and‌ ‌1020-1040‌ ‌of‌ ‌16S‌ ‌rRNA,‌ ‌nucleotides‌ ‌1053–1107,‌ ‌2100–2189‌ ‌of‌ ‌23S‌ ‌rRNA,‌ ‌and‌‌                         
37 ribosomal‌ ‌proteins‌ ‌L9‌ ‌and‌ ‌L11‌ ‌were‌ ‌removed,‌ ‌due‌ ‌to‌ ‌their‌ ‌high‌ ‌degree‌ ‌of‌ ‌disorder.‌ ‌Overall,‌ ‌protein‌‌                               
38 residues‌ ‌and‌ ‌rRNA‌ ‌nucleotides‌ ‌show‌ ‌well‌ ‌refined‌ ‌geometrical‌ ‌parameters‌ ‌(‌Supplementary‌ ‌Table‌ ‌1‌).‌‌                       
39 Figures‌ ‌were‌ ‌prepared‌ ‌using‌ ‌Pymol‌ ‌Molecular‌ ‌Graphics‌ ‌System‌ ‌Version‌ ‌2.4.1‌ ‌Schrödinger,‌ ‌LLC‌ ‌or‌‌                         
40 UCSF‌ ‌ChimeraX‌ ‌Version‌ ‌1.2.5‌48‌.‌ ‌ ‌   
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