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Supplementary Table 1. Broth microdilution (BMD) and gradient (GRAD) MIC testing 
of multidrug-resistant ST872 E. faecium 9-F-6. 

 MIC, µg/mL 
 

EUCAST 
breakpoints BMD GRAD 

Ampicillin S≤4 R> 8 >32 >256 
Amoxicillin S≤4 R> 8 >32 ND 
Imipenem S≤0,001 R> 4 >16 ND 
Ciprofloxacin S≤4 R> 4 >16 ND 
Levofloxacin S≤4 R> 4 >16 ND 
Gentamicin HLGR >128 >256 >1024 
Streptomycin HLSR > 512 >1024 ND 
Teicoplanin S≤2 R> 2 >8 128 
Vancomycin S≤4 R> 4 >16 >256 
Clindamycin N/A ND >256 
Quinupristin/Dalfopristin S≤1 R>4 4 ND 
Tigecycline S≤0.25 R>0.25 0.12 ND 
Linezolid S≤4 R> 4 8 16 
Chloramphenicol N/A ND 16 
 
MICs above the clinical break points, i.e. classifying the strain as resistant (R) are in bold, MICs 
below the break point, i.e. classifying the strain as susceptible (S) are in regular font. HLGR and 
HLSR stands for high-level gentamicin and streptomycin resistance. Note that BMD-based MICs 
overrule GRAD test MICs. ND stands for not determined, N/A stands for not applicable. 
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Supplementary Table 2. Cryo-EM data collection, modelling and refinement statistics. 
 

 Combined 
70S 

State I State II State III  State IV 

EMD ID 13241 13242 13243 13244 13245 
PDB ID 7P7Q 7P7R 7P7S 7P7T 7P7U 
Data collection      
Magnification (×) 165 000 165 000 165 000 165 000 165 000 
Electron fluence 
(e−/Å2)  

30.255 30.255 30.255 30.255 30.255 

Defocus range 
(µm)  

−0.5 to 
−1.5 

−0.5 to 
−1.5 

−0.5 to 
−1.5 

−0.5 to 
−1.5 

−0.5 to 
−1.5 

Pixel size (Å)  0.82 0.82 0.82 0.82 0.82 
Initial particles 203 321 203 321 203 321 203 321 203 321 
Final particles 112 877 29 581 29 875 23 806 18 512 
Average resolution 
(Å) (FSC threshold 
0.143) 

2.4 2.9 3.0 2.9 3.1 

Model 
composition  

     

Atoms  151 218 147 589 147 589 149 096 139 841 
Protein residues  6 096 6 097 6 097 6 097 5 337 
RNA bases 4 625 4 625 4 625 4697 4 549 
Refinement      
Map CC around 
atoms 

0.91 0.91 0.91 0.91 0.90 

Map CC whole unit 
cell 

0.90 0.91 0.90 0.91 0.90 

Map sharpening B 
factor (Å2) 

−46 −55 −59 −58 −59 

R.M.S. deviations      
    Bond lengths 
(Å) 

0.005 0.005 0.005 0.004 0.004 

    Bond angles (°) 0.773 0.628 0.624 0.577 0.633 
Validation      
MolProbity score 1.37 1.39 1.42 1.34 1.46 
Clash score 4.76 4.52 5.59 4.57 6.17 
Poor rotamers (%) 0.76 0.56 0.76 0.68 0.42 
Ramachandran 
statistics 

     

    Favoured (%) 97.35 97.05 97.40 97.43 97.37 
    Outlier (%) 0.02 0.03 0.02 0.03 0.08 
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Supplementary Table 3. Strains and plasmids used in this study. 
 

Strain or Plasmid 
VH lab 
database 
number  

Description Reference 

E. faecium 9-F-6 N.A. Multidrug-resistant clinical isolate Ref.31 

E. faecalis TX5332 
DlsaA (lsa::Kan) N.A. Rifr Fusr Kanr; lsa gene disruption 

mutant (OG1RF lsa::pTEX4577)) Ref.32 

pCIEspec  VHp426 
pCIE, Specr; Cmr gene swapped to 
spectinomycin resistance (Specr) 
gene 

Ref.15 

pCIEspec:poxtA-
AOUC-0915-HTF VHp553 

pCIEspec with optimized RBS 
expressing PoxtA AOUC-0915 with 
C-terminal His6-TEV-FLAG3 tag 

This work 

pCIEspec:poxtA-
AOUC-0915-EQ2-
HTF 

VHp609 

pCIEspec with optimized RBS 
expressing PoxtA AOUC-0915 with 
C-terminal His6-TEV-FLAG3 tag 
and E184Q and E471Q mutations 

This work 

pCIEspec:lsaA VHp431 pCIEspec with optimized RBS 
expressing LsaA  Ref.15 

pCIEspec:optrA-
ST16 VHp432 pCIEspec with optimized RBS 

expressing OptrA ST16  This work 

pCIEspec:optrA-
E35048 VHp506 pCIEspec with optimized RBS 

expressing OptrA-E35048 This work 

pCIEspec:poxtA-
EF9F6 VHp504 pCIEspec with optimized RBS 

expressing PoxtA EF9F6 This work 

pCIEspec:poxtA-
AOU-0915 VHp507 pCIEspec with optimized RBS 

expressing PoxtA AOUC-0915 This work 

pCIECam:optrA-
ST16-HTF VHp223 

pCIECam with optimized RBS 
expressing OptrA ST16 with C-
terminal His6-TEV-FLAG3 tag 

This work 

pCIECam:optrA-
ST16-E470Q-HTF VHp294 

pCIECam with optimized RBS 
expressing OptrA ST16 with C-
terminal His6-TEV-FLAG3 tag and 
E470Q substitution 

This work 

pCIECam:optrA-
ST16-EQ2-HTF VHp295 

pCIECam with optimized RBS 
expressing OptrA ST16 with C-
terminal His6-TEV-FLAG3 tag and 
E190Q and E470Q substitutions 

This work 

 
Abbreviations used: spec – spectinomycin, RBS – ribosome binding site, cm – chloramphenicol, HTF 
– His6-TEV-FLAG3, ARD – antibiotic resistance domain. NA stands for not applicable. 
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Supplementary Table 4. Oligonucleotide primers used in for the 5PSeq library 
preparation. 
 
Oligonucleotide Sequence, 5ʹ-3ʹ 
NEBi515 AATGATACGGCGACCACCGAGATCTACACTGTGGCATACACTCTTTCCCTACACGACGCTCTTCCGATC*T 

PE2_MPX_01 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_02 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_03 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_04 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_09 CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_10 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_11 CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_12 CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_13 CAAGCAGAAGACGGCATACGAGATTTGACTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_14 CAAGCAGAAGACGGCATACGAGATGGAACTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_15 CAAGCAGAAGACGGCATACGAGATTGACATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

PE2_MPX_16 CAAGCAGAAGACGGCATACGAGATGGACGGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC*T 

 
IUPAC nucleotide codes are used to indicate oligonucleotides with degenerated bases. * indicates 
the S-linkage between the two bases. Barcodes are identified in bold. 
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Supplementary Figures 

 
Supplementary Figure 1. ARE-ABCF phylogeny with a focus on PoxtA. The tree is a 
maximum likelihood phylogeny of selected ABCF representatives. Numbers on branches 
correspond to IQ-Tree ultra-fast bootstrap support in percentages74, and branch length is 
proportional to the number of substitutions as per the scale bar in the lower left. The ARE8 
subfamily comprising PoxtA-like proteins has 100% support, but its relationship with other 
subfamilies is unresolved. OptrA is most closely related to the YdiF subfamily of mostly 
vertically inherited and presumably housekeeping ABCF (84% bootstrap support). This 
suggests that the similar resistance spectrum of OptrA and PoxtA is a case of convergent 
evolution. 
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Supplementary Figure 2. PoxtA-mediated rescue of linezolid-induced ribosomal 
stalls. 5PSeq reveals ribosomal stalls upon treatment with linezolid with alanine, serine and 
threonine present at the –1 position on the nascent chain. a–f Metagene plots aligned to 
alanine (a, d) serine (b, e) or threonine (c, f) in from either E. faecalis harbouring the empty 
vector pCIEspec (a–c) or expressing PoxtA (indicated with up-pointing arrow) (d–f). Note, in 
all plots increased coverage at –8 nt is indicative of a ribosomal stall with the denoted amino 
acid present at position –1 of the nascent chain. All analysis was performed on pooled 
datasets from three replicates.  
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Supplementary Figure 3. Linezolid-induced ribosomal stalling is similarly 
pronounced on all alanine iso-codons. 5PSeq reveals ribosomal stalls upon treatment 
with linezolid with specific alanine-encoding codons GCC (a), GCA (b), GCG (c) and GCT 
(d), present in the E-site of the ribosome. Metagene plots from either wild-type E. faecalis 
harbouring the empty pCIEspec vector or expressing PoxtA (indicated with up-pointing arrow), 
with or without linezolid treatment. Note, in all plots, increased coverage at –8 nt is indicative 
of a ribosomal stall with the denoted codon in the ribosomal E-site and its decoded amino 
acid present at position –1 of the nascent chain. All analysis was performed on pooled 
datasets from three replicates.  
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Supplementary Figure 4. 5PSeq data display high reproducibility amongst the three 
biological replicates. 5PSeq robustly detects ribosomal stalls, with alanine present at the 
–1 position on the nascent chain, upon treatment with linezolid which are rescued by PoxtA. 
Metagene plots aligned to alanine, of three biological replicates from either E. faecalis 
harbouring the empty vector pCIEspec, without (a) or with linezolid treatment (b), or 
expressing poxtA without (c) or with linezolid treatment (d). Note, increased coverage at –8 
nt is indicative of a ribosomal stall with the denoted codon in the ribosomal E-site and its 
decoded amino acid present at position –1 of the nascent chain. e Statistical robustness of 
linezolid-induced alanine stalling and its rescue by PoxtA expression. 5PSeq counts relative 
to Ala were taken in the range of –30 to –3 nt distance from the first position of the codon 
and normalised to the sum of counts in that range. These relative counts at –8 nt from Ala 
were then compared between the groups using a t-test (Data from n=3 biologically 
independent experiments were used). The whiskers represent the minimum and maximum 
values of the dataset. The box is bounded by the first (lower 25th percentile) and third (upper 
75th percentile) quartile with the center indicating the median (middle value of the dataset, 
50th percentile). A two-sided t test was performed to compare the groups. The exact p-values 
for the WT groups is 0.0001145336, and for the PoxtA groups is 3.597002e-05. 
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Supplementary Figure 5. PoxtA expression results in context-dependent ribosomal 
stalling. a, b Metagene analysis of 5PSeq coverage in wild-type E. faecalis with and without 
PoxtA expression from the pCIEspec vector, normalised to the first position of the start (a) and 
stop (b) codons. (c) Heatmaps of relative change in the 5PSeq coverage in relation to 
specified amino acid codon (or a stop codon) of wild-type E. faecalis upon PoxtA expression. 
The distance (in nucleotides) from the 5ʹ of the sequenced mRNA fragments to indicated 
codons is indicated on the X axis. Relative change in coverage upon PoxtA expression is 
colour-coded from dark blue (decreased coverage upon PoxtA expression) to yellow 
(increased coverage upon PoxtA expression) using the same dynamic range as on Figure 
2a. Note that the signal from methionine on (c) is aggregated from both initiation and 
elongation codons. All analyses were performed on pooled datasets from three biological 
replicates. 
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Supplementary Figure 6. Characterization of PoxtA-EF9F6 interactions with 
ribosomes and preparation of samples for cryo-EM reconstructions. a Affinity 
purification of PoxtA-EQ2-HTF ectopically expressed in E. faecalis DlsaA (lsa::Kan) strain 
TX5332. Pull-down experiments were performed in the presence of 0.5 mM ATP using 
clarified lysates of E. faecalis either transformed with empty integrative pCIEspec vector 
(background control), or either expressing PoxtA-HTF or PoxtA-EQ2-HTF. Samples: marker: 
2 μL of molecular weight marker; flowthrough: 2 μL of flowthrough; wash: 10 μL of last wash 
before specific elution; elution: 10 μL of elution with FLAG3 peptide at pH 9.0; beads: 2 μL 
of SDS-treated post-elution anti-FLAG beads; 70S: purified E. faecalis 70S ribosomes, the 
samples were resolved on 12 % SDS-PAGE gel. b, c Affinity purification attempts with wild-
type, EQ2 and EQ1 (E470Q) E. faecalis OptrA-ST16-HTF ectopically expressed in TX5332 
E. faecalis. Pull-down experiments were performed in the presence of 0.75 mM ATP at pH 
7.5 using clarified lysates of E. faecalis either transformed with E. faecalis OptrA-ST16-HTF 
(VHp223) or expressing either E. faecalis OptrA-ST16-E470Q-HTF (VHp294) or OptrA-
ST16-EQ2-HTF (VHp295). Samples: marker: molecular weight marker; lysate: 2 μL of 
clarified lysate, flowthrough: 2 μL of flow-through; wash: 10 μL of last wash before specific 
elution; elution: 10 μL of the elution with FLAG3 peptide; B: 10 μL of SDS-treated post-elution 
anti-FLAG beads; 70S: purified E. faecalis 70S ribosomes. The samples were resolved on 
15% SDS-PAGE gel. Each experiment was repeated independently twice with similar results 
and representative gels are shown. 
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Supplementary Figure 7. Processing scheme for the PoxtA-70S complex. A 
representative micrograph (low-pass filtered to 15Å) is shown top left. All steps were 
performed with RELION unless otherwise specified. See also Methods for details. 
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Supplementary Figure 8. Local resolutions and multibody refinements for the 
combined 70S volume. a FSC curve and local resolution images for the combined 70S 
volume. b Overview of masks used for multibody refinement (c–e masks relative to whole 
70S (top row), FSC curves (second row), and density coloured according to local resolution 
(bottom two rows) for (c) the LSU core, (d) the SSU body, and (e) the SSU head. 
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Supplementary Figure 9. Selected density images from the high-resolution LSU core. 
Modelled water molecules are colored red, magnesium green, and potassium purple. a 
Interaction between uL4 and 23S rRNA. b N2-methylguanosine in 23S rRNA. c Interaction 
between bL32-2 and 23S rRNA. d A portion of bL34-2. e Focus on modelled solvent in the 
LSU. f A portion of the 23S rRNA showing the clearly resolved N6 of A201. 
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Supplementary Figure 10. FSC curves and density coloured by local resolution for 
states I-IV. a FSC curves. b density coloured by local resolution for whole volumes with cut-
throughs (bottom row). c Isolated density for isolated PoxtA coloured by local resolution. d 
Isolated density for isolated tRNAs coloured by local resolution. 
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Supplementary Figure 11. Comparison of subunit rotation and PoxtA among states I-
IV. a Rotation of the small subunit. The SSU with P-tRNA from state IV (P-tRNA-only) is 
shown on the left. A dotted red line demarcates the boundary between the head and body. 
The transparent blue line indicates the major direction of rotation of the whole subunit, which 
can move left to right in this representation. The arrow below indicates the extent of 
measured rotation. For comparisons, cryo-EM density of states I–III or the LsaA–70S 
volume (EMD-12331)15 are shown in yellow, while the state IV density is in transparent grey. 
In the row below, difference vectors for P atoms drawn around the rotation axis and coloured 
according to distance are shown. LsaA–70S, PDB ID 7NHK15. b Comparison of PoxtA 
between states I, II and III. Difference vectors for the Cα atoms are shown between state I 
and states II and III. 
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Supplementary Figure 12. Effects of PoxtA binding on the 23S rRNA chloramphenicol 
binding site. a Chloramphenicol (cam, green, PDB ID 6ND578) bound to 23S rRNA (grey). 
Dotted lines indicate the extent of a space-filling model of chloramphenicol. A-tRNA (tan) 
and P-tRNA (light blue) are also shown. b Same view as a but for the P-tRNA-only bound 
volume (state IV). 23S rRNA is shown in pink. c Same as panel A but with P-tRNA-only 
(state IV) 23S rRNA superimposed (transparent pink). d–f As for c, but comparing the P-
tRNA-only (state IV) 23S rRNA with PoxtA bound states I–III. The chloramphenicol outline 
is shown for reference. 
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Supplementary Figure 13. Effects of PoxtA binding on the 23S rRNA linezolid binding 
site. a Linezolid (Lnz, light orange, PDB ID 3DLL80) bound to 23S rRNA (grey). Dotted lines 
indicate the extent of a space-filling model of linezolid. b Same view as a but for the P-tRNA-
only bound volume (state IV). 23S rRNA is shown in pink. c Same as panel a but with P-
tRNA-only (state IV) 23S rRNA superimposed (transparent pink). d–f As for c, but comparing 
the P-tRNA-only (state IV) 23S rRNA with PoxtA bound states I–III. The linezolid outline is 
shown for reference. 


