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The antibiotic linezolid, the first clinically approved member of the oxazolidinone class, inhibits translation of bacterial ribo-
somes by binding to the peptidyl transferase center. Recent work has demonstrated that linezolid does not inhibit peptide bond
formation at all sequences but rather acts in a context-specific manner, namely when alanine occupies the penultimate posi-
tion of the nascent chain. However, the molecular basis for context-specificity has not been elucidated. Here we show that the
second-generation oxazolidinone radezolid also induces stalling with a penultimate alanine, and we determine high-resolution
cryo-EM structures of linezolid- and radezolid-stalled ribosome complexes to explain their mechanism of action. These struc-
tures reveal that the alanine side chain fits within a small hydrophobic crevice created by oxazolidinone, resulting in improved
ribosome binding. Modification of the ribosome by the antibiotic resistance enzyme Cfr disrupts stalling due to repositioning of
the modified nucleotide. Together, our findings provide molecular understanding for the context-specificity of oxazolidinones.

peptidyl transferase center (PTC) of the ribosome. The PTC
is located within the large ribosomal subunit and catalyzes
extension of the polypeptide chain through proper positioning of
the peptidyl-tRNA in the P site and aminoacyl tRNA in the A site.
Owing to its functional importance, the PTC of the bacterial ribo-
some is a common target for antibiotics that inhibit translation"’.
The PTC antibiotic linezolid (LZD, Fig. 1a) was the first clinically
approved member of the synthetic oxazolidinone class of antibiot-
ics’. LZD is used to treat drug-resistant Gram-positive infections,
including those caused by methicillin-resistant Staphylococcus
aureus and vancomycin-resistant Enterococci’. Initial crosslinking
experiments identified the binding site for LZD within the PTC
A site only when performed with actively translating ribosomes™®,
suggesting that other translation components may be involved in
LZD binding. However, existing structures of LZD-bound ribo-
somes have been obtained with ribosomes devoid of charged trans-
fer RNAs (tRNAs)”* or ribosomes containing a P site tRNA lacking
a nascent chain’. Recent evidence obtained through ribosome pro-
filing and single-molecule studies demonstrated that LZD does
not indiscriminately inhibit the formation of every peptide bond,
but rather interferes with translation at certain messenger RNA
(mRNA) sites'®'!, Robust inhibition of translation and ribosome
stalling by LZD is strongly favored when the amino acid alanine
occupies the penultimate, (—1), position within the nascent chain.
Together, these results suggest that interactions between LZD and
the nascent peptide may be important for stabilizing antibiotic
binding to the ribosome. However, the exact nature of these interac-
tions is yet to be elucidated.
Despite the clinical success of LZD, emerging resistance
mechanisms have threatened its clinical utility. Such mechanisms

D uring translation, peptide bond formation occurs in the

of resistance include alteration of ribosomal RNA (rRNA) and
ribosomal proteins'>"* and ribosome protection through ABC-F
proteins'. A prevalent form of transferable resistance to LZD is
the rRNA-modifying enzyme Cfr, which methylates the ribosome
within the PTC to perturb antibiotic binding'*-"". Emerging resis-
tance has sparked the development of second-generation oxa-
zolidinone derivatives, such as radezolid (RZD), with improved
potency'®. RZD (Fig. 1a) is in clinical development for applica-
tion to bacterial acne and community-acquired pneumonia®.
Compared to LZD, RZD retains the aryl-oxazolidinone core (rings
A and B) and C5 group, but has alterations to the C/D-ring system.
Given that key chemical elements are conserved between LZD
and RZD, it is plausible that RZD can also act as a context-specific
inhibitor of translation. The importance of both conserved and
distinct structural features of second-generation oxazolidinones
to translation inhibition and context-specificity, if any, is yet to
be determined.

In this work we show that RZD exhibits ribosome stalling
behavior similar to that of LZD, arresting translating ribosomes
when alanine occupies the penultimate position within the nascent
peptide chain. Capitalizing on the stalling preference of these two
antibiotics, we generated high-resolution cryo-EM structures of
LZD- and RZD-stalled ribosome complexes. Direct comparison
of the drug-stalled translation complexes with structures of vacant
ribosomes bound to the same antibiotics enabled identification
of molecular contacts that improve oxazolidinone binding to the
ribosome. Specifically, we find that the penultimate alanine fits
within a shallow hydrophobic pocket created by the oxazolidinone
molecules, providing a structural rationale for context-specificity
and highlighting the role of the growing peptide chain in antibi-
otic binding. Our analysis of RZD action on ribosomes modified
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Fig. 1| Radezolid induces ribosome stalling with alanine in the penultimate position. a, Molecular architecture of oxazolidinone antibiotics. The
oxazolidinone (A-ring) portion of the molecule is conserved amongst the oxazolidinone class and is shown in black. Chemical moieties that vary among
the oxazolidinone derivatives, the C5 moiety and the B, C and D rings are designated by their respective color. b, Toeprinting assays performed on model
mRNAs encoding stalling and non-stalling peptides. The control antibiotic retapamulin (RET) was used to stall ribosomes at the start codon, indicated
by the blue arrow®”'. ‘None' designates reactions lacking ribosome-targeting antibiotics. The control antibiotic CHL was used to stall with alanine at the
penultimate position'®". The toeprint bands corresponding to prominent stall sites observed in reactions containing CHL, LZD or RZD when the fourth
amino acid is an alanine, but not tyrosine, are indicated by the red arrow. Owing to the inclusion of the lle-tRNA synthetase inhibitor mupirocin in all
toeprinting reactions, any ribosomes not stalled at an upstream codon are trapped at the downstream lle codons designated by gray arrows. All antibiotics
were added to a final concentration of 50 uM. The presented gel is representative of two independent experiments. ¢, The extent of translation inhibition
by LZD and RZD calculated as the ratio of intensities of the drug-specific toeprint bands (red arrow, b) to the sum of intensities of the drug-specific and
trap codon bands (gray arrows, b). The bar graph shows the mean of two independent experiments, with individual data points indicated by black dots.

by the oxazolidinone resistance enzyme Cfr and the structure
of RZD bound to the Cfr-modified ribosome provides insights
into how this second-generation oxazolidinone interacts with an
LZD-resistant ribosome.

Results

LZD and RZD have similar ribosome stalling behavior. Previous
in vitro toeprinting experiments have demonstrated that LZD
induces ribosome stalling on a model mRNA sequence when the
amino acid alanine is located in the penultimate (—1) position of
the nascent polypeptide chain'®"" (Fig. 1b). LZD-induced ribo-
some stalling is abolished when the penultimate alanine is replaced
with tyrosine (Fig. 1b). To evaluate whether the second-generation
oxazolidinone RZD shows similar stalling behavior, we carried
out in vitro toeprinting analysis to monitor the position of stalled

ribosomes on the previously described mRNAs encoding the pep-
tide sequences MFKAFKNIIRTRTL and MFKYFKNIIRTRTL!.
Similarly to LZD, the presence of RZD permits the formation
of the first peptide bond with both mRNA transcripts as templates
(Fig. 1b). This result indicates that RZD is likely not a universal
inhibitor of translation and also may not act as an initiation inhibi-
tor as suggested for LZD by some earlier studies®. Although no
inhibition of translation at the early mRNA codons was observed
on the MFKYFK-encoding template, the presence of RZD or LZD
led to selective stalling of the ribosome during translation of the
MFKAFK-encoding template. The stalling occurred at the F5 codon
when an alanine residue was in the penultimate position within
the nascent peptide chain. These results indicate that RZD- or
LZD-bound ribosomes are unable to catalyze peptide bond forma-
tion between F5 and K6 when the MFKAF nascent peptide occupies
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Fig. 2 | Cryo-EM structures of LZD- and RZD-stalled ribosome complexes. a, Stalled complexes were generated by performing coupled in vitro
transcription-translation reactions in the presence of the oxazolidinone (Oxa) antibiotic LZD or RZD. Complexes were further purified by sucrose gradient
fractionation. b, Cross-section of the cryo-EM density map of the stalled 70S ribosome in complex with peptidyl-tRNA and oxazolidinone. Insets: close-up
views of LZD or RZD in complex with the MFKAF nascent peptide. Coulomb potential density is contoured at 4.0 in the surface representation and 1.0c
in the mesh representation. The figure was prepared using unsharpened cryo-EM density maps.

the exit tunnel. Comparison of the relative intensity of the stalled
ribosome toeprint bands suggests that RZD is a stronger inducer of
ribosome stalling than LZD (Fig. 1c). The observation that RZD is
unable to stall the ribosome if the critical alanine residue is replaced
with a tyrosine (MFKYF) is consistent with the specificity of action
of LZD (Fig. 1b).

Formation of stalled ribosome complexes and cryo-electron
microscopy analysis. Guided by the in vitro stalling behavior, we
designed a peptide to capture LZD- and RZD-stalled ribosome com-
plexes (SRCs) for structural analysis, herein referred to as LZD-SRC
and RZD-SRC, respectively. Stalled complexes were generated by
conducting coupled in vitro transcription-translation reactions
with Escherichia coli ribosomes in the presence of oxazolidinone
antibiotics (Fig. 2a). To favor formation of the desired SRCs, we
designed the template such that the open reading frame encoding
the MFKAF stalling peptide was truncated after the F5 codon (Fig.
2a and Supplementary Fig. 1). The 70S SRCs were purified away
from other components of the translation reaction by sucrose gradi-
ent fractionation and vitrified on carbon grids for cryo-EM analysis.
Refinement and reconstruction were performed using the cisTEM
software suite”' to obtain the 2.5 A resolution structure of LZD-SRC
and 2.5A resolution of RZD-SRC (Fig. 2b, Table 1 and Extended
Data Fig. 1).

The generated cryo-EM maps of LZD-SRC and RZD-SRC
have well-defined densities for the oxazolidinone antibiotic and
rRNA nucleotides, especially those within the PTC. Both cryo-EM
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maps also have distinct densities for the peptidyl-tRNA located in
the P site. No A-site or E-site tRNAs are present. Modeling of the
peptidyl-tRNA structure within the density maps unambiguously
assigns the penultimate residue of the nascent peptide as alanine,
as expected based on the mRNA template used in the experi-
ment (Fig. 2). This assignment is further supported by cryo-EM
densities corresponding to the mRNA:tRNA interaction because
UUC, znaiGAA guapne Offers a better fit than GCA, pya:UGCgraa i
(Extended Data Fig. 2).

To directly compare how the presence of the nascent peptide
may influence the positioning of the antibiotic and/or conforma-
tion of the rRNA nucleotides, we also generated structures of vacant
E. coli 70S ribosomes in complex with LZD or RZD alone, herein
referred to as LZD-70S and RZD-708, at 2.4 A resolution and 2.5 A
resolution, respectively (Table 1 and Extended Data Fig. 1). Similar
to the stalled complexes, antibiotic-only bound structures have
unambiguous densities for the oxazolidinone antibiotic (Fig. 3a,b).

The penultimate alanine facilitates antibiotic binding. The overall
binding modes of LZD and RZD within the PTC in antibiotic-only
bound and in SRCs are similar to those described previously’-*
(Extended Data Fig. 3). The binding modes of LZD and RZD are
also similar to that of other oxazolidinone derivatives*~*, including
contezolid and cadazolid, with the cadazolid structure also contain-
ing a P-site tRNA (Extended Data Fig. 3). The fluorophenyl moi-
ety (B-ring) sits in the A-site cleft, a hydrophobic pocket formed
by splayed out nitrogen bases of nucleotides C2452 and A2451
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Table 1| Cryo-EM data collection, refinement and validation statistics

LZD-SRC (EMDB-

LZD-70S (EMDB-

RZD-SRC (EMDB-

RZD-70S (EMDB-

RZD-SRC* (EMDB-

24800, PDB 751G) 24801, PDB 7S1H) 24802, PDB 751I) 24803, PDB 751J) 24804, PDB 751K)
Data collection and processing
Facility and electron Sz@z SAC2 NCCAT NCCAT UCSF
microscope Titan Krios Titan Krios Titan Krios Titan Krios Titan Krios
Camera Gatan K3 Gatan K3 Gatan K2 Summit Gatan K2 Summit Gatan K3
Magnification 29,000 29,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300 300
Electron exposure (e7/A2) 67.8 67.8 52.8 52.8 69.0
Defocus range (um) 0.3-0.8 0.3-0.8 0.5-15 0.5-15 0.3-0.8
Pixel size (A) 0.8125 0.8125 0.8250 0.8250 0.8261
Energy filter slit width (eV) N/a N/a 20 20 20
Symmetry imposed Cl Cl Cl Cl Cl
Initial particle images (no.) 332,502 441,587 292,882 179,529 369,975
Final particle images (no.) 176,779 360,239 240,596 146,245 276,799
Map resolution (A) 248 2.35 248 247 242
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 2.2-4 2.2-4 2.2-4 2.2-4 2.2-4
Refinement
Initial model used (PDB code) 6PJ6, 5JU8 6PJ6, 5JU8 6PJ6, 5JU8 6PJ6, 5JU8 6PJ6, 5JU8
Model resolution (A) 248 2.35 248 2.47 242
FSC threshold 0.143 0.143 0.143 0.143 0.143
Model resolution range (A) 2.2-4 2.2-4 2.2-4 2.2-4 2.2-4
Map sharpening B factor (A2) 0.0 0.0 0.0 0.0 0.0
Model composition
Total atoms 240,937 238,267 240,938 238,218 240,967
Hydrogens only 96,780 95,859 96,769 95,822 96,780
Nonhydrogen atoms 144,157 142,408 144,169 142,396 144,187
Protein residues 5,661 5,656 5,661 5,656 5,661
Nucleotides 4,638 4,556 4,638 4,556 4,638
Ligands 199 209 212 202 210
B factors (A2)
Protein 88.86 98.22 92.45 99.33 10817
Nucleotide 90.04 95.20 94.78 98.63 108.04
Ligand 65.50 68.61 69.48 75.30 70.36
R.m.s. deviations
Bond lengths (A) 0.002 0.002 0.002 0.002 0.003
Bond angles (°) 0.345 0.362 0.366 0.387 0.382
Validation
MolProbity score 1.24 1.31 1.28 1.62 1.42
Clashscore 3.64 4.63 4.32 5.58 5.46
Poor rotamers (%) 0.80 0.99 0.95 1.77 0.89
Ramachandran plot
Favored (%) 97.57 97.64 97.68 97.33 97.32
Allowed (%) 2.36 2.29 2.25 2.61 2.61
Disallowed (%) 0.07 0.07 0.07 0.05 0.07
Nucleic acid geometry
Probably wrong sugar 0 0 0 0 0
puckers (%)
Bad backbone conformations 11 1l n n 12
(%)
EM ringer score 3.21 3.34 3.68 2.53 297
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Fig. 3 | Nascent peptide with penultimate alanine stabilizes oxazolidinone binding to the ribosome. The Coulomb potential density is contoured at 4.0c
in the surface representation and 1.0c in the mesh representation from unsharpened cryo-EM density maps. a, Comparison of LZD density in the LZD-only
bound (LZD-70S) and the LZD-stalled complex (LZD-SRC). b, Comparison of RZD density in the RZD-only bound (RZD-70S) and the RZD-stalled
complex (RZD-SRC). ¢, Close-up view of the CH-x interaction between the B-ring of LZD and the penultimate alanine (Ala4). d, Close-up view of the
CH-z interaction between the RZD B-ring and the penultimate alanine. e,f, Schematics of the CH-x interaction involved in stabilizing antibiotic binding

in LZD-stalled (e) and RZD-stalled (f) ribosome complexes. g, Density of the exit-tunnel rRNA nucleotide A2062 in the LZD-only bound structure,
highlighting two conformations. h, Density of A2062 in the LZD-stalled structure, with only one observed conformation.

(Extended Data Fig. 3). The oxazolidinone ring (A-ring) of LZD
and RZD is positioned in an offset 7—z stacking interaction with
Y2504. Interestingly, we find that the carbonyl of the oxazolidinone
ring does not interact with rRNA, but is instead chelated to a sol-
vent molecule or ion (Extended Data Fig. 4a,b), corroborating pre-
vious structure-activity relationship studies that demonstrated the
importance of an electron-pair donor for activity”.

The binding poses for both LZD and RZD are near identical
in the antibiotic-only and stalled ribosome structures (Extended
Data Fig. 4c,d). We do, however, observe improved density for both
antibiotics in the SRC, suggesting that the presence of the stalling
nascent peptide stabilizes the placement of LZD and RZD in the
ribosome (Fig. 3a,b). Specifically, we observe improved density for
the C5 acetamide group for both antibiotics, as well as enhanced
density for the D-ring of RZD in the SRC structure. Of note, in
previously published density maps of oxazolidinones bound to
vacant ribosomes’*%, the acetamide is less well resolved and has
been modeled in a variety of positions, probably due to its ability to
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sample multiple conformations (Extended Data Fig. 3). Our struc-
tures suggest that the nascent peptide present in the SRC stabilizes
the C5 group, thereby providing a more biologically relevant view
on drug placement.

The nascent protein chain and, more specifically, the penulti-
mate Ala residue, contributes directly to the formation of the drug
binding site (Figs. 2b and 3c,d). In contrast to the orientation of
the flanking residues within the nascent peptide, the side chain of
the penultimate alanine faces towards the oxazolidinone. In this ori-
entation, the methyl group of alanine fits snugly within the hydro-
phobic crevice formed by the C5 group and A/B-ring system of the
antibiotic. The crevice is deep enough to accommodate the small
side chain of alanine, but is too shallow to fit bulkier side chains,
including that of tyrosine, providing a rationale for the differen-
tial stalling preferences observed in our toeprinting experiments
(Fig. 1b). In the stalled complex, the alanine’s side chain methyl
group engages in a CH-x interaction with the aryl B-ring of the
oxazolidinone (3.6 A and 3.9 A between the C atom and the plane
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of the B-ring for LZD-SRC and RZD-SRC, respectively; Fig. 3c-f).
This interaction likely facilitates antibiotic binding to the A site of
the PTC, resulting in enhanced occlusion of incoming aminoacyl
tRNAs. Glycine, the smallest amino acid residue that lacks a side
chain, would not clash with the ribosome-bound antibiotic when
present in the penultimate position of the nascent peptide, yet it is
not favored for drug-induced ribosome stalling'®'". The inability of
glycine to form the alanine-specific CH- interaction with the drug
molecule likely explains this observation.

A similar CH-r interaction has recently been observed between
the penultimate alanine and aryl ring of chloramphenicol (CHL),
another PTC-targeting antibiotic that also exhibits context-specific
inhibition of translation®. Superposition with the CHL complex
reveals substantial overlap between the aryl groups of CHL and LZD
and similar positioning with respect to the penultimate alanine of
the nascent peptide, suggesting that these antibiotics likely exploit
the same interaction to achieve context-specificity (Supplementary
Fig. 2). In contrast to CHL, which also induces robust ribosome
stalling when serine or threonine occupy the penultimate position,
LZD exhibits a notably stronger preference for alanine'’. Although in
silico modeling of serine or threonine at the penultimate position in
LZD-SRC reveals that serine can be accommodated, the methyl group
of threonine generates a steric clash for all favored rotamers (Extended
Data Fig. 5). Recent work hypothesized that CHL-induced stalling
with serine in the penultimate position of the nascent peptide is sta-
bilized by a hydrogen bond between the serine hydroxyl and Cl atom
of CHL*. Because the C5 group of LZD does not have an analogous
electron-pair donor, it is likely that the unsatisfied hydrogen-bond
acceptor, rather than sterics, accounts for LZD’s strong preference
for alanine over serine. Interestingly, these results suggest that previ-
ously developed LZD derivatives with C5 substitutions to more polar
groups™, such as LZD-5, which contains a dichloroacetamide moiety
similar to CHL, may exhibit expanded stalling profiles.

Additional interactions with rRNA nucleotides. In LZD and RZD
antibiotic-only 70S structures, the exit-tunnel nucleotide A2062
can adopt two distinct conformations (Fig. 3g). In its dominant
conformation, the A2062 base projects into the lumen of the exit
tunnel, whereas in the minor conformation, A2062 is rotated and
lies flat against the tunnel wall. Strikingly, in the stalled ribosome
complexes with the nascent protein chain occupying the tunnel, the
A2062 base is found only in the rotated state juxtaposed against the
wall of the tunnel (Figs. 3h and 4a). The rotated state of A2062 is sta-
bilized by a hydrogen bond between the N1 atom of adenine and the
stalling peptide backbone, as well as a non-canonical A:A base pair
with m?A2503 (Fig. 4b). The non-canonical A:A base pair is also
observed in ribosome structures containing the context-specific
inhibitor CHL and a penultimate alanine/threonine-containing
peptide®. Interestingly, the interaction between A2503 and A2602
was previously found to be essential for macrolide-induced stall-
ing of bacterial ribosomes*~' and is also a critical interaction for
drug-like molecule PF846-mediated selective inhibition of transla-
tion termination in human ribosomes®. In this conformation, the
exocyclic amine of A2062 is within hydrogen-bonding distance of
the acetamide carbonyl of LZD/RZD (3.0A/3.3A), which likely
explains why we observe improved density for the C5 group in the
stalled complexes (Fig. 3a,b). This interaction has not been observed
in existing structures of LZD/RZD-bound vacant ribosomes due
to the alternate orientation of A2062. The peptide-induced inter-
action between A2062 and the oxazolidinone is distinct from that
observed with CHL. In a structure of the ribosome-CHL complex
that lacks the nascent peptide, A2062 is already in a rotated state to
form a hydrogen bond with the antibiotic®.

Compared to the oxazolidinone-only bound structures, we
also observe stabilization of several dynamic PTC nucleotides in
conformations that favor additional contacts with the antibiotics.

We observe improved density for U2585, as the C4 enol tautomer
could provide a hydrogen-bonding interaction with the O atom of
the morpholine ring in LZD (Fig. 4c,e and Extended Data Fig. 6).
Although U2506 does not make direct contact with LZD, we observe
dramatically improved density for this nucleotide in a conformation
analogous to an uninduced or nonproductive state of the PTC*
(Fig. 4c and Extended Data Fig. 6). In the RZD-stalled complex we
observe improved densities for U2506, U2585 and A2602 (Extended
Data Fig. 6). U2506 and A2602 provide 7—7 stacking interactions
with the C- and D-ring, respectively, and U2585 engages in a hydro-
gen bond with the secondary amine of RZD (Figs. 3b and 4d.f).
Interestingly, the D-ring interaction with A2602 was not observed
in a previous ribosome structure with RZD?*, but has been observed
in structures with oxazolidinones containing other D-ring substitu-
ents>** (Extended Data Fig. 3e,f). The additional interaction with
A2602 probably explains why RZD is a better inhibitor of transla-
tion than LZD, as the stabilized D-ring would account for improved
drug binding and provide additional steric interference with incom-
ing aminoacyl tRNAs (Extended Data Fig. 7). Together, these results
suggest that, in addition to favorable interactions with the penul-
timate alanine, interactions between otherwise dynamic rRNA
nucleotides and the oxazolidinone likely play a role in improving
antibiotic binding to the ribosome to facilitate stalling.

Cfr methylation perturbs the stalled ribosome complex. A prev-
alent resistance mechanism to LZD identified in multiple clinical
isolates worldwide™™ involves methylation of rRNA by the Cfr
enzyme, which adds a methyl group at the C8 atom of A2503
(m®A2503) in 23S rRNA'>'7#3 Tt has been speculated that the Cfr
modification disrupts LZD binding to the ribosome by introducing
a steric clash between the installed methyl mark and the C5 group
of the antibiotic. Although this modification confers high levels of
resistance to LZD, RZD retains modest efficacy against Cfr-positive
strains**** (Extended Data Fig. 8a), likely due to retained interac-
tions on the other side of the molecule involving the D-ring (Fig.
3b). However, this suggests that binding of RZD to Cfr-modified
ribosomes would require structural changes, such as the C5 group
of RZD adopting an alternate conformation to accommodate the C8
methyl group of m*A2503 or shifting of the modified nucleotide to
open room for the C5 side chain. Given that positioning of both the
C5 group and A2503 may influence context-specificity, we wanted
to evaluate the ability of RZD to induce stalling of Cfr-modified
ribosomes.

To perform in vitro assays, we expressed Cfr in E. coli and iso-
lated ribosomes with near-complete methylation of m®A2503 as
described previously”. As expected, RZD retains considerable
activity against the m®A2503 ribosomes. In vitro translation of
superfolder green fluorescent protein (sf-GFP) by Cfr-modified
ribosomes was barely affected by LZD but could be inhibited by
RZD, albeit with some loss in potency (half maximum inhibitory
concentration (IC;)) =0.9uM for wild-type and IC,;=4.9uM for
Cfr-modified; Extended Data Fig. 8b). Toeprinting experiments
showed that, as expected, the m*A2503 modification consider-
ably reduced LZD-dependent ribosome arrest at the F5 codon of
the MFKAF...-encoding ORF (Fig. 5a). Strikingly, RZD, although
retaining its general translation inhibitory activity, was notably
less efficient in arresting the m*A2503 ribosome at the F5 codon
of the MFKAF template (Fig. 5a). Qualitatively similar results were
observed when we performed toeprinting analysis using the sf-GFP
coding sequence as a template. LZD and RZD induced stalling of
unmodified ribosomes at several specific sites within the sf-GFP
coding sequence. LZD-mediated stalling was essentially eliminated
when translation was driven by Cfr-modified ribosomes. By con-
trast, RZD retained its ability to cause stalling of the Cfr-modified
ribosomes, albeit with diminished efficiency (Extended Data Fig.
8c). These results suggest that RZD remains a good inhibitor of
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Cfr-modified ribosomes, because causing weak stalling at multiple
sites within the mRNA ORFs would still be sufficient to inhibit
expression of most cellular proteins. Together, these results suggest
that the presence of the C8 methyl group at A2503 does not com-
pletely prevent binding of RZD, but partially diminishes its ability to
arrest translation in the alanine-specific manner.

In search of a molecular explanation for this result, we deter-
mined the structure of an RZD-stalled Cfr-modified ribosome
containing the MFKAF-tRNA in the P site at 2.4 A resolution
(RZD-SRC*, Table 1 and Extended Data Fig. 1). Although the
binding mode of the antibiotic is near identical to that observed
in the stalled wild-type (WT) ribosome, m®*A2503 is shifted away
from RZD to accommodate the C5 group (Fig. 5b-d). A2503 posi-
tioning is also distinct from that observed in vacant Cfr-modified
ribosomes, suggesting that repositioning is due to RZD accom-
modation and not due to C8 methylation per se (Extended Data
Fig. 8d). Although the penultimate alanine is able to retain the
CH-7 interaction with RZD, the Cfr modification encroaches on
the antibiotic binding pocket so that binding of RZD faces the
increased energy barrier of partially displacing m®A2503 rela-
tive to its position observed in the unmodified SRC (Fig. 5b-d).
The increased packing requirements of the alanine side chain,
antibiotic and A2503 with the addition of the C8 methyl group
(Extended Data Fig. 8e) likely restrict the conformational flex-
ibility among these components to diminish formation of a sta-
ble stalled complex. Indeed, some destabilization of the SRC is
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revealed by the poor density for certain side chains of the nascent
peptide (Extended Data Fig. 9).

Strikingly, we also find that A2062 adopts a single observable
conformation within the lumen of the exit tunnel, which is now
positioned too far away to engage in a hydrogen bond with RZD
(Fig. 5b). This is distinct from the stalled WT complex, where
A2062 is found in the rotated conformation against the tunnel wall,
and also distinct from the RZD-only bound complex, in which both
conformations are observed (Extended Data Fig. 10). Given that the
non-canonical A:A base pair with A2503 is likely involved in stabi-
lizing the rotated state of A2062, the shifted position of m®*A2503
may contribute to reversion of A2062 to the lumen conformation.
Interestingly, perturbation of the same A:A interaction has also
been shown to disrupt macrolide-dependent ribosome stalling®'.

Our structural findings also provide important insights into how
RZD retains efficacy against LZD-resistant ribosomes. Although
the Cfr modification of A2503 perturbs hydrogen bonding between
the antibiotic and A2062, we note retention of other interactions.
Although somewhat diminished, we observe densities for the D-ring
and A2602 engaged in a 7-7 stacking interaction analogous to that
observed in the WT, non-Cfr-modified complex (Fig. 5e¢). Because
LZD does not contain the additional D-ring, its binding is more
dramatically impacted by steric occlusion by m*#A2503 and/or the
lost interaction with A2062. Our results suggest that, in addition to
shortening of the C5 group, which has been carried out with other
oxazolidinones derivatives'>***, extension of the ring system on the


http://www.nature.com/nsmb

ARTICLES NATURE STRUCTURAL & MOLECULAR BIOLOGY

Y2504

23S rRNA RZD-SRC* Cfr-modified E. coli
23S rRNA RZD-SRC E. coli

A2062 rotated

m?mPA2503
m?A2503

RZD-SRC
RZD-SRC*

RZD-SRC d

a b
Cfr m®A2503 modification S
No Yes
0 A Q & Q
M u KA E A0
G C U A G éoo\z\\j’ Q,‘" éoc}b\j’él’
U
< |
: .
A C |
A |
U |
F U |
C |
A |
K A |
A |
A | C2452
N A |
C |
A I
| U |
C I
A !
| U |
A |
¢} R ] < c
R G |
u | <
A B p—
T C - -—:—_—- <
U
c |
R G |
u |
A S ———— |
T o] |
U |
(o} - |
L U |
U |
. es-sssssse.esses]
U
* A
A

Fig. 5 | The Cfr m®A2503 modification reduces RZD-dependent ribosome stalling. a, Toeprinting assays performed on the MFKAF stalling peptide
sequence. Prominent stall sites observed in reactions containing CHL, LZD or RZD with WT ribosomes or Cfr-modified ribosomes, are indicated by the
red arrow. ‘None' designates reactions lacking ribosome-targeting antibiotics. Owing to the inclusion of the tRNA synthetase inhibitor mupirocin in all
toeprinting reactions, any ribosomes not stalled at an upstream codon are forced to stall at the lle codons designated by gray arrows. All antibiotics
were added to a final concentration of 50 uM. Toeprinting experiments were performed at least twice with similar results. b, Structural rearrangements
identified in the RZD-stalled complex with a Cfr-modified ribosome. The overlay was performed by alignment of 23S rRNA nucleotides 2000-3000.
c,d, Coulomb potential density for A2503, RZD and the nascent chain contoured at 3.0c for RZD stalled with the WT ribosome (RZD-SRC) (¢) and
RZD-stalled with the Cfr-modified ribosome (RZD-SRC*) (d). e, Retained interaction between the RZD D-ring and A2602 in the Cfr-modified ribosome.
The Coulomb potential density is contoured at 4.0c in the surface representation and 1.0c in the mesh representation. Panels c-e were prepared using

unsharpened cryo-EM density maps.

opposite end of the molecule is an orthogonal, viable strategy for gen-
erating oxazolidinone antibiotics that overcome Cfr resistance. The
combination of both approaches has been showcased in the develop-
ment of tedizolid and cadazolid, both of which exhibit potent anti-
microbial activity against Cfr-containing, LZD-resistant strains***’.

Discussion

We identified two factors that contribute to the context-specificity
of the oxazolidinones LZD and RZD. Although the antibiotic can
still bind to the ribosome that lacks the nascent protein chain, as
revealed by our structure as well as previously published structures
of the vacant ribosome complexed with LZD and RZD, the pres-
ence of the nascent chain stabilizes binding of the drug by providing
additional points of contact. Most importantly, the side chain of the
penultimate alanine residue is intercalated into the complementa-
rily shaped cavity formed by the drug molecule (Figs. 2b, 3¢,d and
6a,b). Larger amino acids in the penultimate position of the nascent
peptide would clash with the antibiotic, preventing its binding
(Fig. 6a). In contrast, glycine cannot make a CH-x interaction with

the drug, thereby making its binding less favorable (Fig. 6a). As a
secondary effect of the alanine interaction, we also observe stabili-
zation of dynamic nucleotides in conformations that provide addi-
tional contacts with the antibiotic (Fig. 4 and Extended Data Fig. 6).
The culmination of these interactions leads to improved antibiotic
binding to the ribosomal A site in the presence of nascent peptides
containing a penultimate Ala, facilitating competition with incom-
ing aminoacyl tRNAs and thus resulting in ribosome stalling (Fig.
6a,b). The mechanism by which the synthetically derived oxazolidi-
none antibiotics achieve context-specificity closely resembles that of
chloramphenicol, a natural product. Chloramphenicol also capital-
izes on interactions with the penultimate residue—namely alanine,
threonine and presumably serine—to stabilize drug binding to the
ribosome?®. Despite their distinct origins, the shared mechanism by
which these two antibiotic families accomplish translation inhibi-
tion highlights the importance of the interaction with the nascent
chain for certain antibiotics that target the PTC.

Our structural investigations into RZD binding to a
Cfr-modified ribosome have revealed the importance of the
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D-ring in stabilizing ribosome engagement, providing insight
into how RZD retains efficacy against Cfr-modified ribosomes
(Fig. 6¢). We find that, although RZD loses some potency, which
is consistent with diminished stalling on alanine-containing
peptides, RZD remains an overall effective inhibitor of
m®A2503-containing ribosomes. Our structural findings suggest
that the Cfr modification likely diminishes RZD stalling by forc-
ing an energetically unfavorable repositioning of A2503, which
also results in loss of an interaction between exit-tunnel nucle-
otide A2062 and the drug (Fig. 6¢). In summary, our findings
provide a unifying model for context-specific inhibition of trans-
lation by oxazolidinone antibiotics. Our observation that the anti-
biotic binding pocket is formed, in part, by the nascent peptide
has revealed the ‘missing’ component of translation machinery
involved in antibiotic binding from previous crosslinking experi-
ments. The importance of Ala in the penultimate position of the
nascent peptide for stabilizing the antibiotic provides the struc-
tural basis for context-specificity observed in ribosome profiling
and single-molecule studies. Our structural insights into nascent
peptide-specific inhibition of translation by oxazolidinones, and
complementary work in related systems®***’, suggest prospects
for the development of drugs that can modulate the activity of
ribosomes in a protein-selective manner.
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Methods

Generation of DNA templates for the PURExpress system. DNA templates were
prepared by performing polymerase chain reactions (PCRs) with AccuPrime

Taq DNA polymerase (Thermo Fisher). The DNA templates used for toeprinting
analysis were prepared by combining the following previously published primers'':
100puM T7, 100 uM NV1, 10 uM SMFRET-Fwd, 10 uM SMFRET-Rev and

either 10 uM SMFRET-Mid(FKAFK) (for the MFKAFK... template) or 10 uM
SMFRET-Mid(FKYFK) (for the MFKYFK... template). The DNA templates used
for the generation of stalled ribosome complexes were prepared by combining

the following primers: 100 uM T7, 100uM ORF_SD, 10 uM T7_MFKAF_Fwd

and 10uM SD_MFKAF_Rev. The primer sequences are listed in Supplementary
Table 1. The PCR product was purified using a MiniElute PCR kit (Qiagen)
following the manufacturer’ instructions, and quality was confirmed using an 8%
Tris-borate-EDTA (Novagen) gel. The sequence architecture of the resulting DNA
product is outlined in Supplementary Fig. 1.

Purification of 708 ribosomes. Wild-type E. coli 70S ribosomes were purified
from the MRE600 strain®. E. coli MRE600 were grown to mid-log phase in LB
medium at 37 °C with shaking. Cfr-modified E. coli 70S ribosomes were purified
from E. coli BW25113 expressing the evolved variant CfrV7*. E. coli BW25113
transformed with pZA-encoded CfrV7 were grown to an optical density at

600nm (ODyg,) of ~0.7 in LB medium containing ampicillin (100 ugml-') and
anhydrotetracycline (AHT) inducer (30 ngml~') at 37 °C with shaking. Subsequent
purification steps for WT and Cfr-modified ribosomes were identical. After lysis
using a microfluidizer, clarified lysates were applied to a 32% wt/vol sucrose
cushion. Tight-coupled 70S ribosomes were purified on a 15-30% wt/vol sucrose
gradient. To eliminate sucrose, ribosomes were precipitated by the addition of PEG
20000 and subsequently resuspended in buffer containing 50 mM Hepes-KOH
(pH?7.5), 150 mM KOAc, 20 mM Mg(OAc),, 7mM p-mercaptoethanol and

20U ml™ SuperASE-In.

Determination of antibiotic resistance. Antibiotic resistance was determined by
broth microdilution following established protocols™. The E. coli strain BW25113
acrB::kan, in which efflux component AcrB is replaced with a kanamycin resistance
cassette, was used for resistance testing of the oxazolidinones. In short, cultures

of bacteria freshly transformed with empty pZA vector or pZA-encoded CfrV7
were grown at 37 °C with shaking for ~2.5h. Cultures were then diluted to 10°

cells and 50 pl of this dilution was dispensed into 96-well plates containing 50 ul

of LB medium with the antibiotic of interest, ampicillin (100 ug ml"), kanamycin
(50 pugml™') and AHT (30 ngml™). Resistance was evaluated using twofold

serial dilution of the antibiotic with the following concentration ranges: LZD
(1-256 ugml~!, Acros), RZD (0.5-128 pgml~!, Med Chem Express). The minimum
inhibitory concentration (MIC) required to inhibit visible bacterial growth was
determined after incubation at 37 °C with shaking for 18 h. ODy, values were also
recorded with a microtiter plate reader (SpectraMax M5, Molecular Devices).

In vitro assays. Toeprinting assays were conducted as previously described""****
using WT or Cfr-modified ribosomes purified as described above and previously™.
Briefly, reactions were prepared using the PURExpress A Ribosome Kit (New
England Biolabs) in volumes of 5l and were allowed to proceed for 15min at 37°C.
Primer extension was initiated by the addition of AMV reverse transcriptase (New
England Biolabs) and allowed to proceed for 10 min. All antibiotics were added to

a final concentration of 50 uM. Mupirocin is an Ile-tRNA synthetase inhibitor and
was included in all toeprinting reactions so that any ribosomes not stalled at an
upstream codon are forced to stall at the downstream hungry Ile codons.

The effect of antibiotics on protein expression was analyzed in a A Ribosome
PURExpress cell-free transcription-translation system (New England Biolabs).
The plasmid pY71°° containing the sf-gfp gene under the control of T7 RNA
polymerase promoter was used as a template. A typical 5-ul reaction, composed
from the kit components as recommended by the manufacturer, contained 10 pmol
of WT or Cfr-modified ribosomes isolated as described above™. The reactions
were prepared on ice and then placed in the wells of a 384-well black-wall/
clear-bottom plate. The plate was incubated at 37 °C in a Tecan Infinite M200 Pro
plate reader and the progression of the reaction was monitored by following sf-GFP
fluorescence (1., =488 nm; 4., =520 nm) over time.

Preparation of LZD- and RZD-only bound ribosomes for cryo-electron
microscopy. Purified 70S WT or Cfr-modified ribosomes were diluted to

1 pmol ul™ in buffer containing 50 mM Hepes-KOH (pH7.5), 150 mM KOAc,
20mM Mg(OAc),, 7mM B-mercaptoethanol and 20 Uml~! SuperASE-In. Diluted
ribosomes (50 ul) were then incubated at 4 °C for 1.5h after the addition of 3 ul

of either 1 mM LZD (Med Chem Express) or 1 mM RZD (Med Chem Express),
yielding a final antibiotic concentration of 60 uM (60X molar excess). Samples were
then filtered for 5min at 14,000g at 4°C using a 0.22-um low-binding Durapore
PVDF filter (Millipore).

Preparation of stalled ribosome complexes for cryo-electron microscopy.

Stalled ribosome complexes containing the stalling peptide and corresponding
oxazolidinone antibiotic were prepared by in vitro transcription-translation.

NATURE STRUCTURAL & MOLECULAR BIOLOGY | www.nature.com/nsmb

CTURAL & MOLECULAR BIOLOGY

ARTICLES

Reactions (100-pl volume) were prepared using the PURExpress A Ribosome Kit
(New England Biolabs, E3313S) containing 0.8 U ul~! of SuperASE-In, ~1,100 ng

of DNA template encoding the stalling peptide sequence (Supplementary Fig.

1), 5,000 pmol of LZD (Med Chem Express) or RZD (Med Chem Express) and

360 pmol of WT ribosomes or 250 pmol of Cfr-modified ribosomes. The reaction
was halted by placing reactions on ice after incubation at 37°C for 1h. The
reaction was diluted to 190 ul by the addition of buffer C (50 mM Hepes-KOH
pH7.5, 150 mM KOAc, 20 mM Mg(OAc),, 7mM B-mercaptoethanol and 20 Uml™!
SuperASE-In) and purified by a 10-50% sucrose gradient also prepared in buffer
C. Ultracentrifugation was performed using a SW Ti41 rotor (Beckman Coulter) at
60,000g for 16h at 4°C. Gradients were fractionated using a Bio-Comp fractionator
in 20 fractions for which absorbance at 260 nm was continuously monitored.
Fractions corresponding to stalled ribosome complexes were precipitated by the
slow addition of PEG 20000 in buffer C at 4°C to a final concentration of 8% wt/
vol. Stalled complexes were isolated by centrifugation for 10 min at 17,500¢ at 4°C.
After removing the supernatant, samples were slowly resuspended in buffer C at
4°C. Sample concentration was determined by a NanoDrop UV spectrophotometer
(Thermo), where A, =1 corresponds to 24 pmol of 70S ribosome. Purified stalled
ribosome complexes (0.65 uM Cfr-modified stalled ribosome complex or 2.2 uM
WT stalled ribosome complex) were then incubated with ~30x molar excess of
RZD (20 uM for Cfr-modified stalled ribosome complexes and 60 uM for WT
stalled ribosome complex) for 1h at 4 °C. The final concentration of the antibiotic
was ~4-60x over IC;, for translation (Extended Data Fig. 8b). Purified WT stalled
ribosome complexes (0.418 uM) were incubated with >100X molar excess of LZD
(60 uM) for 1h at 4°C. The final concentration of antibiotic was ~3.5X over IC;, for
translation (Extended Data Fig. 8b). Prior to freezing the grids, stalled ribosome
complexes were filtered for 5min at 14,000g at 4°C using a 0.22-pum low-binding
Durapore PVDF filter (Millipore).

Cryo-electron microscopy analysis. The above-described samples were

diluted in buffer C and deposited onto freshly glow-discharged (EMS-100 Glow
Discharge System, Electron Microscopy Sciences, 30s at 15mA) copper Quantifoil
(Quantifoil Micro Tools) grids with 2-nm-thick amorphous carbon on top. The
grids were incubated for 30s at 10°C and 95% humidity, before blotting and
vitrification by plunging into liquid ethane using a FEI Vitrobot Mark IV (Thermo
Fisher). Ice thickness was controlled by varying the blot time, using Whatman

#1 filter paper for blotting. The grids were screened for ice quality using an FEI
Talos Arctica electron microscope (Thermo Fisher, 200kV, at UCSF) before being
transported via a dry shipper to other facilities or loaded into a UCSF FEI Titan
Krios instrument (Thermo Fisher).

All datasets used for reconstruction were imaged on FEI Titan Krios
microscopes (Thermo Fisher, 300kV). The LZD-70S and LZD-SRC datasets
were collected at the Stanford-SLAC CryoEM Center (S*C?) using SerialEM
on a microscope equipped with a Gatan K3 direct electron detector (DED) but
without an imaging filter. The RZD-70S and RZD-SRC datasets were collected at
the National Center for CryoEM Access and Training (NCCAT) using Leginon/
Appion on a microscope equipped with a Gatan K2 Summit DED and an imaging
filter (20-eV slit). The RZD-SRC* dataset was collected at UCSF on a microscope
equipped with a Gatan K3 DED and an imaging filter (20-eV slit). This dataset
was collected on-axis, but all other datasets were collected using a nine-shot
beam-image shift approach with coma compensation. All image stacks were
collected in super-resolution mode. Pixel sizes, micrograph count, defocus values
and exposures varied slightly between facilities and are reported in Table 1.

All image stacks were binned by a factor of two, motion-corrected and
dose-weighted using UCSF MotionCor2”. All reconstructions used dose-weighted
micrographs. The initial contrast transfer function (CTF) parameters were
determined using CTFFIND4 within the cisTEM (v1.0.0-beta)’' software suite.
Micrographs with poor CTF fits or crystalline ice were excluded. Unsupervised
particle picking using a soft-edged disk template was followed by two-dimensional
classification in cisTEM. The initial and final particle counts are reported in Table
1. Only classes that clearly contained ice were omitted. An ab initio reconstruction
was carried out in cisTEM on the RZD-SRC* dataset, which yielded a starting
reference that was low-pass filtered and used as the initial reference for all five
datasets. For SRC datasets, multi-class auto refinement in cisTEM was used to
select for all particles that had tRNA present. These, and all non-SRC datasets,
were then subjected to a two-class auto refinement in cisTEM to classify between
‘good’ particles and damaged ‘garbage’ particles and high-frequency noise. The
good classes were carried forward into single class auto and manual refinement
efforts, including per-particle CTF estimation. Care was taken not to increment
the high-resolution cutoff in refinement to prevent overfitting. Unsharpened
maps were used in model refinement and figure preparation. Pixel size was
confirmed by comparison and cross-correlation between the resulting map and
a crystallographically derived ribosome structure. 70S maps were used for model
building and figure preparation. Map resolution values are reported as particle
Fourier shell correlation (FSC) at 0.143.

Atomic model building and refinement. Atomic models of 70S ribosome
complexes with antibiotics and 70S stalled ribosome complexes were generated by
rounds of model building in Coot™, molecular dynamics model fitting in ISOLDE™
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and refinement in PHENIX®. An initial model for all ribosome complexes was
obtained by combining (1) a model of the WT E. coli 50S subunit (PDB 6PJ6)*, (2)
a model of the 30S subunit from the WT E. coli ErmBL-stalled ribosome structure
(PDB 5JU8)°!, (3) P-tRNA and mRNA extracted from the ErmBL-stalled ribosome
structure (PDB 5]U8, mutated and remodeled in Coot™ to yield fully modified

E. coli tRNA™< and a short mRNA, respectively) and (4) the nascent peptide, which
was modeled in Coot. Model refinement against the acquired LZD-SRC cryo-EM
map was performed by multiple rounds of manual model building, molecular
dynamics model fitting and restrained parameter refinement (rigid body fitting,
real-space refinement, anisotropic displacement parameters (ADP) refinement and
simulated annealing). Restraints for real-space refinement of modified nucleotides
were generated using eLBOW®* within PHENIX®. For molecular dynamics, force
fields for most modified nucleotides were available but inactive in standard releases
of ISOLDE due to disfavored behavior under certain circumstances; these were
toggled to active, and for nucleotides and the 4D4 amino acid without force fields
available, the closest matching residue with force fields was substituted during
molecular dynamics simulations as necessary. The antibiotics were held static

for these simulations. The L3, L10 and L11 proteins were not modeled. Upon
convergence of a satisfactory model in the LZD-SRC map, the same model was fit
into the density in the other four maps, edited for chemical accuracy (removal of
the peptidyl-tRNA and mRNA from non-SRC models, and removal of any ions
not supported by the map), and then subjected to further molecular dynamics

and refinement cycles until convergence. Overall, protein residues and rRNA
nucleotides show well-refined geometrical parameters (Table 1). The figures were
prepared using PyMOL Molecular Graphics System Version 2.4.1 (Schrédinger) or
UCSF ChimeraX Version 1.2.5%.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this Article.

Data availability

Atomic coordinates for all presented structures have been deposited in the Protein
Data Bank and EMDB under the following accession numbers: LZD-SRC,
PDBID 751G, EMDB-24800; LZD-70S, PDB ID 7S1H, EMDB-24801; RZD-SRC,
PDB ID 7S11, EMDB-24802; RZD-70S, PDB ID 7S1], EMDB-24803; RZD-SRC*,
PDB ID 7S1K, EMDB-24804. The following datasets were used to generate the
presented structures: WT E. coli 50S ribosomal subunit, PDB 6P]6; ErmBL-stalled
ribosome complex, PDB 5]U8. Source data are provided with this paper.
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Extended Data Fig. 1| Processing workflow, classification tree, FSC curves, and local resolution estimation for each map. Micrographs were CTF

corrected and curated for ice quality, followed by unsupervised particle picking. 2D classification was used to remove residual ice particles, with all others
subjected to multi-class 3D classification and refinement approaches to remove particles without tRNA (for SRCs) and select for good particles. Final FSC
curves are presented along with center-slab representation of local resolution. All steps were carried out within the cisTEM (v1.0.0-beta) framework with
the exception of local resolution estimation, which used the Relion (v3.1.2) implementation.
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P-site tRNA

Extended Data Fig. 2 | Confirmation of oxazolidinone-induced ribosome stalling at the Phe5 codon. (a) Location of the codon-anticodon interaction
within the linezolid-stalled 70S ribosome complex. (b) Density for the codon-anticodon interaction is best modeled as UUC, o GAAguaphe Father than
GCA ruatUGCiguaais Which would correspond to stalling at the upstream Ala4 codon. The figure was generated from unsharpened maps and the density is
contoured at 4o.
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RZD-SRC 23S rRNA E. coli RZD-SRC RZD-SRC 23S rRNA E. coli RZD-SRC
Cadazolid 23S rRNA E. coli: PDB 6QUL Biaryl-Oxa 23S rRNA H. marismortui: PDB 3CXC

Extended Data Fig. 3 | Overview of the binding mode of linezolid and radezolid within the ribosomal PTC. (a) Structural overlay of linezolid (LZD)

bound to a H. marismortui ribosome (PDB: 3CPW) and linezolid-stalled E. coli ribosome complex (LZD-SRC), highlighting binding within the A-site cleft.
(b) Overlay of E. coli LZD-SRC and LZD-only bound to a D. radiodurans (PDB: 3DLL) or S. aureus ribosome (PDB: 4WFA). (¢) Overlay of E. coli LZD-SRC
and MRSA ribosome bound to LZD analog (LZD-5, PDB: 6DDD) or contezolid (PDB: 6\WWQN). (d) Structural overlay of radezolid (RZD) bound to a MRSA
ribosome (PDB: 6WQQ) and radezolid-stalled E. coli ribosome complex (RZD-SRC), highlighting the A-site cleft. (e) Overlay of E. coli RZD-SRC and E.

coli ribosome bound to cadazolid (PDB: 6QUL). (f) Overlay of E. coli RZD-SRC and H. marismortui ribosome bound to a biaryl-oxazolidinone (PDB: 3CXC).
Insets for panels (e) and (f) highlight the n-stacking interaction between the oxazolidinone D-ring and A2602. All overlays in this figure were generated by
alignment of 23S rRNA nucleotides. E. coli numbering is used for all figure panels.
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LZD, LZD-70S RZD, RZD-70S

LZD, LZD-SRC RZD, RZD-SRC
23S rRNA E. coli LZD-70S 23S rRNA E. coli RZD-70S
23S rRNA E. coli LZD-SRC 23S rRNA E. coli RZD-SRC

Extended Data Fig. 4 | Oxazolidinone binding modes in antibiotic-only and stalled ribosome complexes. (a) Coordination of a solvent molecule or ion to
(a) linezolid (LZD) and surrounding nucleic acids in the linezolid-stalled E. coli ribosome complex (LZD-SRC). Coulomb potential is shown 1.5 A from the
jon and LZD ligand, contoured at 5 in the unsharpened map, and coordination distances are shown in Angstroms. (b) Coordination of a solvent molecule
or ion to radezolid (RZD) and surrounding nucleic acids in the radezolid-stalled E. coli ribosome complex (RZD-SRC). Coulomb potential is shown 1.5 A
from the ion and RZD ligand, contoured at 56 in the unsharpened map, and coordination distances are shown in Angstroms. (€) Comparison of linezolid
(LZD) binding modes in the antibiotic-only (LZD-70S, antibiotic in orange) versus LZD-stalled complex (LZD-SRC, antibiotic in yellow). (d) Comparison of
radezolid (RZD) binding modes in the antibiotic-only (RZD-70S, antibiotic in teal) versus RZD-stalled complex (RZD-SRC, antibiotic in green). Structural
overlays in this figure were performed by aligning the 23S rRNA chain.

NATURE STRUCTURAL & MOLECULAR BIOLOGY | www.nature.com/nsmb


http://www.nature.com/nsmb

NATURE STRUCTURAL & MOLECULAR BIOLOGY ARTICLES

0.732 0.77 0751 72 0746 ;04 0748 0.738

0.699
0.623 0644  0.626 0.676

0.413
Surface
Complementarity
0.0 5.56

.0 0.0 0.0
|

0,
Ala Gly

10.93
27.32 27.32 21.86 27.03

Ser (3 rotamers) 43.24

49.18 49.18

Thr (3 rotamers) 70.27

Pro (3 conformers) Val (3 rotamers)

Extended Data Fig. 5 | In silico analysis of residues at the penultimate position. Substitution of glycine (Gly), proline (Pro), serine (Ser), threonine (Thr),
or valine (Val) for alanine (Ala) at the penultimate position results in either reduced surface complementarity S, as measured by the sc tool in CCP4%*
(blue bars) or increased clashscore (orange bars) in all cases except serine, which has two rotamers that slightly improve surface complementarity
without clashing. Surface complementarity is calculated between two selections of atoms, the first of which is the sequence of three residues centered on
the penultimate position, and the second of which is the linezolid ligand and the three nucleotides close enough to potentially interact either favorably or
disfavorably with the peptide sequence in the first selection. Surface complementarity is calculated without hydrogens modeled due to limitations of the
CCP4 implementation. Alanine and serine are most highly favored for ligand binding by these metrics.
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LZD-SRC

RZD-70S
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Extended Data Fig. 6 | Stabilization of PTC nucleotides in the oxazolidinone-stalled ribosome complexes. Direct comparison of nucleotide density in
the linezolid-only bound (LZD-70S) and the linezolid-stalled complex (LZD-SRC), displaying m*A2503 as a control nucleotide and dynamic nucleotides
U2506 and U2585. Direct comparison of nucleotide density in the radezolid-only bound (RZD-70S) and the radezolid-stalled complex (RZD-SRC),
displaying A2503 and dynamic nucleotides U2506, U2585, A2602. Of note, U2506 is modeled in two conformations in LZD/RZD-70S; the relevant
conformation for density comparison to SRCs is presented. Coulomb potential density is contoured at 4.0c in surface representation and 1.0c in mesh
representation from unsharpened cryo-EM density maps. Blue arrows highlight the rRNA bases which exhibit the most prominent changes in density
between the antibiotic-only and stalled complexes.
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LZD - Stalled Ribosome Complex

RZD - Stalled Ribosome Complex
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Extended Data Fig. 7 | Steric occlusion of A-site tRNA binding by oxazolidinone antibiotics. Linezolid (LZD, yellow) and radezolid (RZD, green) prevent
binding of A-site tRNAs (blue, from PDB: 7K0O). Prominent steric clashes between the A-tRNA and LZD C-ring and RZD C/D-ring are highlighted.
Structural overlays were performed by alignment of 23S rRNA nucleotides.
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Extended Data Fig. 8 | LZD and RZD activity against Cfr-modified ribosomes. (a) Minimum inhibitory concentration of linezolid (LZD) and radezolid
(RZD) required to inhibit growth of E. coli BW25113 acrB::kan transformed with either empty pZA plasmid or pZA encoding the evolved Cfr variant
CfrV7, which achieves near-complete m8A2503 methylation*’. MIC values were determined from two biological replicates. (b) In vitro activity of LZD
and RZD against wildtype (WT) and Cfr-modified ribosomes determined by inhibition of sfGFP translation. Percent (%) translation calculated as the
percentage of sfGFP translation at the tested antibiotic concentration compared to reactions containing no antibiotic determined from two independent
experiments which are plotted as individual data points. N.D. indicates that the IC,, value was not determined. (¢) Toeprinting analysis of LZD- and
RZD-induced stalling of WT or Cfr-modified ribosomes within the 5’ region of the sfGFP ORF. Drug-specific toeprint bands are indicated by red arrows.
‘None' designates reactions lacking ribosome-targeting antibiotics. The control antibiotic retapamulin (RET) was used to stall ribosomes at the start codon
indicated by the blue arrow®". All antibiotics were added to a final concentration of 50 uM. Toeprinting experiments were performed at least twice with
similar results. (d) Overlay of a vacant Cfr-modified E. coli ribosome*® with the RZD-stalled, Cfr-modified E. coli ribosome performed by alignment of 23S
rRNA nucleotides 2000-3000. (e) Close-up view of the penultimate alanine, RZD, and C8-methylated A2503 in sphere representation.
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a RZD-SRC b RZD-SRC*

Extended Data Fig. 9 | Density for the nascent chain in WT and Cfr-modified RZD-stalled ribosome complexes. Density comparison for the
alanine-containing MFKAF nascent peptide (purple) between RZD-stalled complexes with (@) WT and (b) Cfr-modified ribosome. RZD shown in green
and G2505 shown in gray. Coulomb potential density is contoured at 4.0c in surface representation and 1.0c in mesh representation from unsharpened
cryo-EM density maps and carved at 1.8 Angstroms from the part of the model shown.
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Extended Data Fig. 10 | A2062 adopts a lumen conformation in the RZD-stalled complex with a Cfr-modified ribosome. (a) A2062 adopts both the
lumen and the rotated, tunnel wall conformation in the RZD-only bound ribosome. In the rotated wall conformation, A2062 engages in H-bonding
interactions with A2503 and RZD. (b) A2062 is only observed in the rotated conformation to H-bond with A2503 and RZD in the WT stalled complex.
() A2062 is observed in the lumen conformation in the RZD-stalled complex with a Cfr-modified ribosome. Coulomb potential density is contoured at
4.0 in surface representation and 1.0c in mesh representation from unsharpened cryo-EM density maps.
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Data collection  All datasets used for reconstruction were imaged on FEI Titan Krios microscopes (ThermoFisher). The LZD-50S and LZD-SRC datasets were
collected at the Stanford-SLAC CryoEM Center. The RZD-50S and RZD-SRC datasets were collected at the National Center for CryoEM Access
and Training (NCCAT). The RZD-SRC* dataset was collected at UCSF.

Data analysis For cryo-EM analysis, UCSF MotionCor2 (v1.2.3), cisTEM (v1.0.0-beta), and Relion (v3.1.2) were used. Atomic models were generated by
model building in Coot (v0.9.5), molecular dynamics fitting in ISOLDE (v1.0b4.dev0), and refinement in PHENIX (v1.19.2-4158). Surface
complementarity was measured by the sc tool in CCP4 (v7.1.016, http://legacy.ccp4.ac.uk/newsletters/newsletter39/02_sc.html). Figures
were prepared using Pymol Molecular Graphics System (v2.4.1) or UCSF ChimeraX (v1.2.5).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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Atomic coordinates for all presented structures have been deposited in the Protein Data Bank and EMDB under the following accession numbers:
LZD-70S, PDB ID: 7S1H, EMDB: 24801




LZD-SRC, PDB ID: 751G, EMDB: 24800
RZD-70S, PDB ID: 7S1J, EMDB: 24803
RZD-SRC, PDB ID: 7511, EMDB: 24802
RZD-SRC*, PDB ID: 7S1K, EMDB: 24804

The following datasets were used to generate the presented structures:

WT E. coli 50S ribosomal subunit PDB ID: 6PJ6
ErmBL-stalled ribosome complex PDB ID: 5JU8
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Life sciences study design
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Sample size Sample sizes are stated in the Figure legends. All in vitro experiments were conducted with standard biochemical practices by performing
experiments at least twice as referenced in Florin, T., et al, Nat Struct Mol Biol (2017) and Choi, J., et al. Nat Chem Biol (2020). All in vivo
experiments (MIC testing) were performed twice per standard practices as referenced in Wiegand, 1., et al. Nat Protoc (2008). No sample size
estimation was performed.

Data exclusions  For cryo-EM analysis, micrographs with poor CTF fits or crystalline ice were omitted. After particle picking and 2D classification, only classes
that clearly contained ice were omitted. For SRC datasets, particles that had tRNA present were selected. All datasets were classified between
“good” particles and damaged “garbage” particles and high-frequency noise. The good classes were carried forward. Details outlined in
Extended Data Fig. 1.

Replication All experiments were reproduced from at least two independent experiments. All in vitro experiments (in vitro translation and in vitro toe-
printing) were determined from at least two independent experiments. Results were replicated. All in vivo experiments were determined
from two biological replicates and results were replicated.

Randomization  As this study does not involve sample/organism/participants to be allocated into experimental groups, randomization was not required nor
relevant.

Blinding As this study does not involve sample/organism/participants to be allocated into experimental groups, blinding was not required nor relevant.
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|:| Increase transmissibility of a pathogen
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Precautions and benefits

Biosecurity precautions  Cfr resistance to oxazolidinone antibiotics was tested using a standard, a non-pathogenic laboratory strain of E. coli which is handled
using biosafety level 1 precautions.

Biosecurity oversight We use standard biosafety precautions when conducting research on Cfr resistance in non-pathogenic E. coli, which is monitored
through monthly safety inspections by environmental health and safety officers at our laboratory facilities.

Benefits Structural insights provided from our study will aid the development of next-generation oxazolidinone antibiotics that can overcome
Cfr-mediated resistance.

Communication benefits Evaluation of Cfr resistance towards oxazolidinone antibiotics, which was performed in non-pathogenic strains and therefore were
low risk experiments, was necessary to correlate how key molecular interactions enable the antibiotic radezolid to overcome Cfr-

mediated resistance. Our work provides unprecedented insights into interactions that can be further exploited in the development of
next-generation antibiotics.
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