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The bacterial ribosome is an essential drug target as many clinically
important antibiotics bind and inhibit its functional centers. The catalytic
peptidyl transferase center (PTC) is targeted by the broadest array of
inhibitors belonging to several chemical classes. One of the most abundant
and clinically prevalent resistance mechanisms to PTC-acting drugs in
Gram-positive bacteria is C8-methylation of the universally conserved
A2503 nucleobase by Cfr methylase in 23S ribosomal RNA. Despite

its clinicalimportance, a sufficient understanding of the molecular
mechanisms underlying Cfr-mediated resistance is currently lacking.
Here, wereport aset of high-resolution structures of the Cfr-modified
70S ribosome containing aminoacyl- and peptidyl-transfer RNAs. These
structures reveal an allosteric rearrangement of nucleotide A2062 upon
Cfr-mediated methylation of A2503 that likely contributes to the reduced
potency of some PTC inhibitors. Additionally, we provide the structural
bases behind two distinct mechanisms of engaging the Cfr-methylated
ribosome by the antibiotics iboxamycin and tylosin.

Many antibiotics employed clinically for the treatment of human infec-
tious diseases target the bacterial ribosome and inhibit bacterial pro-
tein synthesis' . Among these, entire classes of chemically distinct
antibiotics bind inor near the PTC, located within the large subunit of
the bacterial ribosome, and often inhibit protein synthesis by direct
competition with the binding of aminoacyl-transfer RNA (aa-tRNA)
substrates. As a natural evolutionary response to antibiotic therapy,
numerous antibiotic-resistance genes have emerged in pathogenic
bacteria. Among the more consequential and widespread of these
genes is ¢fr (chloramphenicol-florfenicol resistance), which is most

widespread in Gram-positive pathogens but has also been identified
in Gram-negative bacteria, including Escherichia coli*”. The product
of this gene—Cfr—is a methylase that modifies the universally con-
served ribosomal adenosyl residue A2503 of the 23S ribosomal RNA by
C-methylation at position 8 (Fig. 1a)®”. This modification lies within the
heart of the ribosome, near the A-site of the PTC, and confers resistance
to awide range of PTC-targeting antibiotics, including phenicols, lin-
cosamides, oxazolidinones, pleuromutilins and streptogramins A (col-
lectively knownas PhLOPS,), as well as hygromycin A and 16-membered
macrolides (16MMs), which bind in the nascent peptide exit tunnel
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Fig.1| T. thermophilus HB27 strain expressing Cfr-like methylase. a, While
nucleotide A2503 in domain V of the 23S rRNA is constitutively methylated

at position C2 by the housekeeping RImN methylase in most bacteria, C8-
methylation of the same residue by Cfr-class methylases in some bacterial
species results in high-level resistance to several chemically unrelated classes of
PTC-targeting antibiotics. b, Schematic maps of the previous pBGAA1-BthERM
vector (top) and its new derivatives with the erm gene (red) replaced by one of
the six selected cfr-like genes (bottom) from moderately thermophilic bacteria.
These vectors were designed to express Cfr methylases in T. thermophilus

(Tth) HB27 cells and carry the HygB resistance marker hph under the control

of Py, promoter (blue) and a cfr-like gene under the control of P,,, promoter

(orange). ¢, Primer extension analysis of 23S rRNA isolated from c¢fr* Tth cells
transformed with pBGAA1-PfuCFR vector (¢fr") and control (¢fr’) WT Tth cells.
23SrRNA isolated from the Tth HB27 rimN~ strain lacking A2503-C2-methylation
was used as an additional negative control. Sequencing lanes are shown on
theleft.d, Precision primer extension analysis of the same 23S rRNA samples
inthe presence of dATP, dCTP, dTTP and ddGTP. The extent of Cfr-mediated
methylation of the 23S rRNA (-70%) is calculated as the ratio of the intensity

of the U2504-specific band to the sum of the intensities of the U2504- and
C2501-specific bands and the readthrough bands (marked with an asterisk) after
background subtraction. Experiments were repeated three times independently
with similar results. SAM, S-adenosyl-L-methionine.

(NPET)”"°. The A2503 residue is also C-methylated at position 2 by
the housekeeping rRNA-methylase RImN (Fig. 1a), an enzyme widely
distributed among bacteria'®. RImN and Cfr are homologs, sharing
34% sequence identity (E. coli RImN versus Staphylococcus aureus
Cfr), and both employ S-adenosyl methionine as methyl donor'*2,
RImN-mediated C2-methylation of A2503 is constitutively present
in 23S rRNA and contributes to translational fidelity”> ", whereas
Cfr-mediated C8-methylation of the same nucleotide leads to multi-
drug resistance™®,

The plasmid-borne ¢fr gene was first discovered in 2000 in the
bacterial species Mammaliicoccus sciuri (previously Staphylococcus
sciuri)” and was later found on plasmidsinisolates fromother sources'.
In 2007, the first case of ¢fr occurrence in humans was identified ina
clinical strain of methicillin-resistant S. aureus (MRSA, strain CMO5),
where the ¢fr gene was located on the chromosome”. Today, the ¢fr
gene, with only minor sequence variations, has been found worldwide
inpathogenic Gram-positive and Gram-negative bacteriaisolated from
humans and animals**%°,

Based on a recent structure of the drug-free Cfr-modified 50S
ribosomal subunit from £. coli”, the observed effect of A2503-C8-
methylation on the binding of some PTC-targeting antibiotics

can be explained with a ‘direct steric clash’ model. Alignments of this
Cfr-modified ribosome with those of various ribosome-bound PTC
inhibitors show that the newly introduced C8-methyl group in A2503
sterically overlaps with the binding sites of many classes of PTC-acting
drugs. Therefore, it has been proposed that the Cfr-dependent
A2503-C8-methylation is likely to interfere physically with antibiotic
binding?".

However, we hypothesized that for some classes of antibiotics,
the mechanism of Cfr-mediated resistance could also involve allos-
teric structural rearrangement(s) in the PTC that further reduces the
antibiotic’s binding affinity when aminoacyl- and/or peptidyl-tRNA
ligands are present onthe ribosome. The rationale for this hypothesis
stems from the observation that key functional nucleotides around the
PTC (A2062,U2506,U2585,A2602) change their positions upon bind-
ing of the tRNA substrates**. Importantly, one of these nucleotides
(A2062) rotates relative to its position in a vacant ribosome in the
presence of formyl-methionyl- or peptidyl-tRNA inthe P site and forms
a symmetric trans A-A Hoogsteen base pair with the residue A2503
(refs.24-26).Thus, itis conceivable that Cfr-mediated C8-methylation
of A2503 could allosterically affect the positions of other 23S rRNA
nucleotides (suchas A2062) inthe presence of tRNAs, resulting in their
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conformations beingincompatible withadrugbinding toits functional
siteinthe PTC. Although an attractive hypothesis, such Cfr-dependent
structural rearrangements have not been evaluated to date.

To understand the structural basis of Cfr-mediated resistance,
we first identified conditions for expressing a functionally active Cfr
methylase in the thermophilic bacterium Thermus thermophilus and
solved the high-resolution X-ray crystal structure of the Cfr-modified
70Sribosome with nonhydrolyzable aa-tRNAsinboth the A and Psites
of the PTC. Using our recently developed approach for the semisyn-
thesis of nonhydrolyzable peptidyl-tRNAs, we also solved the crystal
structure of the Cfr-modified 70S ribosome with a peptidyl-tRNA
in the P site. The structures reported herein reveal an unexpected
Cfr-induced displacement of nucleotide A2062, whichis likely to con-
tribute to the mechanism of Cfr-based resistance resulting in the inabil-
ity of PTC inhibitors to bind to the ribosome. Lastly, we determined
the structure of the Cfr-modified 70S ribosome in complex with two
antibiotics, iboxamycin (IBX) and tylosin (TYL), that exhibit activity
against Cfr-expressing bacteria and uncovered the structural bases
behind their abilities to engage the Cfr-modified ribosome. Notably,
we observe a displacement of the Cfr-methylated A2503 nucleotide
by -1-1.5 A upon binding of IBX, which could not have been predicted
on the basis of existing antibiotic-ribosome co-crystal structures.
Moreover, we have also found that, unlike IBX, TYL strongly engages
23S rRNA at a site distal from the site of Cfr-modification, allowing it
to avoid a steric clash with the C8-methylated nucleotide A2503 by
reorienting its mycarose sugar. Together, these examples illustrate
two distinct mechanisms which allow antibiotics to maintain binding
with Cfr-modified ribosomes and thus exhibit in vitro activity against
some Cfr-expressing bacteria.

Results

Engineering of Cfr-expressing T. thermophilus strain
Cfrenzymesare expressedinabroad spectrum of pathogenic bacterial
clinicalisolates as well asin nonpathogenic bacteria, where they provide
strong resistance to numerous PTC inhibitors”®'*?°, As nucleotide
A2503 of the 23S rRNA is inaccessible to enzymes in the mature 50S
subunit, RImN and Cfr methylases must operate during the ribosome
assembly process™. Therefore, toisolate predominantly Cfr-modified
ribosomes for crystallographic study, we first constructed a bacterial
strain expressing a catalytically active Cfr methylase.

Based on our past work in obtaining Erm-modified 70S ribosomes
(containing N6-dimethyl-adenine at position 2058 of the 23S rRNA)
and solving its high-resolution structure*, we have chosen the same
Gram-negative thermophilic bacterium T. thermophilus (Tth) as our
experimental model. Because expression of a functionally active Cfr
enzyme from the mesophilic bacterium S. aureus in the thermophilic
bacterium Tthis unlikely to be successful, we selected five cfr-like genes
from genomes of bacteria adapted for growth at elevated tempera-
tures and used the cfrgene from S. aureus as a control (Supplementary
Figs.1and 2 and Supplementary Table 1). The desired cfr-like genes
were commercially synthesized, clonedinto the previously assembled
pBGAAI-BthERM vector (Fig. 1b, top) to replace the erm gene? (Fig. 1b,
bottom) and expressed in Tth HB27 cells.

Cfrexpressioninthe resulting strains was first assessed by amicro-
biological approach that exploits the sensitivity of wild-type (WT) Tth
cells to several well-characterized PTC-targeting drugs, such as chlo-
ramphenicol (CHL), lincomycin (LNC) and clindamycin (CLI). Antibiotic
susceptibility testing of the plasmid-transformed Tth cells showed that
the expression of a cfr-like gene from Planifilum fimeticola (referred
to hereafter as PfiCFR) or Planifilum fulgidum (PfuCFR) resulted in
a substantial increase of minimal inhibitory concentrations (MICs)
for CHL, LNC and CLIby 32-,1,024- and 4,096-fold, respectively (Sup-
plementary Table 2, red), when compared with control cells carrying
an empty vector (Supplementary Table 2, blue). In contrast, the MICs
for the NPET-targeting macrolide erythromycin remained unchanged

(Supplementary Table 2, green), representing a resistance phenotype
consistent with cfrexpression.

To further verify that the observed drug resistance arose fromthe
specific methylase activity of PfUCFR, we used a primer extension assay
to assess A2503 modifications biochemically. This method is based on
the arrest of reverse transcriptase progression on the rRNA template
duetoitsinability toincorporate acomplementary nucleotide into the
synthesized complementary DNA at the position complementary to or
preceding the methylated adenine. Since nucleotide A2503inthe WT
70Sribosomeis already methylated at position C2 by the housekeep-
ing rRNA-methylase RImN, we expected the cDNA arrest product to
be observed even in the case of 23S rRNA isolated from WT Tth cells.
Therefore, we used 23S rRNA isolated from a Tth HB27 rlmN" strain
lacking A2503-C2-methylation as areference and negative control. By
optimizing the concentrations of nucleotides and reverse transcriptase
enzymes, as well as reaction time, we developed primer extension
reaction conditions that allowed us to differentiate between unmodi-
fied (rlmN"), C2-monomethylated (WT) and C2,C8-dimethylated (cfr*)
adenine nucleotides at position 2503 of the 23S rRNA (Fig. 1c,d, lanes 2,
3and 4, respectively). As expected, the strongest reverse transcription
arrest was observed for the 23S rRNA isolated from the cfr-positive
Tthcells (Fig.1c, lane 4), confirming that PfuCFR modifies the desired
A2503 residueinthe 23SrRNA. Next, to quantitatively assess the extent
of C8-methylation of A2503, we performed precision primer exten-
sion analysis of the same 23S rRNA samples in the presence of dATP,
dCTP, dTTP and ddGTP. While the dideoxynucleotide ddGTP causes
reverse transcription to stop at position C2501 on all templates, the
Cfr-catalyzed C8-methylation of m?>A2503 causes arrest of cDNA syn-
thesis at the preceding position U2504 of the 23S rRNA (Fig. 1d), likely
duetotheinability of reverse transcriptase toaccommodate modified
adenine nucleotides in its active site. Thus, the ratio of intensities of
U2504-specific bands to the sum of U2504- and C2501-specific bands
provides the extent of Cfr-methylation. By optimizing the growth
conditions of the PfuCFR-expressing Tth strain, we achieved levels of
A2503-C8-methylation as high as 70% (Fig. 1d, lane 4). Altogether, our
microbiological and biochemical data show that the Cfr homologs
from P. fimeticola and P. fulgidum possess the desired activities and
can be expressed in Tth HB27 cells to modify the m?A2503 residue in
the bacterial 23S rRNA.

Structure of the 70S ribosome containing m>m®A2503
We purified 70S ribosomes from the Tth HB27 strain expressing
PfuCFR-methylase for structural analysis. To assess if the presence of
aa-tRNA substrates affects the position of C8-methylated nucleotide
A2503, we used these Cfr-modified Tth 70S ribosomes to assemble
a complex with Phe-tRNA™ and fMet-tRNAM* in the A and P sites,
respectively. The complex was crystallized using previously published
conditions?>?, and its structure was determined at 2.55-A resolution
(Supplementary Table 3). At this resolution, nucleotide methylations
canbedirectly visualized in the unbiased difference electron density
maps (Fig. 2a, green mesh), allowing for accurate modeling of the
C2,C8-dimethylated nucleotide A2503 (m>m®A2503) of the 23S rRNA
in the structure (Fig. 2a,b). Additionally, by using nonhydrolyzable,
amide-linked aa- and peptidyl-tRNAs in our ribosome complexes (Meth-
ods), wewere able to capture the PTCinits pre-transpeptidation state.
We aligned our structure of the 70S ribosome containing
Cfr-methylated m*m®A2503 with a structure of the 70S ribosome
containing WT m?A2503 (Extended Data Fig. 1a,b)* to search for any
Cfr-induced structural rearrangements around the PTC that could
resultin multidrug resistance. Consistent with the recent structure of
a Cfr-modified E. coli 70S ribosome by the Fujimori group (Extended
Data Fig. 1e,f)*?%, our structure reveals that C8-methylation does not
affect the overall position of nucleotide A2503 in the Cfr-modified
ribosome (Extended Data Fig.1a,b). Moreover, the alignment revealed
no major changes in either the positions of the A- and P-site tRNA

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-023-01525-w

Unbiased F,-F, (+3.00) 2F,-F, (+1.00)

Cfr-modified 70S ribosome (2.45 A)

WT 708 ribosome (2.30 A)

Fig.2|Electron density maps of C2,C8-dimethylated (top) and C2-methylated
(bottom) A2503 residue of the 23S rRNA in T. thermophilus 70S ribosome.
a-d, Unbiased F,-F, (a,c) (gray and green mesh) and 2F ~F, (b,d) (blue mesh)
electron difference Fourier maps of nucleotide A2503 in the T. thermophilus 70S
ribosome contoured at 3.00and 1.00, respectively. Gray mesh shows the F,-F,
map after refinement with the entire modified nucleotide omitted. Green mesh,
reflecting the presence of methyl groups, shows the F,-F_electron density map
after refinement with the nucleotide A2503 built as a regular unmethylated
adenine. The refined models of Cfr-modified C2,C8-dimethylated (a,b) or WT
RImN-modified C2-methylated (c,d) A2503 nucleotide are displayed in the
corresponding electron density maps. The structure and the electron density
maps of the WT ribosome complex (c,d) are from PDB entry 6 XHW (ref. 24).
Carbonatoms are colored blue for the Cfr-modified A2503 and light blue for
the C8-unmethylated A2503; nitrogens are dark blue, oxygens are red and
phosphorus atoms are green.

substrates (Extended Data Fig. 1b) or most of the key functional
nucleotides of the 23S rRNA around the PTC (Extended Data Fig. 1a).
However, we observed an unanticipated conformational change of
nucleotide A2062. In all previous WT ribosome structures contain-
ing aminoacylated Phe-tRNA™ and fMet-tRNAM* in the A and P sites,
respectively, nucleotide A2062is always observedinitsrotated confor-
mation (Extended Data Figs. 2aand 3a) and forms direct van der Waals
interactions with the formyl-methionyl moiety of the P-site tRNA*. In
ourstructure, however, the electron density corresponding to A2062
was relatively weak (Extended Data Fig. 3b), indicating low confor-
mational stability, and the modeled A2062 lacked the characteristic
rotation and Hoogsteen base-pairing with nucleotide m>m®A2503
(Extended DataFig. 1a).

Cfr-mediated methylation of m?>A2503 prevents A2062
rotation

In our recently published structures of WT Tth ribosomes featuring
full-length peptidyl-tRNAs** or their short analogs® in the P site,
nucleotide A2062 is always observed inits rotated conformation and
forms an additional H-bond with the amide of the penultimate amino
acidresidue of the peptidyl-tRNA (Extended DataFig.4a,b). Therefore,
we reasoned that if A2062 remained unrotated in the Cfr-methylated
ribosome despite the potential for an additional stabilizing H-bond
with the peptidyl-tRNA, then this structural evidence would strongly

supportour hypothesis that Cfr-mediated methylation precludes the
Hoogsteen base-pairing of A2062 with m’m®A2503. To unambiguously
determine the conformation of A2062 in the Cfr-modified ribosome
and further investigate A2062’s inability to form a Hoogsteen base
pairwithm?m®A2503, we solved the structure of a Cfr-methylated 70S
ribosome with peptidyl-tRNA in place of fMet-aminoacyl-tRNAM*" in
the Psite.

Using our recently developed chemoenzymatic approach
based on native chemical ligation?®, we prepared a nonhydrolyza-
ble peptidyl-tRNA carrying a formyl-Met-Thr-His-Ser-Met-Arg-Cys
(fMTHSMRC) heptapeptide moiety. In the previously reported struc-
ture of the same peptidyl-tRNA in complex with WT 70S ribosome?®,
therotated conformation of nucleotide A2062 was stabilized not only
by direct H-bonding with the fMTHSMRC-peptide moiety (Extended
DataFig. 4a,b) but also by -1t stacking with the imidazole side chain
of the His3 residue (Extended Data Fig. 4b). Using this peptidyl-tRNA
as the P-site substrate, we assembled a complex of Cfr-modified Tth
70S ribosome containing Phe-tRNAF"™ in the A-site and solved its
structure at 2.45-A resolution (Fig. 3a-d and Supplementary Table
3). Similar to the structure with P-site fMet-tRNA*, we observed no
major changes in the positions of 23S rRNA nucleotides (Extended
Data Fig. 1c) or the A- or P-site tRNA bodies (Extended Data Fig. 1d).
However, unlike the structure with P-site fMet-tRNAM, the electron
density for the A2062 nucleotide became well-defined in the struc-
ture with P-site peptidyl-tRNA (Fig. 3¢,d and Extended Data Fig. 3c),
allowing us to determine its position and orientation unequivocally.
Remarkably, despite the potential for stabilizing interactions with the
peptidyl-tRNA, nucleotide A2062 remained inits unrotated conforma-
tion (Fig. 3d-fand Extended DataFig. 1c), suggesting that Cfr-mediated
methylation of m*A2503 rendersit unable to form asymmetrical Hoog-
steen base pair with A2062. This observation is further supported by
analysis of recently published cryo-electron microscopy structures
of WT (Extended Data Fig. 5a) and Cfr-modified E. coli 70S ribosomes
(Extended Data Fig. 5b)*®, where A2062 is also observed without rota-
tionand base-pairing with m?m®A2503. Besides A2062, no other struc-
tural rearrangements of 23S rRNA nucleotides are visible in the PTC
(Extended DataFig. 1c).

Mechanisms of Cfr-mediated resistance to PTC-acting drugs
Cfr-class methylases have been generally accepted to confer resist-
ance to PTC-targeting ribosomal antibiotics by introducing a methyl
group to the C8-atom of the nucleotide m?A2503, amodification that
protrudes into the common binding pocket occupied by these antibi-
otic classes. Superpositions of the Cfr-modified Tth ribosome struc-
ture with those of the WT ribosome bound by various PTC-targeting
drugs reveal overlaps between the C8-methyl group of m*m®A2503
and the drug molecules (Fig. 4 and Extended Data Fig. 8), support-
ing the prevailing ‘direct steric clash’ model. However, this analysis
shows arelatively small extent of steric overlap (0.4-0.5 A) between the
C8-methyl group of m’m®A2503 and several PTC-binding drugs, such as
CHL (Fig. 4a, 0.4 A), linezolid (Fig. 4b, 0.5 A) and hygromycin A (Fig. 4c,
0.5 A). In published structures of ribosome-bound phenicols***~?2,
oxazolidinones® and hygromycin A’, we consistently observed the
Hoogsteen base-pairing of nucleotide A2062 with m?A2503, which
enables a direct H-bond between the N6-atom of A2062 and the
bound antibiotic. We thus hypothesized that the inability of A2062
to rotate in the Cfr-modified ribosome could prevent additional
binding interactions between the antibiotic and 23S rRNA, thereby
contributing to drug resistance for these antibiotic classes via an
allosteric mechanism.

To test this hypothesis, we determined MICs of different
PTC-targeting antibiotics against a panel of antibiotic-hypersensitive
E.coliSQ171 AtolC strains® that lack all the chromosomal rrn operons
andinstead carry a plasmid-encoded WT or A2062G/U/C-mutant ver-
sions of the 23S rRNA gene (Supplementary Table 4). In the A2062G
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Fig. 3| Structure of the Cfr-modified 70S ribosome. a,b, Location of the
Cfr-modified nucleotide A2503 (navy blue) carrying the C8-methyl group
(orange) inthe PTC of the Tth 70S ribosome relative to tRNAs viewed from two
different angles as cross-cut sections through the NPET. The 30S subunit, 50S
subunitand mRNA are colored light yellow, light blue and blue, respectively,
while the A-, P- and E-site tRNAs are colored teal, crimson and light orange,
respectively. c¢,d, Close-up views of the 2F —~F_electron density map (blue
mesh) of m®m®A2503 nucleotide and ribosome-bound A-site Phe-tRNA™ (teal)

and P-site IMTHSMRC-peptidyl-tRNAM (crimson). e,f, Superpositioning

ofthe previously reported structure of WT 70S ribosome containing A-site
Phe-tRNAP™ and P-site IMTHSMRC-peptidyl tRNAM (PDB entry SCVL (ref. 26))
with the structure of the same complexes containing Cfr-methylated nucleotide
m?m®A2503 in the 23S rRNA. Nucleotides of the Cfr-modified and unmodified
ribosomes are shown in blue and light blue, respectively. All structures were
aligned based on domain V of the 23S rRNA. E. coli nucleotide numbering is used
throughout. H-bonds are shown with dotted lines. Pept-tRNA, peptidyl-tRNA.

mutantstrain, the guanosine at position 2062 would nolonger be able to
rotate and form a Hoogsteen base pair with m?A2503 but would still be
able to maintain the H-bonding interaction betweenits N7 and the exo-
cyclicN-H of m?A2503 inits unrotated conformation (Extended Data
Fig.2b). We believe that this mutation would prevent nucleotide rota-
tion at position 2062 without methylation at C8 of m?A2503, allowing
ustoassess the relative contribution from the proposed allosteric com-
ponent of Cfr-mediated resistance. When CHL, florfenicol, linezolid and
hygromycin A were assessed against this A2062G mutant strain,a2-to
16-fold MIC increase was recorded compared with WT (Supplementary
Table 4). In contrast, the activities for CLI and IBX were unaffected or
even potentiated by the A2062G mutation, though afourfold increase
inMIC was observed for LNC (Supplementary Table 4). Whenthe same
antibiotic panel was assessed against cfr-expressing T. thermophilus
or S. aureus cells, a 16- to 32-fold increase in MICs was observed for
CHL, florfenicol, linezolid and hygromycin A compared with the par-
ent strains (Supplementary Table 5). In contrast, the activity of all
lincosamide derivatives (LNC, CLI, IBX) decreased substantially (=64
to 4,096-fold) upon expression of cfr (Supplementary Table 5). These
datasuggest that, for at least phenicol and oxazolidinone antibiotics,
asubstantial portion of Cfr-mediated resistance may be driven by the
inability of A2062 torotate and form additional stabilizing interactions
with the bound antibiotic.

In contrast to the A2062G mutation, the substitutions of nucleo-
tide A2062 with pyrimidines (U or C), which are unable tointeract with
m?A2503 similarly to A2062, results in strong resistance to most A-site
targetingantibiotics (suchas CHL, linezolid, hygromycin A, LNC or CLI),
suggesting the importance of this nucleotide for drug engagement
with the ribosome (Supplementary Table 4). However, lacking the
corresponding structures of the A2062-mutant ribosomes, we cannot
exclude the possibility of other changes occurringinthe PTCasadirect
consequence of these mutations. Notably, the 16MMs, spiramycin and
josamycin, were also affected by all three A2062G/U/C mutations (Sup-
plementary Table 4). However, this decrease in potency s likely due to
theloss of acovalentlinkage to A2062, whichis generally required for
theiractivity®*. Altogether, our structural analysis and microbiological
datasuggest that the mechanism of Cfr-mediated resistance to certain
PTC-targeting antibiotics appears to be two-component: (1) direct
sterichindrance with the drug molecules and (2) allosteric rearrange-
ment of the drug binding pocket.

How antibiotics engage the Cfr-modified ribosome

Although the C8-methylation of A2503 leads to high levels of resist-
ance against a range of PTC-targeting antibiotics, including lincosa-
mides, some continue to exhibit activity against ¢fr-positive pathogens.
The recently disclosed oxepanoprolinamide antibiotic IBX engages
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23S rRNACFR

Fig. 4| Structural basis for Cfr-mediated resistance to PTC-acting antibiotics.
a-f, Superpositions of the structure of Cfr-modified T. thermophilus 70S
ribosome containing m*m®A2503 nucleotide (blue with the C8-methyl groupin
orange) in the 23S rRNA with the structures of WT ribosome-bound antibiotics
targeting the PTC: CHL (a, green, PDB entry 7RQE (ref. 29)), linezolid (b, LZD, red,
PDB entry 7S1G (ref. 28)), hygromycin A (c, HygA, teal, PDB entry 5DOY (ref.9)),
madumycin (d, MADU, light teal, PDB entry 5VP2 (ref. 43)), CLI (e, magenta, PDB
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entry 4V7V (ref. 44)) and IBX (f, yellow, PDB entry 7RQ8 (ref. 36)). The degrees
of steric overlaps between the C8-methyl group of the m?m®A2503 nucleotide
and each of the PTC-acting drugs are shown in yellow. These numbers reflect the
distancein A that the drug and the m>m®A2503 residue need to move away from
each other to avoid steric clash. Note that the C8-methyl group of m*m®A2503
can physically interfere with the binding of chemically unrelated antibiotic
classes.

the bacterial ribosome with strong affinity® and exhibits abroad spec-
trum of activity in high-priority Gram-positive pathogens®. Impor-
tantly, IBX maintains demonstrable activity against Gram-positive
strains harboring Erm-, ABCF- (ATP-binding cassette type F proteins)
or Cfr-resistance determinants®, although less so against the syner-
getic protection via 23S modification by Erm/Cfr and direct protection
by ABCFs*"*,

Upon superposition of the Cfr-modified ribosome with ribosome-
bound IBX or CLI, the amide moiety of each antibiotic is expected to
exhibit a similar steric clash with the C8-methyl group of m*m®A2503
(Fig.4e,f). However, invitro susceptibility testing against cfr-expressing
strains shows that IBX is substantially less affected by the expression
of ¢fr (32-64x MIC increase, Supplementary Table 5) than canonical
lincosamides such as LNC (512-1,024x MIC increase, Supplementary
Table 5) or CLI(4,096x MIC increase, Supplementary Table 5)*. Simple
structural comparison between the antibiotics cannot readily ration-
alize this increased activity, as the amide moiety remains unchanged
between IBX and CLI (Fig. 4e,f). Therefore, a deeper understanding
of how IBX maintains interactions with the A2503-C8-methylated
ribosomeis critical forinforming the development of antibiotics with
enhanced activity against cfr-positive pathogens.

Touncover the structural basis for IBX’s activity in cfr-expressing
pathogens, we determined its structure in complex with the Cfr-
modified ribosome at 2.55-A resolution (Fig. 5a,b, Extended Data

Fig. 6 and Supplementary Table 3). Similar to CLI, anetwork of H-bonds
anchors the aminooctose moiety of IBX to nucleotides A2058, A2059
and A2503 in the NPET (Fig. 5¢). However, unlike traditional lincosa-
mides, the bicyclic framework of IBX projects anisobutyl moiety from
C7’, conferring additional engagement of the PTC by extending deep
into the A-site cleft®. This hydrophobic cleft, formed by the 23S rRNA
residues A2451 and C2452, normally accommodates side chains of
incoming amino acids and plays a key role in positioning the ami-
noacylated 3’-end of A-site tRNA within the PTC during transpeptida-
tion**?°, Remarkably, the observed electron density map reveals that
thebindingsite of IBX inthe Cfr-methylated ribosomeis nearly identical
tothatinthe WT ribosome (Fig. 5¢,d), whereas m*m®A2503 undergoes
amovement of -1-1.5 A relative to its canonical position to accommo-
date the antibiotic (Fig. 5d). This displacement of m>m3A2503, which
also disrupts one H-bond typically formed between 2’-OH of A2503
and the aminooctose group of lincosamides (Fig. 5d and Extended
Data Fig. 7), is not a trivial concession to make since it is clearly suf-
ficient to disrupt CLI binding. However, the extended hydrophobic
interaction between IBX and the A-site cleft compensates for this
clashwith the m>m®A2503 nucleobase, providing sufficient affinity to
engage Cfr-modified ribosomes, albeit with higher MIC valuesin vitro
(Supplementary Table 5).

Expression of cfr also confers resistance to some 16MMs, which
bind in the canonical macrolide binding pocketlocated in the NPET?*.
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Fig. 5| Structure of IBX bound to the Cfr-methylated 70S ribosome.

a,b, Electron density map (blue mesh) contoured at 1.00 of IBX (yellow) in
complex with the Cfr-modified T. thermophilus 70S ribosome containing
m’m®A2503 nucleotide in the 23S rRNA (navy blue). The C8-methyl group of
m’m®A2503 is highlighted in orange. ¢,d, Superposition of IBX (teal) in complex
with the WT 70S ribosome containing a C8-unmodified residue m?A2503 (light
blue) and the structure of IBX (yellow) in complex with the Cfr-modified 70S

23S rRNAYT
23S rRNASR

-1.5-A

~1-A
shift

m2A2503

ribosome containing an m>m®A2503 residue (navy blue). Hydrogen bonds are
depicted with dotted lines. The structure of IBX in complex with the WT 70S
ribosome (colored in tealin c and d) is from PDB entry 7RQ8 (ref. 36). Note

that while the positions of IBX are almost identical in the two structures, the
m’m°®A2503 residue in the IBX-bound Cfr-modified structure is shifted by ~1-1.5 A
relative to the canonical position of the m?A2503 residue of the WT ribosome
withIBX bound (red arrows).

Unlike conventional 14-membered macrolides (such aserythromycin),
these compounds extend further into the PTC with disaccharide pro-
jections (suchasin TYL), with some reaching the A-site cleft through
additional substitutions on the disaccharide (such as in josamycin)**.
Cfrresistance canbe attributed to these disaccharides, as alignments
of our structure of the Cfr-modified 70S ribosome with the previous
structures of 1l6MMs in complex with the Haloarcula marismortui
50S subunit® reveal a steric clash between the terminal mycarose
moiety of 16MMs and the C8-methyl group of m*m®A2503 (Extended
Data Fig. 8). Although Cfr confers strong (up to 64-fold) resistance
to16MMs such as spiramycin and josamycin (Supplementary Table 5
and ref. 8), it causes a <2-fold increase in MIC for TYL (Supplemen-
tary Table 5andrefs. 7,8), suggesting that TYL retains affinity for the
Cfr-modified ribosome despite possessing the mycaminose-mycarose
disaccharide conserved among these 16MMs. To experimentally
elucidate TYL's mechanism for overcoming the modeled steric clash,
we determined the structure of TYL in complex with Cfr-modified
ribosomes, with Phe-tRNAP"™ and fMet-tRNA¥* in the A and P sites,
respectively. The 2.65-A electron density map revealed TYL bound in
the canonical macrolide NPET binding pocket with the Cfr-modified
m?m®A2503 nucleotide (Fig. 6a, Extended Data Fig. 9a-c and Sup-
plementary Table 3). Consistent with the previous 3-A structure of

TYL in complex with an A2503-unmodified, ligand-free 50S subunit
from the archaeon H. marismortui**, the acetaldehyde moiety at Cé
of TYL forms a covalent bond with the exocyclic N6-amino group of
A2062 in the Tth ribosome, as manifested by the continuous elec-
tron density connecting the drug to the nucleobase (Extended Data
Fig.9b). Toaccurately evaluate the effect of Cfr-mediated methylation
onthepositionof TYLinthe Cfr-modifiedribosome, we alsodetermined
its structure in complex with the unmodified WT Tth 70S ribosome
(Fig. 6a, Extended Data Fig. 9d-f and Supplementary Table 3).
Alignment of our structures of Cfr-modified ribosomes, with and
without TYL bound, reveals neither displacement of nucleotide
m”m®A2503 nor any structural rearrangements elsewhere in the 23S
rRNA (Extended Data Fig. 10c,d). However, a comparison between
structures of TYL bound to WT and Cfr-modified Tth ribosomes
shows that, although TYL occupies the same overall binding site,
the terminal mycarose moiety of TYL in the Cfr-modified ribosome
is deflected away from the C8-methyl of m*’m®A2503 to avoid a steric
clash (Fig. 6b,c). This deflectionis likely made possible by akey struc-
tural feature that distinguishes TYL from other 16MMs, namely, its
mycinose sugar at position C14 of the macrolactone core (Extended
Data Figs. 8a and 9d). In both the WT and Cfr-modified structures,
this mycinose is observed in an identical position, engaging in
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Fig. 6| Comparison of the structures of TYL bound to the Cfr-modified and
WT 70S ribosomes. a, Superposition of TYL (magenta) in complex with the WT
70S ribosome containing m?A2503 residue (light blue) and the structure of TYL
(green) in complex with the Cfr-modified 70S ribosome containing m*m®A2503
residue (navy blue). Hydrogen bonds are depicted with dotted lines. Note that
the position of m*m®A2503 residue is almost identical in the two structures,
whereas TYL binding to the Cfr-modified ribosome causes an -1.5-2.5-A shift

m?A2503
m?m®A250

of its mycarose moiety to a new position (red arrows). b, Close-up view of the
C5-mycaminose-mycarose disaccharide moiety of TYL, which is shared by most
16MMs and is a key part of the general pharmacophore for macrolide binding. c,
Rearrangement of the TYL's mycarose moiety upon binding to the Cfr-modified
ribosome. d, Interactions of the TYL's unique C14-mycinose moiety with the
nucleotides of the 23S rRNA.

additional van der Waals and H-bond interactions with the 23S rRNA
(Fig. 6d)**. These compensatory interactions likely provide suffi-
cient target affinity for TYL to engage the Cfr-modified ribosome
despite the apparent thermodynamic penalty for reorienting its
mycaminose-mycarose moiety. The additional contacts of TYL with
theribosome provided by the C14-mycinose moiety may also explain
TYL'sreduced susceptibility to A2058 and A2059 mutations®. Moreo-
ver, it has been shown that disruption of the C14-mycinose interac-
tions due to methylation of G748 by TIrB confers resistance to TYL
when A2058 is also N6-monomethylated*’. However, monomethy-
lation at either position (G748 or A2058) is insufficient to afford
protection*®, highlighting the importance of the mycinose fragment
for the engagement of bacterial ribosomes by TYL. Furthermore,
cross-resistance to TYL is conferred by Erm methyltransferases®,
ruling out a secondary mechanism of action for its antibacterial
activity. Since spiramycin and josamycin lack this mycinose anchor,
we speculate that these molecules cannot leverage the same reori-
entation as TYL to maintain target engagement with Cfr-modified
ribosomes.

Discussion

Altogether, our structural study of Cfr-mediated resistance to
PTC-targeting ribosomal antibiotics suggests that the underlying mech-
anismofresistance atthemolecular level appearsto be two-component:
(1) direct steric hindrance of the A2503-C8-methyl group with the
ribosome-bound drugs; and (2) Cfr-methylation-induced rearrange-
ment of the nucleotide A2062 to a conformation incompatible with
drugbinding. Althoughthe relative contributions of these two mecha-
nisms vary depending on the particular antibiotic, together they ensure
that a single methyl group added to the A2503 residue in a 2.5-MDa
ribosome renders many chemically unrelated classes of antibiotics
unable to bind to such ribosomes. The structure of IBX in complex
with the Cfr-modified ribosome reveals an unexpected finding: by
establishing strong contacts withthe 23S rRNA, IBX is able to displace
m’m®A2503 fromits canonical position, thereby engaging Cfr-modified
ribosomes. The displacement of m>m®A2503 by IBX in Cfr-methylated
ribosomesis conceptually reminiscent of the previously reported dis-
placement of m,*A2058 by IBX in Erm-methylated ribosomes*®. This
unanticipated nucleotide mobility further underscores the ability of
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asynthetic antibiotic to overcome methylase-mediated resistance by
compensating with binding affinity from proximalinteractions, going
against conventional principles of small-molecule inhibitor design.
Thus, forming new interactions with the ribosomal A site may prove
ageneral strategy in the design of antibiotics with increased activity
against both ¢fr- and erm-expressing pathogens.

In contrast to IBX, TYL engages the Cfr-modified ribosome by
reorienting its terminal mycarose sugar to avoid steric clash with
m’m3A2503. The apparent flexibility of the mycarose moiety is likely
made possible by additional contacts afforded by TYL’s mycinose
sugar, which differentiates it from other 16MMs such as spiramycin
and josamycin. The apparent flexibility of TYL when engaging the
Cfr-modified ribosomeis instriking contrast to IBX, which instead dis-
places m*m®A2503 fromits canonical positionin the PTC. Thus, IBX and
TYL illustrate two distinct mechanisms that may allow antibiotics to
maintain binding to Cfr-modified ribosomes: (1) strong target engage-
ment resulting in displacement of the Cfr-methylated m’m®A2503
nucleotide, as in the case of IBX; or (2) strong target engagement in
one part of the drug molecule allowing for distal positional readjust-
ments to avoid clashes with the m*m®A2503 nucleotide, as in the case
of TYL. In summary, strong binding interactions distal to the site of
Cfr-mediated methylation can allow an antibiotic to take advantage
of its inherent flexibility (or the ribosome’s flexibility) to engage the
Cfr-methylated ribosome efficiently.

We believe that the information provided by the structure of the
Cfr-modified ribosome andits complexes with antibiotics is an essential
starting point for the structure-based development of next-generation
drugs active against the most challenging multidrug-resistant patho-
gens. This quest will likely be stimulated by the recently discovered
combinatorial approaches for the synthesis of novel oxepanoproli-
namides’®, streptogramins*, pleuromutilins**and other antibiotics.

Online content
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Methods

Reagents

Unless stated otherwise, all chemicals and reagents were obtained
from MilliporeSigma. IBX was synthesized following the protocols
described previously®. All synthetic oligonucleotides, such as DNA
primers and mRNA for structural studies, were obtained from Inte-
grated DNA Technologies.

Phylogenetic analysis of cfr genes

Toidentify alarge set of Cfr homologs from which proteins encoded
by thermophiles could be selected, a BlastP search against the NCBI
(https://www.ncbi.nlm.nih.gov/) Refseq database was carried out,
with the CfrA from the Comprehensive Antibiotic Resistance Data-
base (CARD)*® as the query. An E-value cut-off of 1 x 107° was used,
which allowed all available Cfr sequences to be identified, along with
asubset of RImN family homologs. The sequences were aligned using
MAFFT-L-INS-1v.6.861b (ref.47). After removing alignment positions
with more than 50% gaps with TrimAl v.1.2 (ref. 48), preliminary phylo-
geneticanalysis was carried out with FastTree v.2.1 (ref. 49) to distin-
guish Cfr representatives from the more distantly related RImN, and
to identify thermophilic Cfr representatives. For the representative
tree shown in Supplementary Fig. 1, additional Cfr and RImN repre-
sentatives downloaded respectively from the CARD*® and Uniprot*°
databases were aligned as above with the thermophile Cfr and other
Cfrsequences of interest to this study. After a TrimAl step as above,
phylogenetic analysis was carried out with IQTree v.2.1.2 (ref. 51) on
the CIPRES Science Gateway*>with 1,000 rapid bootstrap replicates
and automatic model determination. All alignments and phylogenies
are available from https://github.com/GCA-VH-lab/2023_Cfr.

Construction of the cfr" T. thermophilus HB27 strain

The original cfr gene from mesophilic S. aureus (Sau) encoding for
A2503-C8-methylase as well as several homologous cfr-like genes
from various moderately thermophilic bacterial species (Supplemen-
tary Table 1) were commercially synthesized de novo (the synthesis
was carried out by GenScript) and cloned into the pBGAA1-BthERM
expression vector, which we generated in our previous study?. The
DNA sequences of the synthesized genes were adjusted to the codon
usage for optimal gene expression in the T. thermophilus (Tth) HB27
host. The synthesized cfr-like genes were inserted in place of the erm
gene, using Nsil and Sspl unique restriction sites, and placed under
the control of theinducible P, promoter (Fig. 1b, orange). This vector
originates from the parent pBGAA1 plasmid*>, which was specifically
designed to replicate in Tth due to the presence of repA gene and
oriV2 replication origin (Fig. 1b). It also carries the hph gene** which
provides a high level of resistance to hygromycin B (HygB) at abroad
range of temperatures from 37 °C to 65 °C and allows for positive
selection (Fig.1b, blue). The resulting expression vectors (Fig. 1b) were
transformed into the Tth HB27 host, and cells were then propagated
instandard liquid ATCC 697 medium supplemented with Castenholz
salt. Transformants were plated on 3% agar plates prepared with the
same medium. The agar plates were incubated at 60 °C for 24-48 h
to allow colony formation. To select the ¢fr* colonies, transformed
Tth cells were plated on agar containing 50 pg ml™ HygB. Individual
HygB-resistant colonies were picked, diluted in a fresh medium con-
taining 50 pg ml HygB and grown at 58 °C.

Construction of rimN" T. thermophilus HB27 strain

Upstream and downstream homology regions (UHR and DHR, respec-

tively) flanking the Tth rimN coding sequence were amplified using the

following primer pairs:

* 5 TAAAACGACGGCCAGTGCCACCTCGAGGCCCTTCGCCC-3’
(UHR-Fwd);

e 5-GTCCTTTCATACCCTCCCATTGTAGCCGAGAAG-3’
(UHR-Rev);

*  5-ACCATTTTGATGACCCTCACACCGCTTCCAGAAG-3’
(DHR-Fwd);

¢ 5-AGTCGACCTGCAGGCATGCACGCCTCGGACACGGCGCA-3
(DHR-Rev).

The htk gene encoding a thermostable kanamycin adenyltrans-
ferase® was amplified using primer pair:

*  5-ATGGGAGGGTATGAAAGGACCAATAATAATGAC-3’ (HTK-Fwd);
*  5-GTGAGGGTCATCAAAATGGTATGCGTTTTG-3’ (HTK-Rev).

The obtained UHR, htk and DHR sequences were inserted into
Hindlll-digested plasmid pUC18 using the NEBuilder HiFi DNA Assem-
bly Master Mix (E2621, New England Biolabs) following the manufac-
turer’s protocol. The resulting assembly was used to transform NEB
5-alpha competent E. coli cells (C2987, New England Biolabs), and
transformants were selected on LB ampicillin plates. Tth strain HB27
was transformed with the resulting plasmid, and recombinants were
selected on TEM kanamycin plates. Individual Tth isolates were puri-
fied, sequenced to confirm the replacement of rlmN gene with htk gene
and also analyzed by diagnostic PCR using primer pair no.1:

¢ 5-ATTCGACATATGGCCGCTTCCCACGCCCTC-3’;
*  5-TTTTTCATATGATACCTCCTGTCATCGCCCGGCGCC-3%;

and primer pair no. 2:

*  5-ATGAAAGGACCAATAATAATGACTAGAGAAGAAAGAATG-3;
¢ 5 -TCAAAATGGTATGCGTTTTGACACATCCACTATATATCC-3'.

MIC determination assays

Initial antibiotic susceptibility testing of T. thermophilus cells trans-
formed withexpression vectors encoding various Cfr-like methylases
was performed by abatch method using1 ml of media (Supplementary
Table 2). The values of MICs for different antibiotics against T. thermo-
philusHB27 (Supplementary Table 5) or E. coli SQ171 AtolC strains (Sup-
plementary Table 4) were determined by liquid broth microdilution
assay in sterile 96-well plates using a total volume of 100 pl per well. T.
thermophilus HB27 strains carrying various pBGAAl expression vectors
were grown in ATCC 697-rich medium supplemented with Castenholz
salt and containing 50 pg mi™ HygB (selection marker). To minimize
the negative effects of high temperature on the structure and activity
of Cfr-like methylases, the MIC testing experiments were performed
at 60 °C. E. coli SQ171 AtolC strains carrying plasmid-encoded WT or
A2062G/U/C-mutant versions of the 23S rRNA gene** >’ were grownin
LB medium containing 100 pg ml™ ampicillin. Exponentially growing
cellswere diluted to optical density (OD),, = 0.002 and incubated for
48 hat 60 °C (T. thermophilus) or overnight at 37 °C (E. coli) with 2-fold
increasing concentrations of tested antibiotics. Cell viability was ana-
lyzed by staining with AlamarBlue dye (Bio-Rad). All MIC values were
determinedin triplicates and reported as their modal values.

Isolation and purification of A2503-C2,C8-dimethylated 70S
ribosomes

The Tth HB27 cells expressing Cfr-like methylase from P. fulgidum
were grown at 58-60 °Cin flasks with atotal of 9 1of ATCC 697 medium
supplemented with Castenholz salt, 50 ug ml™ HygB (to retain the
Cfr expression vector) and 50 pg ml™ CLI (to sustain high levels of
induction of PfuCFR expression). The cfr" Tth cells were collected at
early-to-midlog-phase (OD4,, = 0.9-1.0) and used for the subsequent
large-scale preparation of A2503-C2,C8-dimethylated 70S ribosomes.
The total yield was approximately 19 g of cell paste. Purification of
Cfr-methylated ribosomes was accomplished as optimized previ-
ously for the A2058-Né6-dimethylated®**® as well as the WT**% 70S
ribosomes from T. thermophilus. We routinely use this procedure for
the preparation of ribosomes for our crystallographic studies. The
main steps of ribosome purificationincluded cell lysis, sucrose cushion

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://www.ncbi.nlm.nih.gov/
https://github.com/GCA-VH-lab/2023_Cfr

Article

https://doi.org/10.1038/s41589-023-01525-w

ultracentrifugation, reverse-phase chromatography and, finally, sepa-
ration of the tightly coupled 70S ribosomes fromindividual subunits by
sucrose gradient centrifugation. The final 70S pellets were suspended
in a buffer, flash-frozen in liquid nitrogen and stored at —80 °C until
used in crystallization experiments.

Primer extension analysis

We used the property of reverse transcriptase to produce truncated
cDNA products by stalling at the C2,C8-dimethylated adenine nucleo-
tides to assess the extent of A2503-C8-methylation in the obtained
T. thermophilus HB27 cells expressing PfuCFR. To this end, 23S rRNA
isolated from the c¢fr’, WT or rimN" cells was analyzed by primer
extension with SuperScript Ill Reverse Transcriptase (Invitrogen)
according to the manufacturer’s protocol. First, 2 pmol of radioac-
tively 5’-[*2P]-labeled primer (5-GCCCGTGGCGGATAGAGACCG-3’
or 5- TCTTCAGCCCCAGGATGCGACGAGCCG-3’) was annealed with
1.25 pg of each of the three 23S rRNA samples. The primer extension
reactionsby reverse transcriptase were carried out at 50 °Cin the pres-
ence of 0.5 mM of each ANTP (Figs. 1c) or1 mM dATP,dCTPand dTTP,
and 0.2 mM ddGTP (Fig. 1d). For the reactions with ddGTP, the exten-
sion time was decreased to 5 min, and the concentration of reverse
transcriptase was reduced fourfold relative to that suggested in the
manufacturer’s protocol. Primer extension cDNA products were puri-
fied by phenol extraction, precipitated with ethanol and resolved on 6%
polyacrylamide sequencing gels in TBE buffer. Gels were transferred
onto Whatman paper, dried, exposed to the phosphorimager screen
overnightand visualizedina Typhoon RGB phosphorimager (Cytiva).

X-ray crystallographic structure determination

To obtain high-resolution structures that would allow visualizing of
structural features crucial for this study, we employed a strategy that
relies on the use of hydrolysis-resistant aminoacylated tRNAs, which
exhibit higher (than deacylated tRNAs) affinity to the 70S ribosome and
better stabilizeitin the unrotated state, resulting in noticeably higher
resolution of the resulting datasets. Moreover, such complexes repre-
sent the functional pre-attack states of the ribosome. Synthetic mRNA
with the sequence 5’-GGC-AAG-GAG-GUA-AAA-AUG-UUC-UAA-3’,
containing the Shine-Dalgarno sequence followed by the P-site methio-
nine and the A-site phenylalanine codons, was obtained from Inte-
grated DNA Technologies. Nonhydrolyzable aminoacylated tRNAs,
Phe-NH-tRNA™ and fMet-NH-tRNAM* were prepared as described pre-
viously*®°, Stable amide-linked peptidyl-tRNA ((MTHSMRC-tRNAM")
was prepared as described previously®.

Complexes of the A2503-C2,C8-dimethylated T. thermophilus
70S ribosomes with mRNA and hydrolysis-resistant A-site aminoacyl-
(Phe-tRNA') and P-site aminoacyl- (fMet-tRNAM*) or peptidyl-
(FMTHSMRC-tRNAM*") tRNAs were formed as described previously
for deacylated” or aminoacylated tRNAs?**, For Tth 70S ribosome
complexes with IBX or TYL, both co-crystallization and soaking experi-
mental approaches yielded identical results. We used 50 uM IBX and
500 pM TYL for structural studies.

Collection and processing of the X-ray diffraction data, model
building and structure refinement were performed as described in our
previous reports® 2", Diffraction data were collected using NE-CAT
Remote Access software (v.6.2.3) at beamlines 24ID-C and 24ID-E at the
Advanced Photon Source (Argonne National Laboratory). Acomplete
dataset for each complex was collected using 0.979-A irradiation at
100 K from multiple regions of the same crystal, using 0.3-degree
oscillations. Raw data were integrated and scaled using XDS software
(version 10 January 2022)®'. Molecular replacement was performed
using PHASER from the CCP4 program suite (v.7.0)®%. The search
model was generated from the previously published structures of
T. thermophilus 70S ribosome with bound mRNA and aminoacylated
tRNAs (PDB entries 6XHW (ref. 24) and 8CVL (ref. 26)). Initial molec-
ular replacement solutions were refined by rigid-body refinement

with the ribosome splitinto multiple domains, followed by positional
and individual B-factor refinement using PHENIX Refine software
(v.1.17)%*. Noncrystallographic symmetry restraints were applied to
four parts of the 30S ribosomal subunit (head, body, spur and helix
44) and four parts of the 50S subunit (body, L1-stalk, L10-stalk and
C terminus of the L9 protein). Structural models were built in Coot
(v.0.8.2)%*. Structural models and restraints for IBX and TYL were gen-
erated using PHENIX eLBOW software (v.1.17)%*. The statistics of data
collection and refinement are compiled in Supplementary Table 3. All
figures showing atomic models were generated using PyMol software
(v.1.8; www.pymol.org).

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Coordinates and structure factors were deposited in the RCSB
Protein Data Bank with accession codes: 8G29 for the A2503-C2,
C8-dimethylated T. thermophilus 70S ribosome in complex with
mRNA, aminoacylated A-site Phe-NH-tRNAF", aminoacylated
P-site fMet-NH-tRNA¥* and deacylated E-site tRNAP"; 8G2A for the
A2503-C2,C8-dimethylated T. thermophilus 70S ribosome in com-
plex with mRNA, aminoacylated A-site Phe-NH-tRNAF', peptidyl
P-site IMTHSMRC-NH-tRNAM* and deacylated E-site tRNA™™. 8G2B
for the A2503-C2,C8-dimethylated T. thermophilus 70S ribosome in
complex withmRNA, deacylated A-site tRNAF", aminoacylated P-site
fMet-NH-tRNAM®, deacylated E-site tRNA"™ and iboxamycin; 8G2C for
the A2503-C2,C8-dimethylated T. thermophilus 70S ribosome in com-
plex withmRNA, aminoacylated A-site Phe-NH-tRNA™™, aminoacylated
P-site fMet-NH-tRNA¥*, deacylated E-site tRNA"™ and tylosin; 8G2D
for the wild-type T. thermophilus 70S ribosome in complex withmRNA,
deacylated A-site tRNA™™, deacylated P-site tRNAM*, deacylated E-site
tRNAP™and tylosin. All previously published structures that were used
inthis work for structural comparisons were retrieved from the RCSB
Protein Data Bank: PDB entries 6XHW, 8CVL, 7LVK, 7RQE, 7S1G, 7S11,
5DQY, 5VP2, 4V7V, 7RQ8, 1K9M, 1KD1, 1IK8A. No sequence data were
generated in this study. Analyzed protein sequences are presented
with their corresponding accession numbersin the phylogenetic tree
(Supplementary Fig. 1) for retrieval from the NCBI protein database.
Source data are provided with this paper.
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Extended Data Fig.1| Comparison of the structures of Cfr-modified and
wild-type 70S ribosomes from T. thermophilus and E. coli. Superpositioning
ofthe previously reported structures of T. thermophilus WT 70S ribosome
containing aminoacylated Phe-tRNA™in the A site and either fMet-tRNAM* (a, b;
PDB entry 6XHW ref. 24) or IMTHSMRC-peptidyl tRNAM* (c, d; PDB entry 8CVL
ref.26) inthe Psite, or E. coli WT 70S ribosome containing radezolid in the A site
and fMFKAF-peptidyl-tRNA™in the P site (e, f; PDB entry 7S1I ref. 28) with the
structures of the same complexes containing Cfr-modified nucleotide A2503

A
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ofthe 23S rRNA. All structures were aligned based on domain V of the 23S rRNA.
(a, ¢, e) Comparisons of the positions of key 23S rRNA nucleotides around the
PTC. (b, d, f) Comparisons of the positions of A- and P-site substrates relative to
nucleotides A2062 and A2503. Nucleotides of the Cfr-modified and unmodified
ribosomes are shownin blue and light blue, espectively. The Cfr-modified residue
A2503 is highlighted in navy blue, with the C8-methyl group shownin orange. .
colinucleotide numbering is used. H-bonds are shown with dotted lines.
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Extended DataFig.2|Schematic diagrams of H-bond rearrangement both adenines to be deprotonated in order to serve as H-bond acceptors of the
between nucleotidesin position 2062 and A2503 of the 23S rRNA upon Né6-protons of the base-paired nucleotide. (b) The same Hoogsteen base pair is
Hoogsteen base pair formation. (a) Formation of the symmetric trans A-A impossible with a guanine nucleotide in position 2062 of the 23S rRNA due to the

Hoogsteen base pair between A2062 and m?A2503 observed in the structures of inability to form an H-bond between 06 of G2062 and N7 of m?A2503.

70S ribosome. Note that the formation of this base pair requires the N7-atoms of
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(FR-modified 70S with P-site fMet-tRNA CFR-modified 70S with P-site Peptidyl-tRNA
23S rRNACFR

Wild-type 70S with P-site fMet-tRNA
23S rRNAWT

23S rRNACR

2Fo-Fc (+1.00)
2.45A resolution
tRNAM® (c) in the Pssite. The structure and the electron density map of the
wild-type ribosome complex (a) are from PDB entry 6XHW ref. 24. Carbon atoms
are colored light blue for the C8-unmethylated A2503 (a) and blue for the Cfr-
modified A2503 (b, ¢); nitrogens are dark blue; oxygens are red.
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Extended Data Fig. 3| Electron density maps of 23S rRNA in wild-type and
Cfr-modified T. thermophilus 70S ribosome. 2F -F _electron difference Fourier
maps (blue mesh) of A2062 and A2503 residues of 23S rRNA in the wild-type (a)
or Cfr-modified (b, ¢) T. thermophilus 70S ribosome carrying aminoacylated
Phe-tRNA™in the A site and either fMet-tRNAM* (a, b) or IMTHSMRC-peptidyl-
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Extended Data Fig. 6 | Comparison of electron density maps ofiboxamycin
(IBX) in complex with Cfr-modified and wild-type 7. thermophilus 70S
ribosomes. 2f -F electron density maps (blue mesh) contoured at 1.0o0 of IBX in
complex with Cfr-modified (a, b, yellow) or wild-type (c, d, teal) T. thermophilus
70S ribosomes. The C8-methyl group of m>m®A2503 is highlighted in orange.
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The structure and the electron density map of IBX in complex with wild-type 70S
ribosome (c, d) are from PDB entry 7RQ8 ref. 36. Carbon atoms are colored navy
blue for the Cfr-modified m*m®A2503 (a, b) and light blue for the WT m?A2503 (c,
d); nitrogens are dark blue; oxygens are red.
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Extended DataFig. 7| Comparison of the m>m®A2503 positions in the
Cfr-modified ribosomein the presence and absence of iboxamycin. (a)
Superposition of the structures of drug-free Cfr-modified 70S ribosome
containing m’m®A2503 residue (shown as navy blue spheres with C8-methyl
group highlighted in red) with the structure of ribosome-bound iboxamycin
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(IBX, yellow). (b) Structure of Cfr-modified 70S ribosome containing m>m%A2503
residue (shown as blue spheres with C8-methyl highlighted in orange) in complex
withiboxamycin (IBX, yellow). Note that binding of iboxamycin to the Cfr-
modified ribosome causes an -1 A shift of the m*m®A2503 residue away from the
drug.
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thermophilus 70S ribosome containing C8-methylated A2503 residue in the 23S
rRNA (blue) with the previously reported structures of 16-membered macrolides,
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(highlighted in orange) can physically interfere with the binding of 16-membered
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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Data collection  X-ray diffraction data was collected at beamlines 24ID-C and 24ID-E at the Advanced Photon Source (Argonne National Laboratory) using NE-
CAT Remote Access software v6.2.3.

Data analysis Raw X-ray diffraction crystallographic data were integrated and scaled using XDS software (version Jan 10, 2022). Molecular replacement was
performed using PHASER from the CCP4 program suite (version 7.0). All structures were refined using PHENIX Refine software (version 1.17).
Structural models were built in Coot (version 0.8.2). Structural models and restraints for IBX and TYL were generated using PHENIX eLBOW
software (version 1.17). All figures showing atomic models were generated using PyMol software (version 1.8).
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Coordinates and structure factors were deposited in the RCSB Protein Data Bank with accession codes:

* 8G29 for the A2503-C2,C8-dimethylated T. thermophilus 70S ribosome in complex with mRNA, aminoacylated A-site Phe-NH-tRNAPhe, aminoacylated P-site fMet-
NH-tRNAiMet, and deacylated E-site tRNAPhe;

* 8G2A for the A2503-C2,C8-dimethylated T. thermophilus 70S ribosome in complex with mRNA, aminoacylated A-site Phe-NH-tRNAPhe, peptidyl P-site
fMTHSMRC-NH-tRNAiMet, and deacylated E-site tRNAPhe.

* 8G2B for the A2503-C2,C8-dimethylated T. thermophilus 70S ribosome in complex with mRNA, deacylated A-site tRNAPhe, aminoacylated P-site fMet-NH-
tRNAiMet, deacylated E-site tRNAPhe, and iboxamycin;

* 8G2C for the A2503-C2,C8-dimethylated T. thermophilus 70S ribosome in complex with mRNA, aminoacylated A-site Phe-NH-tRNAPhe, aminoacylated P-site fMet-
NH-tRNAiMet, deacylated E-site tRNAPhe, and tylosin;

* 8G2D for the wild-type T. thermophilus 70S ribosome in complex with mRNA, deacylated A-site tRNAPhe, deacylated P-site tRNAiMet, deacylated E-site tRNAPhe,
and tylosin;

All previously published structures that were used in this work for structural comparisons were retrieved from the RCSB Protein Data Bank: PDB entries 6XHW,
8CVL, 7LVK, 7RQE, 751G, 7S1I, 5DOY, 5VP2, 4V7V, 7RQ8, 1K9M, 1KD1, 1K8A.

No sequence data were generated in this study. Analyzed protein sequences are presented with their corresponding accession numbers in the phylogenetic tree
(Supplementary Fig. 1) for retrieval from the NCBI protein database.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine the sample size (number of repetitions) for the MIC experiments. Sample sizes of n=3 were
a compromise between experimental cost and ability to generate reliable and statistically significant data.

Data exclusions  No data were excluded from the analyses.

Replication MICs were determined in biological triplicates. The primer extension assays shown in Figure 1c and 1d each represent one of the three
independent experiments. All attempts at replication were successful.

Randomization  Randomization in general is not relevant to this study. MIC determination assay was intrinsically randomized, as the experimental groups
constituted equally sized aliquots of a common suspension of bacterial cells. For cross-validation during crystallographic model building and
refinement, an R-free set was used. Other parts of model building and refinement did not require randomization because the outcomes of
these experiments are not dependent on the judgment of the researcher and depend on the reference experiments that cannot be affected
by unconscious bias.
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Blinding Blinding was not used in MIC assay because the outcome (turbidity) is not deemed subjective outside the margin of error (one binary dilution)
typical for this experiment. Blinding was not used in the primer extension assays because the outcomes (differences in the positions of the
primer extension termination sites) are evident upon inspection of the unprocessed gel images. Blinding was not used in X-ray crystallographic
experiments, because the outcomes of these experiments are not dependent on the judgment of the researcher and depend on the
reference experiments that cannot be affected by unconscious bias.
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