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resistance mechanism of S. aureus
erythromycin resistant mutant
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The clinical use of the antibiotic erythromycin (ery) is hampered owing to the spread of resistance genes
that are mostly mutating rRNA around the ery binding site at the entrance to the protein exit tunnel.
Additional effective resistance mechanisms include deletion or insertion mutations in ribosomal protein
uL22, which lead to alterations of the exit tunnel shape, located 16 A away from the drug’s binding

site. We determined the cryo-EM structures of the Staphylococcus aureus 70S ribosome, and its ery
bound complex with a two amino acid deletion mutation in its B hairpin loop, which grants the bacteria
resistance to ery. The structures reveal that, although the binding of ery is stable, the movement of

the flexible shorter uL22 loop towards the tunnel wall creates a wider path for nascent proteins, thus
enabling bypass of the barrier formed by the drug. Moreover, upon drug binding, the tunnel widens
further.

Several ribosomal antibiotics inhibit protein biosynthesis by targeting functional sites in the ribosome, including
the decoding center, the peptidyl transferase center (PTC) and the ribosomal exit tunnel (NPET) in which the
nascent proteins migrate until they emerge out of the ribosome. The NPET, which is lined mostly by the 23S
ribosomal RNA (rRNA) chain, initiates near the PTC and transverses through the large ribosomal subunit (LSU).
Four ribosomal proteins (rProteins), uL4, uL22, uL23 and uL24, of which the globular regions are located on the
ribosome surface, extend to line the tunnel walls. Loops of uL4 and uL22 that form the tunnel narrowest con-
striction close to the tunnel entrance whereas uL23 and uL24, are part of the tunnel exit (Fig. 1). Previous studies
showed that the tunnel interactions with specific sequence motifs of the nascent protein, which may lead to gene
expression regulation due to translation arrest!~'>.

Erythromycin (ery), the first macrolide antibiotic that was introduced clinically', is composed of a
14-member macrolactone ring to which two sugar moieties, desosamine and cladinose are attached. It binds
to the ribosome NPET wall at about 5-7 peptide bonds distance from the PTC (Fig. 1) and blocks part of the
NPET, thus preventing the progretion of nascent peptide chains. It has been shown that for macrolides, the most
common resistance mechanisms are by A2058G mutation (E. coli numbering is used throughout) at the antibiotic
binding site or by the erm encoded methylase that methylates the exocyclic nitrogen of the adenine base!®-2.

An additional resistance mechanism to ery was reported over 40 years ago in E. coli where a strain with three
amino acids Met82-Lys-Arg deletion in uL22 showed high affinity to ery binding but was not inhibited by it*!-%.
Other bacteria and archaea, such as H. marismortui, S. pneumoniae, S. aureus, S. pyogenes, H. pylori, H. influenza,
F. tularensis and D. radiodurans also exhibited similar behavior upon mutation in uL22?%-%, The mutations in
uL22 including insertions, deletions and single amino acid substitutions are mostly located on the 3 hairpin
loop of uL22, which extends from the globular domain of the protein and reaches the tunnel wall. Many of such
mutated ribosomes maintain high affinity ery binding along with resistance to it>*>24,

S. aureus (SA) is a gram-positive pathogen that is a major cause of infections acquired in hospitals and in
the community, particularly if the cutaneous barrier has been damaged®. Many hospital-acquired infections are
caused by highly resistant bacteria such as methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S.
aureus (VRSA)**-* where both methicillin and vancomycin are targeting the cell wall rather than the ribosome.
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Figure 1. The ribosome nascent chain tunnel environment Left: The 70S S. aureus (SA_WT) ribosome where
the large subunit is shown in light grey and the small subunit is shown in dark grey (PDBID 5TCU). The

A-site, P-site and E-site docked tRNA molecules (from PDBID 5JTE) are shown in blue, green and magenta,
respectively. The surface of a nascent chain within the tunnel is shown in yellow. Erythromycin surface is shown
in red, uL4, uL22, uL23 and uL24 are shown in brown, orange, teal and khaki, respectively. Right: zoom into the
ery binding site at the upper tunnel.

The high-resolution structures of the ribosome from S. aureus as well as of its complexes with a few clinically
useful drugs and new potential inhibitors were determined in our lab* and shed light on its explicit drug inhibi-
tion properties and selectivity as well as on its specific structural elements to be targeted. Directed evolution can
be used for identifying and isolating mutated bacteria that show resistance to antibiotics and is a helpful tool for
identifying new resistance mechanisms, which may lead to a better understanding of species-specific resistance
mechanisms. It was applied for the isolation a uL22 mutant S. aureus ribosome (SAuL22m) from a wild type strain
of S. aureus, which harbors a 2 amino acid deletion in the §§ hairpin loop of uL22%.

We present here the single particle cryo-EM high resolution structures of the apo and ery bound SAuL22m
mutant ribosome, which demonstrates how deletion of R88-A89 in S. aureus ribosomal protein uL22 8 hairpin
loop leads to ery resistance although it does not hamper the binding of the antibiotic itself. We also show that
upon ery binding additional conformational changes occur that are beyond the expected changes, occur as a
result of the deletion per se. In addition, by comparing the current structures with the native SA ribosome and
additional uL22 mutants structures from other bacterial species'”?>%, we highlight the specific structural changes
that occurred in each of the uL22 mutant proteins which nevertheless led to a similar outcome at the cellular level.

Results and Discussion

The single particle cryo-EM structures of the 70S ribosomes from apo uL22 mutant S. aureus (SAuL22m_apo)
and of its complex with ery (SAuL22m_ery) were determined at 3.58 Aand3.24A, respectively (Table S1). A
focused refinement of both large subunits resulted in a 2.4 A and 2.3 A cryo-EM reconstructed maps, respectively.
These maps allowed for the unambiguous assignment of ery within SAuL22m_ery complex structure (Fig. 2A)
and for defining the interactions of ery with the rRNA nucleotides at the binding site (Fig. 2B) including the iden-
tification of the nucleotides that bind ery via hydrophobic interactions as well as its hydrogen bonds (Fig. 2C). Ery
inhibition assays using SA_WT and SAuL22m ribosomes clearly show that the mutant ribosomes are resistant to
ery (Fig. S1).

The cryo-EM maps allowed for the unambiguous tracing of the uL22 hairpin loop of both SAuL22m_apo and
its complex structure with ery (Fig. 3A). Upon superposition of the SA50S wild type (PDBID 6HMA, SA50S_
WT) and the SAuL22m_apo structures, we identified conformational changes of uL22 that are due to the deletion
mutation that shifts the beta hairpin loop by 6A from its location in the wild type. Consequently, next to the uL22
8 hairpin loop the rRNA nucleotides A1614 (located in H59a tip) is rotated about 45° (Fig. 4A) and H35 is dis-
placed by about ~3.0 A (Fig. 4B).

In addition, we identified several conformational changes at the macrolide’s binding site of nucleotides A2062,
A2439, G2505, U2585, G2583 and A2602. A small movement of A-site nucleotides and helix H92 was also
detected. Some of these changes are significant, namely, A2439 shifts about 3 A and U2585 is about 45° rotated
(Fig. 4C). Nucleotides G2505 and C2610 are rotated by about 45° and 90° respectively (Fig. 5C).

By the superposition of the SAuL22m_ery complex structure on the two apo structures above we could iden-
tify several conformational changes that occurred upon ery binding; At the binding site, A2062 is 45° rotated,
U2585 is 110° rotated, G2505 is 90° and U2506 is about 3.5 A shifted in order to accomodate G2505 and forms a
hydrogen bond with it (Fig. 4C). A small rotation of about 20° of nucleotide G2610 was also identified (Fig. 5C).

Interestingly, upon ery binding, G2505 is about 30° rotated towards C2610, which is 45° rotated, to form a
WC base pair (BP) with it, where this movement seems to be at the final step in the mid-way movement shown
in SAuL22m_apo relative to SA50S_WT. A similar BP was also identified in the structures of E. coli and T.
thermophilus complexes with ery (PDBID 4V7U, EC70S and PDBID 4V7X, respectively); however, in both D.
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Figure 2. The binding pocket of erythromycin within SAL22m_ery structure. (A) Ery 3D structure as modeled

in the cryo-EM map of the SAL22m_ery complex structure. The map is contoured around the ligand at 30. (B)

Ery binding site in the SAuL22m_ery complex structure at the large subunit. Among the rRNA nucleotides that
form the ery binding pocket, marked is the hydrogen bond between A2058 and ery (numbering according to E.
coli with S. aureus numbering in parentheses). (C) Ery interactome within its binding pocket at the SAuL22m_ery
ribosome. Ery maintains a dense array of electrostatic interactions with rRNA residues within the binding pocket
at the LSU. rRNA nucleotides are numbered according to the E. coli numbering. Hydrogen bonds and hydrophobic
interactions are presented as green and red dashed lines. Bond lengths are presented in dngstrém (A).
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Figure 3. Conformational changes in the mutant upon erythromycin binding. (A) uL22 8 hairpin loop tip
modeled into the cryo-EM map of SAuL22m_apo (coral) and of SAuL22m_ery (grey). (B) The cascade of
movements of rRNA and rProteins that occur upon ery binding to the mutant ribosome.

radiodurans uL22 mutant apo and ery bound structures (PDBID 4WFN and 4U67, respectively) no such move-
ment has been identified. This movement stabilizes ery binding to the mutant by providing additional hydropho-
bic interaction (Fig. 5C).
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Figure 4. Comparison of uL22 f hairpin loop and ery binding pocket in SA50S_WT vs. SAuL22m_apo and
SAuL22m_ery. (A) Overlay of uL22 8 hairpin loop tip of SA50S_WT, SAuL22m_apo and SAuL22m_ery
structures in blue, coral and grey, respectively. Nucleotide A1614 undergoes the largest movement within uL22
8 hairpin loop conformational changes. (B) H35 conformational changes upon mutation near uL22 § hairpin
loop; Overlay of SA50S_WT and SAuL22m_apo structures (blue and coral, SAuL22m_ery complex structure is
not shown since it overlaps very well with SAuL22m_ery structure at this region) display a shift in H35 towards
the uL22 loop new position in the mutant. (C) Overlay of SA50S_WT, SAuL22m_apo and SAuL22m_ery
structures in blue, coral and grey, respectively, showing the ery binding pocket region, highlighting the rRNA
nucleotides undergo conformational changes.

By inspecting the structural changes that occur upon ery binding to the mutant ribosome we could identify a
cascade of movements (Fig. 3B). At the ery binding site, nucleotide G2505 rotates almost 90°, forms a new base
pair with C2610 and is stabilized by another bond with U2506. U746 moves together with H35 by about ~3.0 A
to form a bond with OP1 of C2611. Then, A1614 rotates by about 45° where this rotation is stabilized by a bond
between N6 from A789 and OP2 of A1614. Due to such cascade of events uL22 { hairpin loop shifts to the tunnel
wall.

By comparison of uL22 8 hairpin loop of the SA50S_WT, SAuL22m_apo and SAuL22m_ery structures,
we found that the loop is shifted towards the center of the tunnel in the SAuL22m_apo structure whereas in
SAuL22m_ery complex structure it is shifted back closer to its location in SA50S_WT structure (Fig. 4A).
Nevertheless, the tip of the beta hairpin loop moves towards the tunnel wall and a new cavity that adds to the
tunnel width forms (Figs 5B and S4).

These findings, combined with binding assays that showed no changes in the binding affinity of ery to native
SA ribosome compared to the mutant ribosome?, are in line with the clear electron density of ery. Thus, it sup-
ports the idea that the uL22 mutation does not dramatically affect ery binding site, but provides an alternative
mechanism for nascent proteins progression through the NPET.

Previous studies suggested that nascent proteins can bypass the ery in the ribosome by stabilizing A2062 in
a conformation that increases the space available for their passage®. We add to this proposed stabilization of
A2062, the deletion mutation at the tip of the 8 hairpin loop that forms an additional free space in the tunnel
through which the nascent proteins can bypass the antibiotic (Fig. 5). By comparing the uL22 hairpin region
among SA50S_WT, EC70S (PDBID 4V7U) and SAuL22m_apo, a new groove was identified. Upon ery binding,
an additional groove form in SAuL22m_ery structure. Thus, we suggest that the uL22m new groove widens the
tunnel in which the nascent protein can pass and bypass ery’s steric blockage (Fig. S4). This mechanism, which is
activated upon drug binding, is a new finding that suggests a rearrangement of the tunnel further to the expected
changes due to the deletion mutation. It also supports the necessity to study the complex SAuL22m_ery structure.

Sequence alignment of other, similar, uL22 ery resistant mutant ribosomes from the archaea H. marismortui
and the eubacteria D. radiodurans, indicates that the mutations occur in proximity to conserved positions around
the tip of the beta hairpin loop (Fig. 5A) and the specific mutated nucleotides in the SAuL22m are highly con-
served among bacteria. Our studies explain why changes in this region of uL22 are crucial for the destabilization
of its loop and the development of the antibiotic’s resistance. Comparative structural studies of the various uL22
mutants’ ribosomes reveal different conformations of the loop. The structure of H. marismortui uL22m_del3 with
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DRuL22 LFVKEAYVDAGP L--- I PEARGSANIT I K ITIIV
DRul22 3ins LFVEEAYVDAGP LIPRVPRARGSANI I K 1TV
HMuL22 ull HVAAHKVGEQRGR - - - KP M&IAIA“SPQVDVELIL
HMul22_3del MEIBHVAAHKVGEL - -R- - - KPIRAMGRASAWNSPQVDMELIL
B erythromycin I c

\ Exit tunnel

Qe 3
(CZG‘I(; \ ’

Figure 5. Comparative analysis of the uL22 f hairpin loop and ery stabilization. (A) Sequence alignment of
uL22 § hairpin loop region (residues 69-107) from S. aureus, D. radiodurans and H. marismortui and their
mutant counterparts. The sites of the deletions in the mutants are marked in red squares and the insertion site
is marked by a green square. Residue 90 is marked by a purple box. (B) The superposition of uL22  hairpin
loop from SA50S_WT (PDBID 5NGM blue), SAuL22m_apo (coral), SAuL22m_Ery (grey), DRuL22_3ins
(PDBID 4WEFN, green) and HMuL22_3del (PDBID 1Y]9, magenta) structures. Ery structure is shown in red.
SAuL22m_apo loop has a similar conformation to the SA50S_WT (with a shorter loop due to deletion) while
in SAuL22m_Ery complex structure the uL22 tip points away from the tunnel wall. (C) Upon ery binding to
SAuL22m (grey), a new WC base pair, which stabilizes ery binding, is formed between rRNA nucleotides G2505
(2532) and C2610 (2637). An overlay of SA50S_WT (blue), SAuL22m_apo (coral), E70S (PDBID 4V7U, pink),
D50S (PDBID 4WEN, green). The conformational changes of rRNA nucleotides C2610 and G2505 are shown.
Between SA50S_WT (blue) and the mutant apo in SAuL22m_apo structure (coral), a movement of about ~45°
and ~90° respectively is observed. Upon ery binding, the movement proceeds by ~35° and ~90° in SAuL22m_
ery (grey) to form the WC base pairing. A similar BP has been observed in E70S (PDBID 4V7U) (pink) and

in T70S (PDBID 4V7X). However, in D. radiodurans ul.22 mutant (D50SL22m) no such movement has been
observed (green).

no bound antibiotics (PDBID 1Y]9) shows that a three amino acids deletion further downstream of the {$ hairpin
loop leads to a change of the loop conformation from the tunnel wall which leads to a widening of the tunnel
(Fig. 5B). The structure of a three amino acids insertion in D. radiodurans in complex with ery (PDBID 4WFN)
displays a widening of the uL22 tip itself and reveals a small movement of the loop towards the tunnel wall
(Fig. 5B). The importance of residue 90 of uL22, which is not conserved among bacterial species, for erythromy-
cin resistance was recently reported®®. This finding further supports our results since the deletion is in proximity
to Q90 and changes its location.

A recent study reported that a Vibiro export monitoring polypeptide (VemP) acts as a cis-regulatory poly-
peptide and interacts with R92 and R95 of uL22 in order to stall the ribosome'. Upon superposition of VemP of
E. coli (PDBID 5NWY) on SA50S_WT, SAuL22m_apo and SAuL22m_ery we observed that while in S. aureus
uL22 residue 95 is alanine instead of arginine the overall structure remains the same in SA50S_W'T. However,
in mutant SAuL22m_apo there is a vast opening in proximity to the {3 hairpin loop and the new groove lead to a
more spacious tunnel for peptides movement through the tunnel. Upon ery binding to the mutant, in SAuL22m_
ery structure, additional grooves are formed, which leads to a wider tunnel (Fig. 6). We suggest that this change
affects resistance to ery while potentially preserving the stalling function of the cis-regulatory polypeptides, which
are important to the normal function of the bacteria. A recent computational study® suggests that erythromy-
cin slows or stalls synthesis of ErmCL compared to H-NS due to stronger interactions with particular residue
positions along the nascent protein. uL22 various mutations may change the rate of stalling of specific protein
synthesis while ery is bound at the NPET and changes the electrostatic and dispersion interactions with nascent
proteins.

Our results confirm that diverse mutations in the rProtein uL22 f hairpin loop occur in various bacterial
species and, by applying slightly different mechanisms, they facilitate nascent protein progression in the exit
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Figure 6. VemP interaction with uL22. A view of VemP (green) with a surface representation of uL22 from E.
coli (green), SA50S_WT'T (blue) both shows a similar structure while SAuL22m_apo (coral) and SAuL22m_ery
complex (grey) reveals a wider path made possible by the shortening of the £ hairpin loop and the additional
grove upon ery binding to SAuL22m_ery. Ery position is shown in red.

tunnel. All are overcoming the erythromycin binding at the upper tunnel wall, resulting in a seemingly common,
however somewhat different, resistance mechanism against the drug at the bacterial level.

Materials and Methods

Ribosome purification. The bacteria were isolated and grown as described?®*. The bacteria were lysed
enzymatically using lysostaphin (50 mg/ml) in 10 mM Hepes pH =7.6, 30 mM MgCl,, 150 mM NH,CI, 6 mM f3
-mercaptoethanol for 45 minutes at 37 °C. The lysate was then centrifuged for 45 minutes at 20,000 rpm in Ti-70
rotor. The supernatant was layered on 1.1 M of sucrose cushion and centrifuge for 20 hours at 40,000 rpm in Ti-70
rotor. The supernatant was discarded, and the pellet was dissolved in 10 mM Hepes pH=7.6, 14 mM MgCl,,
100 mM NH,Cl, 50 mM KCl, 6 mM f8 -mercaptoethanol buffer. The 70 S ribosomes were purified by sucrose gra-
dient ultracentrifugation, on a gradient of 10-50% sucrose in the same buffer for 17.5 hours at 18,000 rpm in
SW-28 rotor. The samples were kept in 10 mM Hepes pH =7.6, 10 mM MgCl,, 60 mM NH,Cl 15mM KCl buffer
and brought to a final concentration not exceeding 1,000 A260 mL ™!, and then flash-frozen in liquid nitrogen
and stored at —80°C.

Ribosomal inhibition assay. The inhibition assay was performed in 160 mM Hepes-KOH (pH 7.5), 6.5%
PEG 8K, 0.074 mg/ml tyrosine, 1.3 mM ATP, 0.86 mM CTP, GTP and UTP, 208 mM potassium glutamate, 83 mM
creatine phosphate, 28 mM NH40Ac, 0.663 mM cAMP, 1.8 mM DTT, 0.036 mg/ml folinic acid, 0.174 mg/ml
E.coli tRNA mix, ] mM amino acid, 8 uM Mg(OAc),, 0.25 mg/ml creatine kinase, 0.027 mg/ml T7 RNA polymer-
ase 0.003 pug/pl luciferase plasmid and E.coli S100 lysate (which doesn’t include ribosomes) and added 300 nM of
the ribosomes. A concentration range of erythromycin was 140pM-0.01 pM in 1:2 serial dilutions. The results
were plotted and IC50 values were calculated using the program GraFit 7. IC50 values were determined by fitting
the inhibition data to a four-parameters IC50 equation: = __ "% _where Range is the maximum y range, and s

x

1C50
is a slope factor. The x axis represents the concentration of the analyte. Data fitted to this equation are usually
displayed with a logarithmically scaled x axis. The visualization of the data is obtained using GraFit software*.

Complex preparation. The SAuL22mery was peppered by incubating 23l of the 0.3 mg/ml ribosome in
10mM Hepes pH=7.6, 10 mM MgCl,, 60 mM NH,CI 15 mM KClI buffer for 30 minutes at 26 °C, then 1.1 ul of
10mM ery dissolved in 10% Ethanol was added and the mixture was incubated for 20 minutes on ice.

EM Sample preparation. Both samples were flash frozen using Vitrobot™ VI (FEI) using the following
conditions: For the SAuL22m_apo grids a ribosome concentration of 1 mg/ml was used on QUANTIFOIL® R
1.2/1.3. while for SAUL22M_ery grids, a ribosome concentration of 0.3 mg/ml was used on QUANTIFOIL® R 2/2
grids with continues carbon support.

Data collection, processing and refinement. The cryo-EM data for both SAuL22m_apo and SAuL22m_
ery structures were collected at the ESRF CMO01 beamline*' using FEI Titan Krios (FEI) with K2 Summit (Gatan)
direct electron detector, and Quantum LS imaging filter (Gatan) at a magnification of x130K, at defocus range of
—0.5-1.0nm and Pixel size of 1.067 A. The cryo-EM data for SAuL22m_apo structure were collected at 6.367 e~/
pix/s and 5.227 e~/A2/s. 40 frames per micrograph of 8 sec total length, 0.2 sec per frame and a total dose of 40 e~/
A2.3542 movies were collected. From these micrographs 529,786 particles of SAuL22m_apo were selected for the
2D classification, from them 145,897 particles were selected for 3D classification and 124,731 particles were used
for the 3D refinement which gave a 3.58 A resolution map for the whole 70 S ribosome and a resolution of 3.2 A
resolution map for the 50 S ribosomal LSU (Fig. S2, Table S1).

The cryo-EM data for SAuL22m_ery complex structure were collected at 5.231 e /pix/s and 4.288 e7/A2/s.
28 frames per micrograph of 7 sec with total length of 0.25 sec per frame and total dose of 30 e"/A2. 4161 movies
were collected. From these micrographs 734,247 particles of SAuL22m_ery were selected for the 2D classifica-
tion, from them 426,250 particles were selected for 3D classification and 378,309 particles were used for the 3D
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refinement which gave a 2.42 A resolution map for the whole 70 S ribosome and a resolution of 2.3 A resolution
map for the 50 S ribosomal LSU (Fig. S2, Table S1).

Data processing of SAuL22m_apo was performed using Relion 2.1. Whereas data of SAuL22m_ery were pro-
cessed using Relion 3.0-beta-2*%. The PDBID 5NGM was used as a starting model for the modeling of SAuL22m_
apo structure whereas the model of SAuL22m_apo was subsequently used as an initial model for SAuL22m_ery
starting model. Manual refinement and modeling were done using Coot** and refinement and validation were
done using PHENIX*, Final validation and scoring were performed using MolProbity*-’.

Figure generation and sequence alignment. All figures were generated with Chimera and
ChimeraX*#°. Ribosome-erythromycin binding plot was generated using LigPlot+°°. uL22 multiple sequence
alignment was performed by Clustal W*! and presented by Jalview®>.

Accession numbers. Atomic coordinates and structure factors for the reported EM structures have been
deposited with the Protein Data bank under accession number 650X, 6S0Z, 6512 and 6S13.
The EMDB accession number are 10076, 10077, 10078 and 10079.

References
1. Arenz, S. et al. Drug sensing by the ribosome induces translational arrest via active site perturbation. Molecular cell 56, 446-452
(2014).
2. Bischoff, L., Berninghausen, O. & Beckmann, R. Molecular basis for the ribosome functioning as an L-tryptophan sensor. Cell
reports 9,469-475 (2014).
. Chambers, H. F. The changing epidemiology of Staphylococcus aureus? Emerging infectious diseases 7, 178-182 (2001).
4. Chiba, S. et al. Recruitment of a species-specific translational arrest module to monitor different cellular processes. Proceedings of
the National Academy of Sciences, 6073-6078 (2011).
. Gong, E & Yanofsky, C. A transcriptional pause synchronizes translation with transcription in the tryptophanase operon leader
region. Journal of bacteriology 185, 6472-6476 (2003).
6. Koch, M., Willi, J., Pradere, U., Hall, J. & Polacek, N. Critical 23S rRNA interactions for macrolide-dependent ribosome stalling on
the ErmCL nascent peptide chain. Nucleic acids research 45, 6717-6728 (2017).
7. Nakatogawa, H. & Ito, K. The ribosomal exit tunnel functions as a discriminating gate. Cell 108, 629-636 (2002).
8. Ramu, H. et al. Nascent peptide in the ribosome exit tunnel affects functional properties of the A-site of the peptidyl transferase
center. Molecular cell 41, 321-330 (2011).
9. Seidelt, B. et al. Structural insight into nascent polypeptide chain-mediated translational stalling. Science 326, 1412-1415 (2009).

10. Sohmen, D. et al. Structure of the Bacillus subtilis 70S ribosome reveals the basis for species-specific stalling. Nature communications
6, 6941 (2015).

11. Vazquez-Laslop, N. et al. Role of antibiotic ligand in nascent peptide-dependent ribosome stalling. Proceedings of the National
Academy of Sciences 108, 10496-10501 (2011).

12. Woolhead, C. A., Johnson, A. E. & Bernstein, H. D. Translation arrest requires two-way communication between a nascent
polypeptide and the ribosome. Molecular cell 22, 587-598 (2006).

13. Su, T. et al. The force-sensing peptide VemP employs extreme compaction and secondary structure formation to induce ribosomal
stalling. eLife 6, https://doi.org/10.7554/eLife.25642 (2017).

14. Mg, G.J. et al. Ilotycin, a new antibiotic. Antibiotics & chemotherapy (Northfield, IIl.) 2, 281-283 (1952).

15. Schliinzen, F. et al. Structural basis for the interaction of antibiotics with the peptidyl transferase centre in eubacteria. Nature 413,
814-821 (2001).

16. Vester, B. & Douthwaite, S. Macrolide resistance conferred by base substitutions in 23S rRNA. Antimicrobial Agents and
Chemotherapy 45, 1-12 (2001).

17. Davydova, N, Streltsov, V., Wilce, M.,, Liljas, A. & Garber, M. L22 ribosomal protein and effect of its mutation on ribosome resistance
to erythromycin. Journal of molecular biology 322, 635-644 (2002).

18. Douthwaite, S. & Champney, W. S. Structures of ketolides and macrolides determine their mode of interaction with the ribosomal
target site. Journal of Antimicrobial Chemotherapy 48, 1-8 (2001).

19. Meier, A. et al. Identification of mutations in 23S rRNA gene of clarithromycin-resistant Mycobacterium intracellulare. Antimicrobial
agents and chemotherapy 38, 381-384 (1994).

20. Skinner, R., Cundliffe, E. & Schmidt, E. Site of action of a ribosomal RNA methylase responsible for resistance to erythromycin and
other antibiotics. Journal of Biological Chemistry 258, 12702-12706 (1983).

21. Pardo, D. & Rosset, R. Properties of ribosomes from erythromycin resistant mutants of Escherichia coli. Molecular and General
Genetics MGG 156, 267-271 (1977).

22. Wittmann, H. et al. Biochemical and genetic studies on two different types of erythromycin resistant mutants of Escherichia coli
with altered ribosomal proteins. Molecular and General Genetics MGG 127, 175-189 (1973).

23. Malbruny, B. et al. Resistance to macrolides in clinical isolates of Streptococcus pyogenes due to ribosomal mutations. Journal of
Antimicrobial Chemotherapy 49, 935-939 (2002).

24. Zaman, S, Fitzpatrick, M., Lindahl, L. & Zengel, ]. Novel mutations in ribosomal proteins L4 and L22 that confer erythromycin
resistance in Escherichia coli. Molecular microbiology 66, 1039-1050 (2007).

25. Tu, D., Blaha, G., Moore, P. B. & Steitz, T. A. Structures of MLSBK antibiotics bound to mutated large ribosomal subunits provide a
structural explanation for resistance. Cell 121, 257-270 (2005).

26. Wekselman, L. et al. The ribosomal protein uL22 modulates the shape of the protein exit tunnel. Structure 25, 1233-1241. e1233
(2017).

27. Binh, T. T. et al. Discovery of novel mutations for clarithromycin resistance in Helicobacter pylori by using next-generation
sequencing. Journal of Antimicrobial Chemotherapy 69, 1796-1803 (2014).

28. Canu, A., Abbas, A., Malbruny, B., Sichel, F. & Leclercq, R. Denaturing high-performance liquid chromatography detection of
ribosomal mutations conferring macrolide resistance in gram-positive cocci. Antimicrobial agents and chemotherapy 48, 297-304
(2004).

29. Clark, C. et al. In vitro selection of resistance in Haemophilus influenzae by amoxicillin-clavulanate, cefpodoxime, cefprozil,
azithromycin, and clarithromycin. Antimicrobial agents and chemotherapy 46, 2956-2962 (2002).

30. Diner, E. . & Hayes, C. S. Recombineering reveals a diverse collection of ribosomal proteins L4 and L22 that confer resistance to
macrolide antibiotics. Journal of molecular biology 386, 300-315 (2009).

31. Gestin, B., Valade, E., Thibault, E, Schneider, D. & Maurin, M. Phenotypic and genetic characterization of macrolide resistance in
Francisella tularensis subsp. holarctica biovar L. Journal of antimicrobial chemotherapy 65, 2359-2367 (2010).

32. Malbruny, B. et al. Resistance to quinupristin-dalfopristin due to mutation of L22 ribosomal protein in Staphylococcus aureus.
Antimicrobial agents and chemotherapy 46, 2200-2207 (2002).

w

w

SCIENTIFIC REPORTS |

(2019) 9:11460 | https://doi.org/10.1038/s41598-019-48019-1


https://doi.org/10.1038/s41598-019-48019-1
https://doi.org/10.7554/eLife.25642

www.nature.com/scientificreports/

33. Organization, W. H. Antimicrobial resistance: global report on surveillance. (World Health Organization, 2014).

34. Kurosu, M., Siricilla, S. & Mitachi, K. Advances in MRSA drug discovery: where are we and where do we need to be? Expert opinion
on drug discovery 8,1095-1116 (2013).

35. Lowy, E D. Staphylococcus aureus infections. New England journal of medicine 339, 520-532 (1998).

36. Eyal, Z. et al. Structural insights into species-specific features of the ribosome from the pathogen Staphylococcus aureus. Proceedings
of the National Academy of Sciences 112, E5805-E5814 (2015).

37. Kannan, K., Vazquez-Laslop, N. & Mankin, A. S. Selective protein synthesis by ribosomes with a drug-obstructed exit tunnel. Cell
151, 508-520 (2012).

38. Elizabeth, A., Fanklin, D. E. B. Elizabeth Ramsey and Luis R. Cruz-Vera. In Ribosome meeting 2019 (Mérida (Yucatan, México),
2019).

39. Nguyen, H. L., Pham, D. L., O’Brien, E. P. & Li, M. S. Erythromycin leads to differential protein expression through differences in
electrostatic and dispersion interactions with nascent proteins. Sci Rep 8, 6460, https://doi.org/10.1038/s41598-018-24344-9 (2018).

40. Leatherbarrow, R. J. GraFit Version 7, Erithacus Software Ltd., Horley, UK. (2010).

41. Kandiah, E. et al. CMO1: a facility for cryo-electron microscopy at the European Synchrotron. Acta crystallographica. Section D,
Structural biology 75, 528-535, https://doi.org/10.1107/s2059798319006880 (2019).

42. Scheres, S. H. RELION: implementation of a Bayesian approach to cryo-EM structure determination. Journal of structural biology
180, 519-530, https://doi.org/10.1016/j.jsb.2012.09.006 (2012).

43. Emsley, P, Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. Acta Crystallographica Section D: Biological
Crystallography 66, 486-501 (2010).

44. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta Crystallographica
Section D: Biological Crystallography 66, (213-221 (2010).

45. Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallographica Section D:
Biological Crystallography 66, 12-21 (2010).

46. Davis, 1., Arendall, W.B. 3rd., Snoeyink, J., Richardson, J. S. & Richardson, D.C. MolProbity: all-atom contacts and structure
validation for proteins and nucleic acids. Nucl. Acids Res 35, W375-W383 (2007).

47. Davis, I. W,, Murray, L. W, Richardson, J. S. & Richardson, D. C. MOLPROBITY: structure validation and all-atom contact analysis
for nucleic acids and their complexes. Nucleic acids research 32, W615-W619 (2004).

48. Pettersen, E. E et al. UCSF Chimera-a visualization system for exploratory research and analysis. Journal of computational chemistry
25,1605-1612, https://doi.org/10.1002/jcc.20084 (2004).

49. Goddard, T. D. et al. UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein science: a publication of the
Protein Society 27, 14-25, https://doi.org/10.1002/pro.3235 (2018).

50. Laskowski, R. A. & Swindells, M. B. LigPlot-+: multiple ligand-protein interaction diagrams for drug discovery. Journal of chemical
information and modeling 51, 2778-2786, https://doi.org/10.1021/ci200227u (2011).

51. Goujon, M. et al. A new bioinformatics analysis tools framework at EMBL-EBI. Nucleic Acids Res 38, W695-699, https://doi.
org/10.1093/nar/gkq313 (2010).

52. Waterhouse, A. M., Martin, D. M. A,, Barton, G. J., Procter, J. B. & Clamp, M. Jalview Version 2—a multiple sequence alignment
editor and analysis workbench. Bioinformatics 25, 1189-1191, https://doi.org/10.1093/bioinformatics/btp033 (2009).

Acknowledgements

We thank Shoshana Tel-Or, Miriam Lachever and Maggie Kessler for their interest and experimental support;
We also thank Cristina Otero for critical reading. We acknowledge the European Synchrotron Radiation Facility
for provision of microscope time on CM01 and we would like to thank Eaazhisai Kandiah for her assistance
in the SAuL22m_apo project and to Michael Hons for is assistance in the SAuL22m_ery project. Funding was
provided by European Research Council Grants 322581 (NOVRIB), the Kimmelman Center for Macromolecular
Assemblies and the Danish National Research Foundation. A.Y. holds the Martin S. and Helen Kimmel
Professorial Chair at the Weizmann Institute of Science.

Author Contributions
Y.H., A.B,,E.Z, H.I. and A.Y. designed the research. YH., D.M., Z.E., E.Z. and ].K. performed the research; Y.H.
and A B. analyzed the data; Y.H., A.B. and A.Y. wrote the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48019-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:11460 | https://doi.org/10.1038/s41598-019-48019-1


https://doi.org/10.1038/s41598-019-48019-1
https://doi.org/10.1038/s41598-018-24344-9
https://doi.org/10.1107/s2059798319006880
https://doi.org/10.1016/j.jsb.2012.09.006
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/pro.3235
https://doi.org/10.1021/ci200227u
https://doi.org/10.1093/nar/gkq313
https://doi.org/10.1093/nar/gkq313
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1038/s41598-019-48019-1
http://creativecommons.org/licenses/by/4.0/

	Exit tunnel modulation as resistance mechanism of S. aureus erythromycin resistant mutant

	Results and Discussion

	Materials and Methods

	Ribosome purification. 
	Ribosomal inhibition assay. 
	Complex preparation. 
	EM Sample preparation. 
	Data collection, processing and refinement. 
	Figure generation and sequence alignment. 
	Accession numbers. 

	Acknowledgements

	Figure 1 The ribosome nascent chain tunnel environment Left: The 70S S.
	Figure 2 The binding pocket of erythromycin within SAL22m_ery structure.
	Figure 3 Conformational changes in the mutant upon erythromycin binding.
	Figure 4 Comparison of uL22 ß hairpin loop and ery binding pocket in SA50S_WT vs.
	Figure 5 Comparative analysis of the uL22 ß hairpin loop and ery stabilization.
	Figure 6 VemP interaction with uL22.




