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ABSTRACT

Comparative structural studies of ribosomes from
various organisms keep offering exciting insights on
how species-specific or environment-related struc-
tural features of ribosomes may impact transla-
tion specificity and its regulation. Although the im-
portance of such features may be less obvious
within more closely related organisms, their exis-
tence could account for vital yet species-specific
mechanisms of translation regulation that would in-
volve stalling, cell survival and antibiotic resistance.
Here, we present the first full 70S ribosome struc-
ture from Staphylococcus aureus, a Gram-positive
pathogenic bacterium, solved by cryo-electron mi-
croscopy. Comparative analysis with other known
bacterial ribosomes pinpoints several unique fea-
tures specific to S. aureus around a conserved core,
at both the protein and the RNA levels. Our work
provides the structural basis for the many studies
aiming at understanding translation regulation in S.
aureus and for designing drugs against this often
multi-resistant pathogen.

INTRODUCTION

Over the past decade, the stupendous developments in
structural biology, including more recently in cryo-electron
microscopy (cryo-EM; (1–3)), have extended our structural
view of translation in profound ways. Ribosome structures
from various species and cellular compartments have been
solved, often in complex with multiple partners (see (4–10)
for selected recent examples). These provide the basis for
understanding how ribosomes vary in composition across

species and cellular compartments, but also how they dy-
namically adjust to growth and stress conditions (11–14).
Although we now have structural evidence for a common
ribosomal core (15), species-specific features include par-
alogous ribosomal proteins (r-proteins) (16,17), function-
ally distinct ribosomal RNAs (rRNA) (18,19), differential
rRNA or protein modifications (14) and rRNA expansion
segments (20–22). Such variations may be found even within
bacteria.

As an example of the structural adaptability of ribo-
somes, diverse bacterial species may carry different versions
of the same r-protein, which may have evolved distinct func-
tions as a result. For instance, bL25 contains one (as in Es-
cherichia coli) or several domains (as in Bacillus subtilis),
while a gene coding for bL25 is not present in many mem-
bers of the Bacilli class (23). In E. coli, the N-terminal do-
main of bL25 binds to 5S rRNA to form part of the cen-
tral protuberance (24–26). In Thermus thermophilus, the C-
terminal domain of bL25 is involved in tRNA proofread-
ing (27). Another characteristic r-protein is bS1, which in E.
coli is essential for translation initiation of canonical mR-
NAs (28,29). bS1 comprises six OB-fold RNA binding do-
mains in E. coli, but only four in S. aureus and other Gram-
positive bacteria with low-GC content (30). Noteworthy,
the N-terminal domain of bS1, which is missing in S. aureus,
is responsible for binding to the small subunit (SSU) via bS2
in E. coli (28,31). Finally, a differential number of bL12 pro-
teins (also called bL7 in its acetylated form) is bound to the
ribosome according to the length of the 8th alpha helix of
uL10. This interaction promotes the recruitment of various
translation factors and stimulates GTP hydrolysis (32). To-
gether, these examples illustrate how ribosome composition
varies across bacteria, and how this may affect translation.

Ribosome composition may also be modulated in re-
sponse to the environment. For example, the bS1 protein
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is present in sub-stoichiometric amounts on 70S ribosomes
under normal growth conditions, resulting in functional ri-
bosome heterogeneity (33–35). Under specific stress con-
ditions, subpopulations of ribosomes that do not contain
bS1 accumulate to selectively translate leaderless mRNA
(36,37). Some proteins like bL25 from B. subtilis are only
expressed and bound to the ribosome under stress (38,39).
Stress and various changes in growth conditions also lead
to the stimulation of the acetylation of bL12/bL7 in E. coli,
which increases the stability of the stalk complex through
tightening the interaction between bL7 and uL10 (40). An-
other striking example of environmental modulation is il-
lustrated by fluctuations in zinc concentration that trigger
the expression of two paralogs of bL31 in B. subtilis (RpmE,
referred to as A type and YtiA as B type). A and B types are
distinguished by the presence of either Zn2+-coordinating
cysteines or a 15-amino-acid extension, respectively (12,41).
The A type thereby serves as a storage mechanism for
safely depositing loosely bound and potentially dangerous
Zn2+ ions. The Zn2+-dependent expression of the Zur tran-
scription regulator represses the bL31 B gene, as well as
those coding for components of the zinc-uptake systems,
so that only the A type is expressed under normal condi-
tions (42,43). When the zinc concentration becomes limit-
ing, the B type is produced to replace the A type, due to
its higher affinity for the ribosome (44). These various ex-
amples illustrate that bacteria employ different mechanisms
(e.g. differential expression or chemical modification) in or-
der to adjust to variations in their environment, which is
suspected to impact translation. Additional regulation of
translation or ribosome biogenesis could come from post-
translational cleavage of r-proteins, as previously described
for the firmicute-specific N-terminal extension of bL27 (45).

Ribosome tuning may also be achieved through alter-
ation of the rRNA component based on environmental
changes, as observed for some bacteria (37) and eukary-
otes (18,19). In bacteria, both 16S and 23S rRNA contain
insertions, which typically protrude from the ribosome to
different extents. For example, h6, h10, h26 and h44 in the
SSU, but also H28 and H68 in the large subunit (LSU)
have different lengths or adopt different folds and orienta-
tions, as revealed when comparing the structures of 70S ri-
bosomes from E. coli, T. thermophilus and B. subtilis (10,46–
50) and the structure of the LSU from Staphylococcus au-
reus (51). Such variations in peripheral extensions suggests
an involvement in translation regulation at one or several
stages of the process.

Although whole-genome sequencing and sequence align-
ments have shown bacteria-specific differences in ribo-
somes, most structural studies that could highlight func-
tional differences have been performed on Gram-negative
organisms only, namely T. thermophilus and E.coli (52).
Only recently two more ribosomal structures were solved
at comparable resolutions from Gram-positive species, the
full ribosome from B. subtilis and the large ribosomal sub-
unit from S. aureus, by cryo-EM and X-ray crystallogra-
phy, respectively (10,51,53). The lack of structural studies
of additional bacterial species is one of the most important
shortcomings in understanding vital and clinically relevant
species-specific translation regulation mechanisms, includ-
ing antibiotic resistance.

Considering how much remains to be discovered about
ribosome diversity among bacteria and its impact on ribo-
some function, we solved at a resolution of 3.8 Å a cryo-
EM structure of the 70S ribosome from human pathogen S.
aureus. Our structure not only confirms the species-specific
structural features identified previously in the LSU (51),
but it reveals similarly variable features in the SSU, at both
the rRNA and protein levels. The comparison of riboso-
mal structures from four different species of bacteria pin-
points variable regions in bacterial ribosomes, highlighting
several species-specific features and suggesting their pos-
sible functional roles. Specifically, we discuss the fold of
bL31 type B, which is the only bL31 paralog encoded by
the S. aureus genome. On the rRNA side, we describe sev-
eral rRNA insertions and particularities that might be in-
volved in translation modulation. Most importantly, our
work offers the fourth structure of a complete ribosome
from any bacteria at near-atomic resolution, and the sec-
ond of a Gram-positive bacterium. As S. aureus is an oppor-
tunistic pathogen that may cause significant skin, tissue and
systemic infections (54–56), we anticipate that our structure
will provide a solid basis for future studies of protein syn-
thesis, and of its regulation for making virulence factors.
Our work therefore represents an initial structural frame-
work for developing effective strategies in order to combat
infections.

MATERIALS AND METHODS

Bacterial growth and harvesting

In this study, we employed the RN6390 strain of Staphylo-
coccus aureus, which derives from strain NCTC8325. This
strain carries a deletion of the rbsU gene (normally coding
for an activator of the �B factor), so that the transcription
of RNAIII is strongly enhanced. As a result, this strain has
a decreased ability to form biofilms (57).

Two liters of S. aureus culture were grown at 37◦C (180
rpm) in Brain Heart Infusion broth and harvested in early
logarithmic phase (A600 = 1.0 AU.ml−1). Cells were washed
twice with 10 mM Tris-HCl pH 7.5, pelleted at 4750 ×g,
and the cell pellet was frozen at −80◦C. A typical yield was
4.5–5.0 g of cells from 2 l of cell culture.

Ribosome purification

For 5 g of cells, the pellet was re-suspended in 30 ml of buffer
A (20 mM HEPES-KOH pH 7.5, 100 mM NH4Cl, 21 mM
Mg(OAc)2, 1 mM ethylenediaminetetraacetic acid (EDTA),
1 mM DTT), supplemented with the addition of 600 �l of
protease inhibitor cocktail (one tablet (Roche), dissolved in
1 ml buffer A), of 300U DNase I (Roche) and of 3.5 mg
lysostaphin (Sigma-Aldrich), before being lysed at 37◦C for
45 min. Cell debris were removed by centrifugation at 30
000 ×g for 90 min.

The resulting supernatant was further subjected to a dif-
ferential precipitation by PEG, similarly to the protocol em-
ployed for Saccharomyces cerevisiae (58). PEG 20 000 was
added from a 30% w/v stock solution (Hampton Research)
to a final concentration of 2.8% w/v for the first fractiona-
tion. The solution was then centrifuged at 20 000 ×g for 5
min. The supernatant was recovered and PEG 20 000 was
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increased to 4.2% w/v for the second fractionation. The so-
lution was then centrifuged at 20 000 ×g for 10 min, and
the ribosome pellet was resuspended in 35 ml buffer A and
layered on 25 ml of a sucrose cushion (10 mM Hepes-KOH
pH 7.5, 500 mM KCl, 25 mM Mg(OAc)2, 1.1 M Sucrose, 0.5
mM EDTA, 1 mM DTT). Centrifugation was subsequently
carried out at 45 000 rpm for 15 h using a Beckman Type 45
Ti rotor.

The crude ribosome pellet was resuspended in buffer
E (10 mM Hepes-KOH pH 7.5, 100 mM KCl, 10 mM
Mg(OAc)2, 0.5 mM EDTA, 1 mM DTT) up to a concen-
tration of 7 mg.ml−1. Exactly 0.5 ml were loaded on 7–30%
sucrose density gradients and centrifuged at 17 100 rpm for
15.5 h using a Beckman SW28 rotor. The fractions corre-
sponding to 70S particles were pooled, the concentration
of Mg(OAc)2 was adjusted to 25 mM and PEG 20 000 was
added to a final concentration of 4.5% w/v. Ribosomes were
pelleted by centrifugation at 20 000 ×g for 12 min, the pel-
let was gently dissolved in buffer G (5 mM Hepes-KOH pH
7.5, 50 mM KCl, 10 mM NH4Cl, 10 mM Mg(OAc)2, 1 mM
DTT) to a final concentration of 20–25 mg.ml−1. Aliquots
of 30 �l were flash frozen in liquid nitrogen and stored at
−80◦C. A typical yield was 10–12 mg of ribosomes from 5
g of cells.

Analytical ultracentrifugation

Experiments were conducted at 4◦C using a Beckman
Coulter Proteome Lab XL-I analytical ultracentrifuge,
with the 8-hole Beckman An-50Ti rotor. Ribosomes were
thawed and diluted in buffer G to a concentration of 1.0
A260U.ml−1. The sample (400 �l) was loaded into one of the
two quartz cuvettes of the centrifuge tube. The reference cu-
vette was filled with 410 �l of buffer G. Sedimentation at 20
644 ×g was monitored by measuring the absorbance at 280
nm and 260 nm, with scans taken every 4 min. The density
and viscosity of buffer G were calculated using the Sedntrep
software. Data were analyzed using a c(s) model in SEDFIT
(59).

Mass spectrometry

Mass spectrometry (MS) analysis was carried out at the
IBMC proteomic platform, Strasbourg. The ribosome sam-
ple was analyzed by nano-LC-MS/MS on a NanoLC-
2DPlus system (nanoFlexChiP module; Eksigent, ABSciex,
Concord, Ontario, Canada) coupled to a TripleTOF 5600
mass spectrometer (ABSciex). The protein sample was pre-
cipitated, digested by trypsin and 500 ng of digested pep-
tides were injected in the mass spectrometer. Protein iden-
tifications were assigned using the Mascot algorithm (ver-
sion 2.2, Matrix Science, London, UK) through the Protein-
Scape 3.1 package (Bruker Daltonics, Leipzig, Germany).
Searches were performed against the Swissprot database
(January 2013 release), and the S. aureus taxonomy and
identifications from Mascot were validated with a protein
false discovery rate (FDR) < 1%.

Electron microscopy

Grid preparation. The purified 70S (4 �l at ∼ 0.150
mg.ml−1 concentration (80 nM)) were applied to 400 mesh

carbon-coated holey carbon Quantifoil 2/2 grids (Quan-
tifoil Micro Tools, Jena, Germany; glow discharge time =
20 s), blotted with filter paper from both sides for 1.5 s in a
temperature- and humidity-controlled Vitrobot apparatus
Mark IV (FEI, Eindhoven, Netherlands, T = 4◦C, humid-
ity 100%, blot force 5, blot waiting time 30 s) and vitrified
in liquid ethane pre-cooled by liquid nitrogen.

Image acquisition. Data were collected on the spherical
aberration (Cs) corrected Titan Krios S-FEG instrument
(FEI, Eindhoven, Netherlands) operating at 300 kV ac-
celeration voltage and at a nominal underfocus of �z =
−0.6 to −4.5 �m using the second-generation back-thinned
direct electron detector CMOS (Falcon II) 4096 × 4096
camera and automated data collection with EPU software
(FEI, Eindhoven, Netherlands). The microscope was care-
fully aligned as well as the Cs corrector. The Falcon II cam-
era was calibrated at a nominal magnification of 59 000 X.
The calibrated magnification on the 14 �m pixel camera was
127 272 X, resulting in 1.1 Å pixel size at the specimen level.
Camera was set up to collect 7 frames (start form the second
one) out of 17 possible. Total exposure was 1 second with
a dose of 60 ē/Å2 (or 3.5 ē/Å2 per frame). A total of 3850
images were collected.

Image processing. A framework for image processing em-
ploying several software packages (60) was used to obtain
the 3D reconstruction of the S. aureus 70S.

Before particle picking, 7 frames in the stack were aligned
using the Optical Flow algorithm integrated in Xmipp3
(61). Then, an average image of the whole stack was used
to determine the contrast transfer function by CTFFIND4
(62) and to select semi automatically ∼423 500 particles in
SCIPION (63). Particle sorting was done by 3D classifica-
tion using RELION (64) leading to several 3D-classes (Sup-
plementary Figure S1). Further classification was applied to
two classes (Rotated P/E conf. 1 and conf. 2). At the end,
8 classes were derived in total from the entire data set, un-
rotated vacant 70S, unroated 70S with residual P and E tR-
NAs (probably due to the persistence of a fraction of tRNA
in the 70S after washing) and 6 classes of rotated 70S ribo-
some presenting a P/E tRNA and all different in the degree
of the 30S rotation.

All classes were refined using RELION’s 3D autorefine
and the final refined classes were then post-processed using
the procedure implemented in RELION, which applies ap-
propriate masking, B-factor sharpening and resolution val-
idation to avoid over-fitting (64). The average resolution is
∼3.8 Å for the major class (unrotated, vacant, out of ∼110
000 particles). The resolution of the other classes (ranging
from 4.7 to 7.3 Å) is indicated in Supplementary Figure S1.
Determination of the local resolution of the final density
map was performed using ResMap (65).

Map fitting and model refinement

The crystal structure of the LSU from S. aureus (PDB ID
4WCE; (51)) was fitted in the density map using Chimera
v. 1.10.2 (66). RNA regions that were not seen in the X-ray
crystal structure but were present in our density map were
modeled using the cryo-EM structure from the 70S ribo-
some of B. subtilis (PDB ID 3J9W; (10)). Threading of the
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23S rRNA was performed within Assemble v. 2 (67) (Sup-
plementary Figure S2). The B. subtilis structure was also
used as a template for modeling (using the Swiss-Model
webserver (68)) the regions of proteins uL2, uL6, uL18,
bL31 and bL32 that were not visible in 4WCE but were
present in 3J9W and in our structure (Supplementary Fig-
ure S3). Protein secondary structures were also restored us-
ing Swiss-Model prior to map fitting (Supplementary Fig-
ure S3B and C). In the absence of any pre-existing structural
model for the SSU, we used a similar approach to model the
complete 16S rRNA, as well as 19 of the 21 SSU proteins
that were visible in the density.

Molecular dynamics flexible fitting (MDFF; (69)) was
performed for the complete 70S ribosome in VMD v. 1.9.2
(70), using NAMD v. 2 (gscale 0.3, numsteps 500 000, min-
steps 2000) (71). The output .pdb file from MDFF was used
as input for real-space refinement in Phenix v. 1.10.1-2155
(72,73). The refinement procedure included simulated an-
nealing (starting temperature = 800 K) and global mini-
mization for five macro-cycles, and took into account RNA
and protein secondary structure restraints (search method
= from ca). RNA geometry and fit in density were im-
proved by running Erraser within Phenix (74,75), for rRNA
fragments of ∼990 nt that overlapped by 2–4 nt. Model and
map were inspected and adjusted in Coot v. 0.8.2 (76), us-
ing tools for real-space refinement, geometry regularization,
morphing and backbone adjustments (Rcrane; (77)). In or-
der to locate metal ion binding sites, we calculated a differ-
ence map in Chimera by subtracting a map we simulated at
4.0 Å using our metal-free model (CC = 0.88 Å) from the
original density map. Partially or fully hydrated metal ions
were placed according to stereochemistry and geometry in
Coot (78,79). Final minimization of coordinates, including
refinement of atomic displacement parameters, were carried
out in Phenix v. dev-2341 (global minimization for 7–10
macro-cycles with hydrogen atoms, with secondary struc-
ture restraints (search method = cablam) and restraints on
metal ions that were not fully hydrated). For model valida-
tion, we used the Molprobity webserver (80) and model-to-
map fit statistics from Phenix.

RESULTS

Determination of the cryo-EM structure of S. aureus ribo-
somes

70S ribosomes were isolated from S. aureus strain RN6390,
whose ability to form biofilms is reduced (57). They were
then purified according to a procedure similar to the ones
we followed earlier to obtain bacterial 70S and eukaryotic
80S ribosomes suitable for structural analysis (48,58,81,82).
In the case of S. aureus 70S ribosomes, we maximized both
yield and quality of the sample through optimization of (i)
the ionic conditions for lysis, (ii) the magnesium and PEG
concentrations for ribosome precipitation and (iii) the su-
crose concentration for setting up density gradients. After
freezing and thawing, our preparations contained >90% of
assembled, pure and homogenous 70S particles, as shown
by denaturing gel analysis, analytical ultracentrifugation
and the examination of cryo-electron micrographs (Fig-
ure 1A–C). Furthermore, we analyzed our preparation by

mass spectrometry, which confirmed the presence of all r-
proteins, except bS1, uS14 and bL9 (Supplementary Table
S1). As we could identify uS14 but not the other two pro-
teins in the structure, bS1 and bL9 may have been lost in the
course of the purification procedure. Eight additional non-
ribosomal proteins were also identified (Supplementary Ta-
ble S1).

After data collection and processing (Table 1), eight
conformationally variant 3D reconstructions were derived
(Supplementary Figure S1), which mostly differ in the SSU
degree of rotation and the conformations of the tRNA when
it is present (mainly P/E tRNA). Only the major class was
extensively analyzed, which corresponds to an unrotated
70S, mostly vacant (residual P-site tRNA can be observed),
at an average resolution of 3.8 Å (Figure 1). As for the re-
maining seven classes, our analysis focused only on the rel-
ative rotation of the SSU compared to the major unrotated
class (Supplementary Figure S1). No other noticeable struc-
tural variations were observed for these classes.

As typically observed for a ribosome cryo-EM recon-
struction, the resolution of this 70S varies locally from ∼3.0
Å for the most stable regions, such as the core of the LSU,
to ∼7.0 Å for the most flexible peripheral rRNA elements
and some regions of the SSU head (Figure 1E). On average,
the resolution of the LSU is also higher than that of the SSU
(except for the L1 stalk), with the head of the SSU being the
most flexible region. The refinement of atomic displacement
parameters in real space further helps to visualize these ri-
bosome dynamics (Supplementary Figure S4).

Overall, the three-dimensional structure of this vacant
70S ribosome from S. aureus contains >99% of all rRNA
residues, 27 r-proteins in the LSU and 19 r-proteins in the
SSU (Figure 2). No density was observed at the locations
of bS1 and bL9 that further supports their absence first re-
vealed by the MS analysis (Supplementary Table S1). Fur-
thermore, the flexible r-proteins bS21, uL1, bL7/L12, uL10
and uL11 were excluded from our model, due to weak elec-
tron density that prevented us from modeling them with
confidence (Supplementary Figure S5). Some proteins are
only partially visible in the density maps, as for example
bL25 and bL33 (Supplementary Table S2; Figure S6). At
a resolution of 3.8 Å, we distinguish most nucleobases from
backbone atoms within rRNA chains, and side-chains from
backbone atoms within protein chains, especially when they
contain rings (Figure 2F–I). We also located 32 metal ion
binding sites, including a Zn-binding site in bL36 (no den-
sity for the metal ion is observed for other Zn-containing
r-proteins such as bS2), and a divalent metal ion simultane-
ously coordinated to two purine N7 atoms (Figure 2J and
K).

Structural differences between bacterial ribosomes cluster to
regions facing the solvent

In order to pinpoint structural features that may be specific
to the 70S ribosome from S. aureus, we compared its struc-
ture to that of the previously solved MifM-stalled 70S ri-
bosome from B. subtilis (10), the only other structure avail-
able at medium-high resolution for a ribosome from Gram-
positive bacteria. We also superimposed our structure with
that of a vacant 70S ribosome from E. coli (47), and with
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Figure 1. Sample characterization, cryo-EM data collection and processing. (A) SDS-PAGE of the S. aureus 70S sample demonstrating its purity. (B)
Sedimentation profile showing the majority of material as stable 70S particles. (C) Representative electron micrograph showing the distribution of the 70S
particles. (D) Fourier Shell Correlation (FSC) curve indicating the overall resolution of the S. aureus 70S ribosome structure. (E) Local resolution (rainbow
scale) displayed on representative slices of the density map for the full ribosome.

that of a 70S-(A-P-E)tRNA-mRNA complex from T. ther-
mophilus (83). In addition, we have compared the LSU in
our structure to that recently solved by X-ray crystallogra-
phy (51).

As reported earlier (10,51), bacterial ribosome structures
are overall similar in their global structures. Also, the LSU
in our structure solved by cryo-EM is similar to that solved
by X-ray crystallography (all-atom RMSD = 3.1 Å; Supple-
mentary Figure S7A and B) (51) regarding the commonly
solved ribosomal regions (∼80%). The structural differ-
ences between r-proteins and rRNAs from the four species
we surveyed are mostly located at the solvent-side of the two
subunits (Figure 3; Supplementary Tables S2 and S3; Sup-
plementary Figures S6 and S8). For r-proteins, differences
are spread out over the surface of the ribosome. However,
for rRNAs they remain on the body of the LSU, and the
spur region of the SSU. Interestingly, h26 and h33 located
at the exit and near the entry of the mRNA channel, re-
spectively, appear to present the most important differences
on the SSU compared to other species (Figure 3C and D).
These peculiarities on both sides of the mRNA channel in-
dicate possible roles for h26 and/or h33 in species-specific
translation.

Examples of species-specific structural features

The structures of the 70S from S. aureus and from B. sub-
tilis (10,51) confirm the subtleness of species-specific fea-

tures among bacterial ribosomes. However, structural dif-
ferences may have important functional and physiological
consequences. Indeed, few unique structural differences in
r-proteins and rRNAs suffice to distinguish bacteria ac-
cording to species. If one disregards differences caused by
the presence/absence of tRNAs or other factors in some
of the surveyed structures (as in uL6, uL16, bL27), we no-
tice unique species-specific extensions of uS9, uL3 and bL31
in S. aureus, of uS14 in E. coli, and of uS8, bL19 and
bL28 in T. thermophilus (Supplementary Table S2; Supple-
mentary Figure S6). Two loops (24–40 in uS12 and 67–80
in bL17) are present with a similar conformation in only
Gram-positive bacteria (Supplementary Table S2; Supple-
mentary Figure S6).

A remarkable example of ribosome variability is protein
bL31. As described earlier (27), bL31 bridges the two sub-
units (Figure 4A), where it interacts with uS13, uS19 on the
head of the SSU and with uL5 and the 5S rRNA on the
central protuberance of the LSU. Our structure of the S.
aureus 70S ribosome reveals the fold of a B-type paralog of
bL31 (type A is not encoded in S. aureus), which comprises
an extension of 15 amino acids in place of a zinc-binding
motif (mostly Ser and Thr are found instead of the Zn2+-
coordinating Cys residues) (Figure 4). B-type bL31 folds
similarly to A-type paralogs from other bacteria, and in-
cludes a three-stranded beta sheet near the N-terminus and
a C-terminal extension, which may contain an alpha helix



10496 Nucleic Acids Research, 2016, Vol. 44, No. 21

Figure 2. Structure of the Staphylococcus aureus ribosome. (A) Cryo-EM density map at 3.8 Å resolution (yellow, SSU; cyan, LSU), viewed from two
different orientations. (B) Solvent side view of the SSU, indicating the main structural elements (h, head; bk, beak; pt, platform; sh, shoulder; sp, spur).
(C) Cartoon view of the SSU model, oriented as in (B) (yellow, RNA; orange, proteins). (D) Solvent side view of the LSU, indicating the main structural
elements (CP, central protuberance; PET, peptide exit tunnel). (E) Cartoon view of the LSU model, oriented as in (D) (cyan, RNA; blue, proteins). (F)
A-form helix within the 16S rRNA (contour, 3.0 �). (G) G-bulge motif located in the 23S rRNA (contour, 2.5 �). (H) RNA-protein interface involving an
�-helix from bS16 (contour, 2.5 �). (I) RNA-protein interface involving a �-sheet from uL13 (contour, 2.5 �). (J) Divalent metal ion binding site within
the 23S rRNA (contour, 2.5 �). (K) Zinc-binding site within protein bL36 (contour, 2.5 �). Select residues are labeled in all panels.
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Figure 3. Structural differences at the RNA and the protein levels between representative bacterial species. (A) Cartoon rendering of ribosomal proteins
from the SSU. In this and subsequent panels, the regions highlighted in red correspond to structural variability (insertions, deletions or alternative fold,
shown in red) between the 70S ribosomes from S. aureus, B. subtilis, E. coli and T. thermophilus. (B) Same as (A) for the LSU. (C) Cartoon rendering of the
three-dimensional structure of the 16S rRNA. (D) Same as (C) for the 5S and 23S rRNAs. (E) Secondary structure diagram of the model shown in (C). (F)
Secondary structure diagram of the model shown in (D). A detailed description of all the differences between ribosomal proteins and RNAs are provided
as Supplementary Tables S2 and S3.
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Table 1. Data collection, refinement and validation statistics

Data collection
Microscope Titan Krios S-FEG
Camera CMOS (Falcon II)
Volage (kV) 300
Magnification 59 000 X
Pixel size (Å.px−1) 1.1
Defocus range (�m) (-4.5)–(-0.6)
Total dose (ē/Å2) 60
Dose per frame ∼3.5
Micrographs collected 3872
Refinement
Number of particles (total) 423 497
Number of particles (used for 3D reconstruction) 109 580
Resolution (Å; at FSCa = 0.143) 3.8
CCa (model to map fitb) 0.76
Model composition
Non-hydrogen atoms 140 840
Residues 10 185
Metal ions 32
RMSadeviations
Bonds (Å) 0.011
Angles (◦) 1.183
Chirality (◦) 0.055
Planarity (◦) 0.006
Validationc

Clashscored 4.49 (95th percentile)
Proteins
MolProbity score 1.90 (81st percentile)
Favored rotamers 4536 (99.2%)
Ramachandran favored 4450 (84.9%)
Ramachandran allowed 778 (14.7%)
Ramachandran outliers 19 (0.4%)
RNA
Correct sugar puckers 4571 (99.8%)
Correct backbone conformations 3664 (80.1%)

aFSC, Fourier shell correlation; CC, correlation coefficient; RMS, root-mean square
bOnly across atoms in the model; compiled using Phenix (73)
cCompiled using MolProbity (80).
dClashscore is the number of serious steric overlaps (>0.4 Å) per 1000 atoms.

(Figure 4A and B). The 15-amino-acid extension present in
type B forms a loop that protrudes into the solvent, before
the first beta strand. This observation led us to revise ex-
isting alignments of bL31 from Gram-positive and Gram-
negative bacteria that placed the extension after the first or
second Cys residues present in type A (27,41,43) (Figure
4C). Overall, this structure suggests that bL31 could accom-
modate large scale movements of the ribosome important
for tRNA proofreading, similarly to type A that modulates
the initial swivelling movements of the 30S subunit head do-
main (27).

At the rRNA level, several S. aureus-specific features can
be found in our structure, some of which have already been
described in the crystal structure of the LSU (51). For in-
stance, the particular fold of H28 ––a helix that interacts
with uL4–– is distinct from that in the other surveyed struc-
tures (Supplementary Figure S7C). Longer stems in S. au-
reus than in T. thermophilus are found in both the LSU
(H10, H68) and the SSU (h6, h17, h26, h44) (Supplemen-
tary Table S3; Supplementary Figure S8; Figure 5A and B).
Out of these various stem-loops protruding into the solvent,
h26 is worth highlighting because of its interaction with
the SD helix in the assembled translation initiation com-
plex (84–87). The length of h26 is incremental when going

from T. thermophilus (19 nt) through E. coli (25 nt) and B.
subtilis (26 nt) to S. aureus (27 nt) which will affect its struc-
ture. Such variations at a strategical ribosomal region could
be reflecting a species-specific involvement of h26 in trans-
lation initiation and regulation.

DISCUSSION

Exploring structural peculiarities in ribosomes is one of
several complementary avenues toward understanding the
mechanisms of translation and their regulation. A compar-
ative analysis of our 3.8 Å cryo-EM structure of a 70S ribo-
some from S. aureus with other available structures of 70S
ribosomes in various states demonstrates several examples
of sites that could be involved in tuning translation in S. au-
reus. Notably, we observe that the presence or the absence
of a structural element (protein or RNA) does not gener-
ally correspond to a particular group or division of bacteria.
Exceptions to this principle require attention, as they may
point to bacteria-specific mechanisms of translation regula-
tion.

A striking example of ribosome diversity at the protein
level is the bL31 protein, which is involved in controlling
movements of the SSU with respect to the LSU during
translation. Here, it is tempting to propose that the 15
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Figure 4. Structural homology of the bL31 type B protein bridge in absence of any Zinc-finger motif. (A) Protein bL31 forms an intersubunit bridge
connecting the head of the 30S subunit with the central protuberance of the 50S subunit. The close up on the model of bL31 fitted into the cryo-EM
density map reveals the localization of the extra loop (red) that is specific to non-zinc binding bL31 type B. (B) Comparison of the bL31 structures bound
to the ribosome from four bacterial species: S. aureus (blue, this work); B. subtilis (pink, chain B3 in PDB ID 3J9W); E. coli (teal, chain 6 in PDB ID
5AFI); T. thermophilus (green, chain O in PDB ID 4W6F). Cysteine residues at the zinc-binding pocket in type A paralogs are shown in yellow. (C)
Multiple sequence alignment of bL31 paralogs from representative Gram-positive (+) and Gram-negative (−) bacteria. Color-coding for sequences and
Cys residues as in (B).

amino-acid extension specific to B-type paralogs impacts
bL31’s function. We already know that in B. subtilis, the
B-type paralog of bL31 has a higher affinity for the ribo-
some than the A type (44). This property could be linked
to folding adjustments that are made possible by the con-
comitant presence of the extension and absence of the Zn2+-
binding motif. Hence, B-type bL31 is likely to have altered
dynamics on the ribosome in comparison with the A type,
which would lead to better binding and modulation of sub-
unit rotation. Additionally, another role for this loop could
be to recruit regulatory factors. However, further studies
are required in order for example to address whether the
A-type bL31 confers particular properties to the ribosome

under specific conditions, i.e. high intracellular concentra-
tions of Zn2+. The absence of A-type bL31 in S. aureus and
many other Gram-positive pathogens (Figure 4C) remains
intriguing as well, although it seems to be linked to the ac-
quisition of alternative mechanisms for Zn2+ detoxification
(88).

At the rRNA level, 7 helices on the SSU and 16 helices
on the LSU were found to have different lengths or adopt
different folds and orientations, as revealed when compar-
ing the structures of 70S ribosomes from E. coli, T. ther-
mophilus and B. subtilis (10,46–50,89) and the structure of
the LSU from S. aureus (51) (Supplementary Figure S8).
Many of them, such as h9, h26, h44 on the SSU and H9,
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Figure 5. Helix h26 as a regulatory knob for translation? (A) Helix h26 protrudes from the surface of the SSU into the solvent (red, extension in S. aureus
when compared to T. thermophilus; grey meshed surface, electron density; yellow surface, RNA; orange surface, proteins). (B) Superimposition of h26
from four bacteria (pink, B. subtilis, PDB ID 3J9W; teal, E. coli, PDB ID 4YBB; green, T. thermophilus, PDB ID 4V4J) with their corresponding 3D-based
secondary structure.

H10, H25, H54, H63, H79, H98, are predominantly lo-
cated on the solvent side of the ribosome. They also corre-
spond to the expansion segments of eukaryotic ribosomes
(6,7,58,90–92), which have been previously suggested to be
involved in translation fine-tuning and ribosome biogene-
sis, potentially in a species-specific manner (91–93). Among
these examples, h26 is a noteworthy one. Helix h26 is the in-
sertion site for expansion segment 7 in eukaryotes, which is
one of the largest in the SSU (from 15 nt in yeast and human
to ∼140 nt in trypanosomatids), and is therefore thought
to affect translation initiation in a major way by recruiting
or preventing the recruitment of factors (20–22,91,92). In
bacteria, h26 seems to be linked to a role in translation ini-
tiation and accommodation of the mRNA, through modu-
lating interactions between the 16S rRNA (in particular at
h23a, h26 and h45) and the mRNA, but also with proteins
such as bS1, bS2, bS6, bS18 and bS21 (14,31,85,87,94). It is
also possible that the U/C-rich apical loop of h26 in S. au-
reus (Figure 5B) would directly pair with the strong G-rich
sequences found in many 5′ UTRs of S. aureus mRNAs, in-
cluding the SD region (95–97), although this hypothesis re-
mains to be tested. Nevertheless, these observations suggest

that h26 might be involved in translation initiation regula-
tion, in a species-specific manner.

Although our structure of the 70S ribosome from S. au-
reus reveals how some of the actors of ribosome heterogene-
ity like bL31 and h26 could be linked to translation regu-
lation, it lacks information pertaining to bS1, bL9 (com-
pletely absent), bS21, uL1, bL7/bL12, uL10, uL11, part of
bL25 (too flexible to be modeled). It suggests that their sta-
bilization on the ribosome depends on ligands (mRNAs,
tRNAs or translation factors). Ribosomal proteins such as
bS1 and bL9 are hard to capture, because of their flexibility
and their temporal association with the ribosome, which is
linked to their requirement for translation of particular mR-
NAs, under certain environmental conditions (28,29,98). In
the case of bL9, it would be interesting to study whether
this protein is also involved in regulating translation slip-
page of particular mRNAs in S. aureus, as in for example E.
coli upon their infection by T4 phages (98). Identifying such
bL9-specific translation genes would enable us to adjust our
growth and purification conditions so that bL9 would be
incorporated into ribosome complexes prior to structural
analysis. At that step, a closer monitoring of the transcrip-
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tion levels of the bS1 and bL9 genes may be needed, in light
of a recent transcriptomic study of S. aureus, which reported
a decrease in the transcription of bS1 and bL9 genes upon
addition of linezolid, suggesting a sensitive regulation of the
synthesis of these two proteins (99). Studying polysomes of
S. aureus ribosomes using cryo-electron tomography (100)
could also reveal S. aureus-specific translation regulation
mechanisms, in the case that bL9 would stabilize polysomes
in S. aureus as it does in E. coli (101). Further cryo-EM anal-
ysis could also disclose the dynamic nature of the bL7/bL12
stalk, and whether its role in regulating the binding of trans-
lation factors is similar in S. aureus and in E. coli (102,103).

The absence of bS1 in our structure could further sug-
gest that this protein is not required for anchoring mRNAs
to the ribosome. As a further support to this hypothesis,
we recently showed that ribosomes obtained from the same
strain than the one used here (RN6390) and purified us-
ing the same procedure are able to form a ternary mRNA-
tRNA-70S complex with S. aureus mRNAs carrying a short
5′ untranslated region and a strong SD sequence (104). In
addition, as bS1 is devoid of its bS2-binding domain in S.
aureus, it may no longer associate to the ribosome. It re-
mains to be shown whether bS1 is in fact a typical ribosomal
protein in S. aureus, or whether it acts outside the ribosome
to modulate the translation of specific mRNAs.

Our structure provides an initial framework for under-
standing translation regulation in S. aureus. It hereby joins
the pool of ribosome structures solved by X-ray crystallog-
raphy (mostly for bacterial ribosomes) and cryo-EM (for
both bacterial and eukaryotic ribosomes) that has been
growing at a fast pace in recent years. Overall, a better char-
acterization of translational aspects that occur under par-
ticular conditions or only in certain pathogenic species of-
fers insights on novel strategies to combat infections. Re-
markably, structures at (near)-atomic resolutions of ribo-
somes and other large macromolecular complexes bound
to inhibitors are now within the reach of cryo-EM (7,105).
Although the current resolution of our structure is on the
low-end for exploring the structures of drug-ribosome com-
plexes, it is close to that obtained for the LSU by X-ray crys-
tallography (∼3.5 Å), and the continuous improvements in
cryo-EM methodologies (1) are indicative that higher reso-
lutions will be attainable within a short timeframe.

CONCLUSION

Having solved the structure of a vacant S. aureus ribosome
at moderate resolution opens the door to determining the
structures of ribosomes under physiological conditions and
associated to trans-acting factors (translation factors, bS1,
RNA helicases, etc.). Such structural studies would help un-
veil S. aureus-specific features of the translation machin-
ery, so that we would better interpret how subtle structural
differences impact the regulation of cellular metabolism
and the cell’s response to environmental changes. More
generally, refining our understanding of translation regula-
tion in S. aureus is another avenue toward exploring how
RNA-dependent regulation in bacteria varies according to
species-specific environmental and evolutionary constraints
(106). Furthermore, a differential modulation of transla-
tion would potentially be synonymous with new drug tar-

gets, which would be of particular interest considering how
multi-resistant S. aureus strains often are to conventional
antibiotic treatments. Fine tuning our understanding of
translation in S. aureus would thereby inform the design of
antibiotics so that they would have lower effects on the hu-
man microbiome and would be less likely to elicit resistance.
In this process, cryo-EM represents a powerful tool for solv-
ing ribosome complexes of pathogenic bacteria with antibi-
otics (105).
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