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Structure of the human 80S ribosome
Heena Khatter1,2,3,4*, Alexander G. Myasnikov1,2,3,4*, S. Kundhavai Natchiar1,2,3,4* & Bruno P. Klaholz1,2,3,4

Ribosomes are translational machineries that catalyse protein synthesis. Ribosome structures from various species are
known at the atomic level, but obtaining the structure of the human ribosome has remained a challenge; efforts to
address this would be highly relevant with regard to human diseases. Here we report the near-atomic structure of the
human ribosome derived from high-resolution single-particle cryo-electron microscopy and atomic model building.
The structure has an average resolution of 3.6 Å, reaching 2.9 Å resolution in the most stable regions. It provides
unprecedented insights into ribosomal RNA entities and amino acid side chains, notably of the transfer RNA binding
sites and specific molecular interactions with the exit site tRNA. It reveals atomic details of the subunit interface, which is
seen to remodel strongly upon rotational movements of the ribosomal subunits. Furthermore, the structure paves the
way for analysing antibiotic side effects and diseases associated with deregulated protein synthesis.

Ribosomes form the hub of translation across all kingdoms of life,
synthesizing proteins using an mRNA template. An interesting con-
cept that has emerged from previous ribosome structures is its layered
evolution, with a conserved core across all species comprising the
catalytic peptidyl transferase centre (PTC) and GTPase- (guanosine
triphosphatase) associated centre in the large ribosomal subunit, and
the decoding centre in the small subunit1. The exceptionally complex
ribosomes of multicellular eukaryotes contain additional rRNA com-
ponents, termed expansion segments (ES), and additional protein
moieties as compared to their prokaryotic counterparts. The human
ribosome (80S) has a molecular weight of 4.3 MDa: the large subunit
(60S) consists of 28S, 5S and 5.8S rRNAs and 47 proteins, while the
small subunit (40S) possesses a single 18S rRNA chain and 33 pro-
teins. The structures of mammalian cytoplasmic ribosomes have pro-
vided locations and folds of all eukaryote-specific components1–7. A
recent structure of the human ribosome at an average resolution of
,5.4–6.0 Å provided useful insights1; however, structural data closer
to 3.0 Å resolution are required to derive an atomic model of the
human ribosome, the ultimate goal of eukaryotic ribosome structural
studies. The ribosome is a target for various human diseases (notably
infectious diseases and cancer), which gives a structure at or around
3.0 Å resolution added medical importance, especially with regard to
the growing problems of antibiotic resistance and drug therapy side
effects.

Over the past year, structure determination of asymmetric objects
such as the ribosome by single-particle cryo-electron microscopy
(cryo-EM) has reached the 3–4 Å resolution range (for example, refs
8–11), owing largely to improved electron detectors12–14. Nevertheless,
the potential of cryo-EM-associated atomic model building and
refinement procedures as used in the field of X-ray crystallography
has not been fully exploited, especially in terms of structure refine-
ment of large macromolecular complexes. Here we present the near-
atomic structure of the human ribosome determined using high-reso-
lution electron microscopy and a direct electron detector (comple-
mentary metal oxide semiconductor (CMOS) detector with a back-
thinned direct detection device (DDD) sensor) in combination with
recent developments in image processing (dose fractionation and
movie processing), 3D reconstruction and atomic model building

using crystallography refinement procedures. The structure of the
human 80S ribosome provides unprecedented insights into rRNAs
and ribosomal proteins down to the level of individual residue side
chains, inter-subunit contacts, functionally relevant key regions
including the PTC and the decoding region, interactions with the
tRNA present in the exit (E) site, and potential ligand-binding pockets.
These can be further exploited for the molecular description of anti-
biotic and other potential drug pockets.

Structure determination
Human 80S ribosomes from HeLa cells were prepared using a recently
established protocol15 that yields highly homogenous samples of crys-
tallizable quality and which contain a tRNA in the E-site; however,
X-ray diffraction of these crystals was limited to ,25 Å (ref. 15). The
combination of highly homogenous samples with on-site advanced
single-particle cryo-EM imaging techniques (including movie proces-
sing done here with only 3 frames) produced a structure at near-
atomic resolution (Fig. 1). While the average resolution is estimated
to ,3.6 Å (Extended Data Fig. 1), local resolution calculations (Fig. 2)
show that most regions are between 2.4 and 4.6 Å resolution, with
significant components at 2.9 Å (see features in Extended Data Fig. 2),
and only decrease to ,6 Å in the more flexible regions at the peri-
phery. An atomic model of the human ribosome was obtained by
extensive model building and restrained parameter refinement pro-
tocols16 (see Methods). We combined this approach with a recent
development in the field of X-ray crystallography called feature-
enhanced map (FEM17), which robustly increases the interpretability
of maps. For the first time, FEM map calculations were used in the
context of cryo-EM maps for structure interpretation (Fig. 2c, d),
which for the well-ordered regions of the human 80S ribosome show
resolution and features that go beyond those of the original cryo-EM
map. Final electron density maps were calculated by combining
phases of the refined atomic model and Fourier coefficients derived
from the cryo-EM map, as is routinely done in the crystallography
field, yielding further improved maps with features clearly beyond 3 Å
resolution (Fig. 2e and Extended Data Figs 3 and 4). This observation
indicates that useful amplitudes are present in the cryo-EM data
beyond the average resolution estimated by Fourier-shell correlation.
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The final atomic model (Fig. 1) comprises ,220,000 atoms across the
5,866 nucleotide residues and ,11,590 amino acids of the 80 proteins,
the 4 rRNAs and E-site tRNA, and 239 Mg21 ions.

Description of the overall structure
The overall structure shows the common landmarks of the 40S and
60S ribosomal subunits (Fig. 1). Compared to the yeast ribosome2,18,
the human ribosome contains an additional protein, eL28 (ref. 1). We
observed additional densities corresponding to the carboxy terminus
of uS2 (residues 209–222) and also redefined the globular structure of
protein eS17 (residues 72–93) in the 40S subunit (Extended Data Fig.
5). The present structure represents a pre-translocation state in which
the 40S subunit is non-rotated (Fig. 3); this non-ratcheted state is
similar to the yeast ribosome2, while the recent human and porcine

ribosome structures exhibit essentially the same post-translocation
conformation due to the presence of elongation factor eEF2 (refs 1,
8). The present conformation is consistent with the presence of a
tRNA molecule in the E-site and the movement of the L1 stalk
towards the core of the ribosome. The L1 stalk rRNA interacts with
the tRNA close to the elbow region, as observed earlier for the 70S
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Figure 1 | Overall structure of the human 80S ribosome. a, b, Global views of
the 80S human ribosome from the solvent sides of the 60S and 40S subunits
(a) and from the inter-subunit interfaces with ribosomal proteins indicated on
the atomic model (b) (backbone representation; proteins uS14, eS21, eL13,
eL21, uL24, eL32, eL33, eL37 and eL39 further inside the structure are not
labelled).
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Figure 2 | Local resolution and electron density maps. a, b, Local resolution
estimation of the cryo-EM map (central section) and histogram distribution
of resolution values. c, d, Comparison of cryo-EM (c) and FEM (d) maps
(arrows highlight regions with improved density). e, Example of electron
density map obtained by combining amplitudes derived from the cryo-EM map
and phases calculated from the iteratively refined atomic model (Phenix map
calculation), illustrating the interactions of ribosomal protein uL2 with 28S
rRNA. f, Example of the definition of side-chain residues (Phenix map)
forming a ligand-binding pocket (here modelled with blasticidin, a nonspecific
antibiotic) as required for structure-guided drug design purposes.
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Figure 3 | Conformational changes of the human ribosome. a, Comparison
of the human ribosome structure in the pre-translocation state (present study,
pink 40S, grey 60S) and in the post-translocation state (when factor eEF2 is
present, cyan 40S, porcine ribosome), revealing three major types of movement.
b, c, Illustration of large conformational changes of protein eL24 (eB13) and

eL19 (eB12) occurring upon 40S subunit rotation. The C-terminal helix of eL24
is relocated to interact with a different region of the 18S rRNA. eL19 undergoes
a structural transition from a straight (green, post-translocation state1,8) to a
bent protein helix (pink, pre-translocation state, present study).
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ribosome19–22. In contrast to the previous human and porcine ribo-
some structures, the 40S subunit head shows a swivel movement away
from the 60S, which leads to a partial closure of the latch region (Figs 1
and 3a). This could be related with the fact that the mRNA channel is
empty, that is, it contains neither mRNA nor protein factors involved
in ribosome starvation, in contrast with previous yeast and human
ribosome structures1,2. In summary, the 40S subunit undergoes three
characteristic types of conformational changes: (1) a universal rota-
tion similar to ‘ratcheting’ in bacterial ribosomes23; (2) a swivel move-
ment of the 40S head and beak regions in the direction of the tRNA
E-site; and (3) a rotation of the 40S body around a vertical axis per-
pendicular to the classical rotation axis termed ‘subunit rolling’ (not
observed in bacterial ribosomes, but recently described for a eukar-
yotic complex24; Fig. 3a). The subunit rolling leads to a slight opening
of the ribosomal subunit interface (discussed below) on the side of the
factor entry site where ribosomal GTPases bind. In this context, it is
also interesting to note that relatively large crevasses and gaps exist
between the different structural domains of the 18S rRNA, which
could serve to accommodate conformational changes of the 40S
throughout the translation process.

The transition from a pre- to a post-translocation state induces
several major rearrangements in the structure, highlighted by ribo-
somal proteins eL24 and eL19 (Fig. 3b, c), which constitute some of
the characteristic eukaryote-specific bridges (eB12 and eB13, anno-
tated in Fig. 4). The C-terminal part of eL24 relocates entirely and
forms a new interaction site on the 40S subunit with ribosomal pro-
tein eS6 and 18S rRNA (Fig. 3b). In the case of eL19, a long protein
helix protrudes from the 60S subunit to cross over to the 40S subunit.
This is one of the rare 60S components (apart from the L1 region) that
strongly changes conformation upon subunit rotation. The
C-terminal helix of eL19 is kinked in the pre-translocation state
(and extends by another seven residues), while it is straight in the
post-translocation state (Fig. 3c). This conformational transition
results in formation of salt bridges between the positively charged
Arg172 and Arg176 side chains of protein eL19 and the phosphate
moieties of 18S rRNA nucleotides G909 and G910 (Fig. 3c).

Inter-subunit interface
The present structure highlights some of the characteristic inter-
subunit contact sites in more detail with respect to the molecular
interactions between the rRNA and protein residues involved. The
interface comprises a series of contact regions that have been anno-
tated (Fig. 4, summarized in Extended Data Table 1) according to the
nomenclature used for inter-subunit bridges of the yeast ribosome2

(extended by two new bridges eB15 and eB161, not seen in the present
structure). The core of the contact interface is formed by helix H69
(28S rRNA, A3766 region; ‘h’ and ‘H’ are used to number rRNA
helices of the small and large subunits, respectively) from the 60S

subunit which interacts with helix h44 (18S rRNA, G1849 region;
Fig. 4) to form bridges B2a and B2b, close to the universal rotation
axis (Fig. 3a) around which the ribosomal subunits rotate forward and
backwards during the tRNA translocation process, as seen in prokar-
yotic and eukaryotic ribosomes22,23,25,26. Among the known inter-
subunit bridges, B7b/c and B8 are not observed in the present human
80S ribosome (not including contact-mediating ions such as Os in the
yeast 80S structure or Mg21), while the bridge eB8 contact is mediated
by eS1 and eL8, in contrast with the yeast 80S ribosome2, where eL43
replaces eL8. Furthermore, there is an additional B2e bridge present as
observed previously24. It is remarkable that a noticeable gap exists
between the 40S and 60S subunits in the region below the factor
binding site, which is related possibly with the vertical rotation of
the 40S subunit and a slight opening of the interface (Fig. 3a). In
contrast to other contact regions, there are only few densities observed
in the inter-subunit space, which could be ions such as Mg21. In gen-
eral, five contact types are observed: ribose–ribose, ribose–phosphate,
ribose–base, protein–base and protein–protein interactions (Fig. 5).
Below, we highlight some of the most prominent examples of inter-
subunit contact regions in the human ribosome.

A particularly interesting contact type are the interactions
mediated by ribose moieties, with the 29-OH groups of the rRNA
backbone sugar moieties playing a key role rather than the charged
phosphate groups of the rRNA backbone (Fig. 5a). The 29-OH groups
are offset, leading to a bifurcated hydrogen-bonding pattern. This
pattern is distinct from sugar-edge (ribose-base) interactions27 and
somehow similar to that of protein b-sheets involving the carbonyl
backbone28–30. This leads to a characteristic ribose–ribose interface
involving mostly hydroxyl groups of the sugar moieties, as illustrated
by the interactions of the 29-OH groups of nucleotides A1719, A1815
and G1816 (18S rRNA helix h44) with the 29-OH groups of nucleo-
tides G3806, A3807, C3794 and A3795 (28S rRNA helix H71; Fig. 5a).
Similar ribose–ribose interactions exist between ribose moieties in the
subunit interface of bacterial ribosomes31–33. These ribose–ribose con-
tact regions differ from other regions of the interface in which a
significant amount of interactions occur through Mg21-mediated
phosphate–phosphate electrostatic interactions, while the bridges
located more at the periphery operate through direct hydrogen bond-
ing rather than being mediated by Mg21 (for example, uS13–uL5,
Fig. 5, or the eukaryote-specific eL19 and the 18S rRNA 910 region;
Fig. 3b, c). This difference could explain the observation that the
biochemical stability of eukaryotic ribosomes is much less Mg21-
dependent as compared to bacterial ribosomes, and much more
dependent on K1 ions, consistent with the idea that potassium is
required for inter-subunit stability while Mg21 ensures proper
rRNA folding15,34–36. Characteristic protein–RNA interactions exist,
for example, between 18S rRNA region 1173 and the amino-terminal
helix of protein eL41 and involve phosphate group interactions with
positively charged residues (Arg and Lys; Fig. 5b). Other examples of
interface remodelling are regions of the ribosomal subunit interface in
which rRNA ribose and Mg21-mediated contacts sites are also seen to
switch positions upon rotation of the ribosomal subunits. This
involves rearrangement of the interface and Mg21-ion repositioning
(for example, bridges B2b, 1848 nucleotide region of 18S rRNA, and
phosphate backbone of nucleotide 1070; solvent channels with resid-
ual densities for more potential ions are found right below the E-site
tRNA binding site).

Owing to the conformational difference of the structure as com-
pared to previous human and porcine ribosome structures, numerous
contact sites are shifted or completely rearranged. Apart from the two
examples of bridges eB12 and eB13 described above that involve
major conformational changes of the involved proteins, another
prominent example is that of bridge B1b/c (Fig. 5c). This contact is
located between the central protuberance of the 60S and the 40S head
and involves ribosomal proteins uL5 and uS13 (Fig. 5c). Rather than
operating through large conformational changes of parts of the
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Figure 4 | Ribosomal inter-subunit bridges. Annotation of the inter-subunit
bridges at the interface of the 40S and 60S subunits (rRNA in light grey,
ribosomal proteins in dark grey, colour-coded bridges are indicated).
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proteins, this bridge rearranges through a protein shift that is amp-
lified at the periphery of the 40S subunit when rotating. Upon subunit
rotation and 40S head swivelling the molecular interactions between
uS13 and uL5 are completely remodelled and the interacting residues
of uS13 shift by about 23–26 Å (Ca atom of Arg14 and Arg104,
respectively). In the pre-translocation state, Ile113 and Lys118
(uL5) contact the side chains of Arg14 and Gln10 (uS13). By contrast,
in the post-translocation state as observed in the previous human and
porcine ribosome structures, this bridge is formed by Tyr119 of
uL5 with Arg108 of uS13 (see schematic in Fig. 5c); the large shift
allows additional interactions between uL5 and uS19 to be formed.
Similar rearrangements have been observed in yeast and Escherichia
coli ribosomes2,31,37.

tRNA binding sites and molecular recognition in E-site
The present human 80S ribosome contains a co-purified tRNA in the
E-site, which is well-defined in the cryo-EM map and appears to
stabilize the L1 stalk (Fig. 6a). Comparison with other E-site tRNA
structures shows that its conformation is different in the anti-codon
loop regions of the decoding stem, while it is similar at the CCA end of
the acceptor stem (Fig. 6b). The tRNA is found in the classical E/E
state consistent with the pre-translocation state of the ribosome, while
it is observed in a P/E hybrid state in the porcine ribosome8,38,39 (the
presence of tRNA at each of these sites is annotated as E/E or P/E, with
the first symbol denoting the contact with the small subunit and the
second referring to the large subunit). On the 60S subunit, the E-site
tRNA interacts with the L1 stalk oriented inwards, and with the L1
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protein at the level of the tRNA elbow. The L1 stalk rRNA interacts
with the tRNA close to the elbow region and at the top of the decoding
stem (Fig. 6a). The CCA end exhibits specific interactions in a ligand
pocket, formed by G4370 and G4371 of the 28S rRNA and ribosomal
protein eL32 (Fig. 6c). A76 of the tRNA intercalates between bases
G4370 and G4371, while C75 forms p-stacking interactions with
Tyr41 of eL32 (Fig. 6c). The existence of molecular recognition events
in the E-site binding pocket is an interesting observation considering
that the tRNA behaves as a reaction product, which maintains specific
interactions with the enzyme, after the transfer of the nascent peptide
to the new P-site tRNA during the translation process. These specific
interactions are present although the tRNA probably is a mixture of
co-purified tRNAs, suggesting that these interactions are common to
all tRNA, consistent with the universal conservation of the CCA end
sequence40. The binding pocket of the tRNA CCA end overlaps with
the binding site of the antibiotic cycloheximide known from the yeast
ribosome41. On the 40S side, the E-site tRNA decoding stem fits into a
pocket formed by protein uS7 and bases G961, A1641 and C1684 of
the 18S rRNA (Extended Data Fig. 6). Although details of the ribo-
some interactions with the anti-codon cannot be resolved, their pres-
ence suggests that interactions with the mRNA are partially released
in the E-site as seen previously in 70S crystal structures42.

While the A- and P-sites are empty in the present structure, the two
binding pockets are precisely preformed with many structurally well-
ordered side chains for molecular recognition of the tRNA molecules.
Exceptions to this are A4548 (28S rRNA helix H93, part of the PTC,
corresponds to A2602 in E. coli) and the central part of protein uL16
that forms a loop (residues 101–117), which are essentially disordered
in the P-site (while the C-terminal part of uL16 located in the A-site is
fully defined; Extended Data Fig. 6). This suggests that these compo-
nents of the P-site pocket actively accommodate the tRNA acceptor
stem and CCA end upon binding and become structurally ordered (in
the presence of a P-site tRNA the loop interacts with bases 1 and 2 of
the tRNA)43.

The structural stabilization upon substrate binding also applies to
helix H69 on which the P-site tRNA decoding stem lodges, and to
U4452 in the PTC. H69 shows some structural disorder, while 18S
rRNA helix h44 with which it forms bridge B2a is well ordered. Thus,
P-site tRNA binding is likely to reinforce inter-subunit interactions
across this bridge through the stabilization of H69, consistent with the
idea that P-site tRNA binding stabilizes the fully assembled 80S com-
plex, which is required for translation initiation44–46. Similarly, nuc-
leotide U4452 of 28S rRNA at the entry of the peptide exit channel is
disordered in the absence of growing peptide, while all side chains
forming the peptide channel through the 60S subunit are well ordered.
U4452 is located at a potential branching point of the peptide channel,
suggesting that this residue could serve as a gatekeeper to correctly
orient the early growing nascent peptide.

Regarding the A-site, all ribosomal residues including nucleotides
U4501, U4500 and G4499 (helix H92 of 28S rRNA) are well defined
and pre-oriented for base-pair interactions respectively with the com-
plementary C74, C75 and A76 nucleotides of the tRNA, with U4438
(H89 of 28S rRNA) prepared for recognition of A73 of the tRNA. On
the 40S subunit, the decoding centre is entirely pre-formed including
most side chains. The universally conserved nucleotide residues A1824
and A1825 of 18S rRNA helix h44 (A1492 and A1493 in E. coli num-
bering) are not resolved well enough to designate their position as
flipped-in/out, which is known to be important for decoding47.

Outlook
This work provides, to our knowledge, the first high-resolution struc-
ture of the human 80S ribosome with unprecedented insights into
rRNA and amino acid residues, including detailed side-chain positions
and conformations. It reveals the basis of molecular recognition
through hydrogen bonding between ribosomal RNAs and/or protein
moieties within the entire ribosome structure, at the level of the exit site

tRNA and within the subunit interface, which is seen to remodel upon
rotation of the ribosomal subunits. Comparison of the pre- and post-
translocation states illustrates how inter-subunit bridges have a marked
impact on the dynamics of the human ribosome and provides atomic
details about subunit interface rearrangements. While the present ribo-
some complex contains only an E-site tRNA for which detailed inter-
actions are described here, its structure constitutes a reference for
future functional complexes with ribosomal factors such as mRNA,
tRNA and associated protein factors, either directly involved in the
translation mechanism or implicated in general translation regulation.
Biochemically, the present human 80S ribosome samples will be better
suited for forming functional complexes because they do not contain
any hibernation or starvation factors such as Stm1 (ref. 2) or serpine 1
mRNA-binding protein 1 (SERBP1)1, located within the path of the
mRNA in previous human and yeast ribosome structures.

Another important aspect is that, for drug design purposes, it is
crucial to work with the human target rather than with that of related
model systems because of unpredictable effects such as second layer
residues around ligand-binding pockets, which can modify the inter-
action pattern of the primary contacting residues or open new pockets
by conformational changes of side chains. Our structure provides a
valuable repertoire and molecular description of antibiotic binding
pockets (Fig. 2f) and other new potentially druggable ligand-binding
pockets, which can serve as a basis for structure-guided computer-
assisted drug design, in silico screening and structure determination of
complexes with pharmaceutically relevant ligands. In this respect, we
foresee two major applications: (1) reducing side effects of current
antibiotics by improving drug specificity; and (2) developing new
anticancer agents that target the human ribosome to specifically
reduce the elevated protein synthesis rate of cancer cells that makes
them a primary target over normally growing cells. The present high-
resolution human ribosome structure will hopefully provide new
opportunities in drug developments directly relevant for human
health.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size.
Purification. Human 80S ribosomes were prepared from HeLa cells, purified to
homogeneity and characterized biochemically as described earlier15. Briefly, the
HeLa cells were lysed and the cytosolic extract was then loaded onto 30% sucrose
cushion for overnight centrifugation. The ribosomal pellet was treated with pur-
omycin before the final step of sucrose gradient and PEG precipitation.
Concentration of purified 80S was calculated using 1 A260 unit corresponds to
20 pmol of 80S ribosome.
Data collection. Freshly prepared human 80S ribosomes (2.5 ml of a 0.5 mg/ml
solution) were applied to 300 mesh holey carbon Quantifoil 2/2 grids (Quantifoil
Micro Tools, Jena, Germany), blotted with filter paper from both sides in the
temperature- and humidity-controlled Vitrobot Mark IV apparatus (FEI,
Eindhoven, Netherlands, T 5 20 uC, humidity 95%, blot force 5, blot time 0.5 s)
and vitrified in liquid ethane pre-cooled by liquid nitrogen. Data were collected
on the in-house spherical aberration (Cs) corrected Titan Krios S-FEG instru-
ment (FEI, Eindhoven, Netherlands) operating at 300 kV acceleration voltage and
at a nominal underfocus of Dz 5 20.6 to 24.5 mm using the second-generation
back-thinned direct electron detector CMOS (Falcon II) 4,096 3 4,096 camera
and automated data collection with EPU software (FEI, Eindhoven, Netherlands).
The microscope was carefully aligned as well as the Cs corrector. The Falcon II
camera was calibrated at nominal magnification of 59,0003. The calibrated
magnification on the 14 mm pixel camera was 127,2723 resulting in 1.1 Å pixel
size at the specimen level. The camera was set up to collect 3 frames (start from
the second one) out of 17 possible, plus one total exposure image. Total exposure
time was 1 s with a dose of 60 ē Å22 (or 3.5 ē Å22 per frame) (where ē specifies
electrons).
Image processing. Before particle picking, stack alignment was performed, which
included three frames and total exposure image (total four images in the stack).
These four images in the stack were aligned by the whole image motion correction
method13. Thereafter, an average image of whole stack was used to pick 75,000
particles semi automatically using EMAN2 Boxer48, and the contrast transfer
function of every image was determined using CTFFIND349 in the RELION
workflow50. 2D classification was used to remove bad particles (18,500) and
particle sorting was done by 3D classification using 6 classes starting from
56,500 particles, resulting in two dominant classes with 10,000 and 45,000 part-
icles in rotated and non-rotated ribosome conformations, respectively (Extended
Data Fig. 7); the subpopulation of the rotated ribosome contains elongation factor
eEF2 and the ribosome is in a conformation similar to that of the previous lower-
resolution human ribosome structure1. For the first steps of refinement, images
were coarsened by 2 (C2-images) and 4 (C4-images) using RELION. The initial
2D classification was done with the C4 images, followed by splitting of the
different states of the ribosomes using C2 images. Only once the states were
clearly separated, uncoarsened (C1) data was used. During the last step of refine-
ment, only close to focus data up to defocus 21.4mm (about 24,000 particles) was
used. At the very last step, the ‘movie processing’ procedure as implemented in
RELION 1.3 version was used with the 3 frames included in the calculations as
individual frames. A post-processing procedure implemented in RELION 1.2
(ref. 50) was applied to the final maps for appropriate masking, B-factor sharpen-
ing and resolution validation to avoid over-fitting51. In this procedure, the appro-
priate B-factor was determined according to ref. 52. The resolution was estimated
in RELION50, according to the ‘gold standard’ Fourier shell correlation
(FSC 5 0.143)52,53 (Extended Data Fig. 1), indicating an average resolution of
3.6 Å. After calculating local resolution values with ResMap54 some regions are
shown to reach ,2.4 Å resolution in the best cases, and up to 6 Å in the more
flexible regions. In general, the 40S subunit appears more flexible resulting in
some less well-defined regions at lower resolution as compared to the core of the
60S subunit, which is structurally more stable with the exception of the ES, L1 and
P-stalk regions. Map interpretation was done using Chimera55 and COOT56

starting from the available atomic models1,8. For this, starting atomic models of
human and porcine ribosomes1,8 were placed as individual subunits, rebuilt and

the RNA and protein sequences modified according to the human gene sequence.
Most ribosomal proteins have about 95–100% conserved sequences in mammals
except eL43, eL29, uL29, eL14 and eL6, which were rebuilt with the human
sequences (ribosomal proteins follow the new nomenclature57). The atomic
model was refined against the experimental map using Phenix58, which included
real space refinement, positional refinement, grouped B-factor refinement and
simulated annealing. FEM maps were used for structure interpretation and fine-
tuning the positions of side-chain conformations throughout the entire structure
by manual model building, followed by simulated annealing protocols. We mon-
itored the refinement process with R-factor values to avoid over-fitting, and
refined the entire 80S structure at once (to ensure proper distance restraints
between residues throughout the structure, notably at the subunit interface) by
simulated annealing using parallel computing, rather than refining each protein
subunit individually as for the recent porcine ribosome structure8. The R-factor
value of the refined structure (35.7%) compares well with that of crystal struc-
tures58 showing that the atomic model is well refined compared to crystallography
standards. The final atomic model comprises ,220,000 atoms (excluding hydro-
gens) across the 5,866 nucleotide residues and ,11,590 amino acids of the 80
proteins and the 4 rRNAs (28S, 5S, 5.8S and 18S; excluding certain expansion
segment rRNA which are only partially visible at the periphery of the structure
probably due to conformational heterogeneity) and 239 Mg21 ions. The structure
extends the completeness of the recent porcine ribosome structure at the level of
several regions, such as the position of some rRNA segments (however, most
rRNA expansion segments remained poorly defined). This includes the region of
the L1 rRNA stalk and the L1 protein that could be completed; albeit at lower local
resolution, this region is rather well ordered due to the presence of a tRNA in the
E-site, which was fully built in the atomic model. Side chains in various sites and
pockets are largely well defined (for example, tRNA sites, PTC, decoding site,
peptide channel, mRNA channel), unless they become ordered upon substrate
binding (see main text); interestingly, the a-sarcin-ricin loop region (rRNA helix
H91) is entirely ordered even in the absence of ribosomal GTPases (including the
A4605 region, which is catalytically relevant for GTPase activation and the non
base-paired G4600 located next to the G-domain of factors). Protein residues of
the final atomic model show well-refined geometrical parameters (allowed
regions 22.5%, preferred regions 67.9% and 9.5% of outliers in Ramachandran
plots, r.m.s. bond deviations of 0.008Å and angle deviations of 1.24u, which
compare well with values observed for refined crystal structures). Figures were
prepared using the software Chimera55 and Pymol60.
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Extended Data Figure 1 | Resolution estimation. The average resolution of the cryo-EM map as estimated from Fourier shell correlation according to the 0.143
criterion.
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Extended Data Figure 2 | Features of the refined cryo-EM 3D reconstruction. Final cryo-EM map of the peptidyl-transferase centre region illustrating the high
level of details observed.
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Extended Data Figure 3 | Typical electron density map regions of the human ribosome structure. These final electron density maps were obtained by
combining experimental amplitudes derived from the cryo-EM map and phases calculated from the iteratively refined atomic model, as done in standard
refinement procedures in X-ray crystallography (see main text).
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Extended Data Figure 4 | Comparison of maps determined by cryo-EM and X-ray crystallography. Top and middle, cryo-EM map and Phenix map of the
human 80S ribosome (this study, A4546 region); bottom, crystal structure of a 70S ribosome at 2.8 Å resolution59 (corresponding A2600 region).
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Extended Data Figure 5 | Ribosomal protein structures. a, b, Structure of ribosomal proteins uS2 and eS17.
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Extended Data Figure 6 | The decoding centre on the 40S. a, Contact regions
of the E-site tRNA on the 40S subunit. b, Catalytic PTC region of the ribosome,
highlighting the partial structural disorder of a region of protein uL16 (loop),

and disorder of residue U4548 (28S rRNA) in the absence of P-site tRNA, while
all other residues are well-ordered. This suggests that the P-site pocket is largely
pre-defined while U4548 and the loop participate in tRNA accommodation.
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Extended Data Figure 7 | Particle sorting scheme. Particle sorting was done
by 3D classification using six classes starting from 75,000 particles, resulting in
two dominant classes with 10,000 and 45,000 particles, in rotated and non-

rotated ribosome conformations respectively; the highest-resolution close-to-
focus data set was refined using movie processing (see Methods).
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Extended Data Table 1 | Inter-subunit bridges and 60S and 40S residues involved in inter-subunit interactions

The contacting residues within 4 Å radius were selected using Contact (CCP4 suite of programs) and verified in the structure.
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