


therefore represent promising directions for
future study.

Conclusion. Given the ever-growing,
technology-driven data stream in today’s sci-
entific world, there is an increasing need for
tools to make sense of complex data sets in di-
verse fields. The ability to examine all potentially
interesting relationships in a data set—independent
of their form—allows tremendous versatility in
the search for meaningful insights. On the basis
of our tests, MINE is useful for identifying and
characterizing structure in data.
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The Structure of the Eukaryotic
Ribosome at 3.0 Å Resolution
Adam Ben-Shem,*† Nicolas Garreau de Loubresse,* Sergey Melnikov,* Lasse Jenner,
Gulnara Yusupova, Marat Yusupov†

Ribosomes translate genetic information encoded by messenger RNA into proteins.
Many aspects of translation and its regulation are specific to eukaryotes, whose ribosomes are
much larger and intricate than their bacterial counterparts. We report the crystal structure
of the 80S ribosome from the yeast Saccharomyces cerevisiae—including nearly all ribosomal
RNA bases and protein side chains as well as an additional protein, Stm1—at a resolution
of 3.0 angstroms. This atomic model reveals the architecture of eukaryote-specific elements
and their interaction with the universally conserved core, and describes all eukaryote-specific
bridges between the two ribosomal subunits. It forms the structural framework for the design
and analysis of experiments that explore the eukaryotic translation apparatus and the
evolutionary forces that shaped it.

Ribosomes are responsible for the synthe-
sis of proteins across all kingdoms of
life. The core, which is universally con-

served and was described in detail by structures
of prokaryotic ribosomes, catalyzes peptide bond
formation and decodes mRNA (1). However,
eukaryotes and prokaryotes differ markedly in
other translation processes such as initiation, ter-
mination, and regulation (2, 3), and eukaryotic
ribosomes play a central role in many eukaryote-

specific cellular processes. Accordingly, eukary-
otic ribosomes are at least 40% larger than their
bacterial counterparts as a result of additional ri-
bosomal RNA (rRNA) elements called expansion
segments (ESs) and extra protein moieties (4).

All ribosomes are composed of two subunits.
The large 60S subunit of the eukaryotic ribosome
(50S in bacteria) consists of three rRNA mole-
cules (25S, 5.8S, and 5S) and 46 proteins,
whereas the small 40S subunit (30S in bacteria)

includes one rRNA chain (18S) and 33 proteins.
Of the 79 proteins, 32 have no homologs in crys-
tal structures of bacterial or archaeal ribosomes,
and those that do have homologs can still harbor
large eukaryote-specific extensions (5). Apart from
variability in certain rRNA expansion segments,
all eukaryotic ribosomes, from yeast to human,
are very similar.

Three-dimensional cryoelectron microscopy
(cryo-EM) reconstructions of eukaryotic ribo-
somes at 15 to 5.5 Å resolution provided in-
sight into the interactions of the ribosome with
several factors (4, 6–8). A crystal structure of the
S. cerevisiae ribosome at 4.15 Å resolution de-
scribed the fold of all ordered rRNA expansion
segments, but the relatively low resolution pre-
cluded localization of most eukaryote-specific
proteins (9). Crystallographic data at a better res-
olution (3.9 Å) from the Tetrahymena thermo-
phila 40S led to a definition of the locations and
folds of all eukaryote-specific proteins in the
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small subunit (10). However, an atomic model
of the full eukaryotic ribosome is lacking. We
report here the complete structure of the 80S
ribosome from S. cerevisiae at a resolution of
3.0 Å.

Structure determination and content. Earlier,
we presented a lower-resolution model that was
based on x-ray data from a single crystal (9).
To extend the resolution of the electron density
maps, we collected data from 13 isomorphous
crystals (11). Improvements in crystal treat-
ment and data collection methodology were also
instrumental in obtaining a full data set at 3.0 Å
resolution (11) (table S1). Phases obtained from
the refined lower-resolution model were combined
with experimental single-wavelength anomalous
dispersion (SAD) phases derived from ~1400
osmium hexamine sites. The last round of model
refinement gave Rfree/Rwork = 22.8%/18.2%. The
final model consists of two ribosomes in the
asymmetric unit, termed ribosome A and B, that
differ markedly in the degree of rotation of 40S

relative to 60S (4° in A, 9° in B) and the extent
of 40S head swiveling (15.5° in A, 10.5° in B).

Ordered protein side chains were clearly vis-
ible in the electron density maps, and it was pos-
sible in most cases to distinguish between rRNA
purines and pyrimidines (fig. S1). Mass spec-
trometry analysis identified Stm1 as the only
nonribosomal component in our ribosome prep-
arations, and residues 9 to 176 of this protein
could be traced. The final model contains all 44
proteins that are absent in bacteria and all 35
universally conserved proteins, with the excep-
tion of the highly mobile L1, regions within the
P-stalk proteins, and residues located in dis-
ordered loops or tails (Fig. 1 and table S2). The
rRNA is modeled almost completely, except for
the major hairpin of ES27L, part of the L1 stalk,
and a small part of ES7L (Fig. 1 and tables S2
and S3). On the whole, the model includes
~90.5% of all ~13,000 ribosomal protein residues
and 95.5% of ~5500 rRNA residues. About 2000
metal ions are also present. To facilitate com-

parison between ribosomes from different species,
we use a simplified ribosomal protein nomen-
clature based on the names of protein families
(table S4).

Overall view of the 80S ribosome. An evo-
lutionarily conserved core of the ribosome can be
structurally defined by comparing the yeast 80S
model to its bacterial counterparts (Fig. 2A and
figs. S2 to S4) (12). The vast majority of the
~1.35MD of eukaryote-specific parts (350 kD of
rRNA expansion segments, 800 kD of proteins
absent in bacteria, and 200 kD of eukaryote-
specific domains within conserved proteins) are
located on the surface of the ribosome, envel-
oping the evolutionarily conserved core (Fig. 2
and figs. S4 to S6). The largest “patches” on the
surface that are relatively poor in eukaryotic ele-
ments, although not completely devoid of them,
are regions involved in core ribosomal functions
at the G protein–binding platform, the rim of
the peptide exit tunnel on 60S and around the
mRNA entry site on 40S (Fig. 2).

The two subunits differ markedly in the spa-
tial distribution of rRNA expansion segments
and eukaryote-specific proteins. In the small sub-
unit, most eukaryote-specific rRNA is concen-
trated at the bottomwhere the two largest expansion
segments, ES3S and ES6S, strongly interact. On
the other hand, the eukaryote-specific proteins in
this subunit are scattered all over its surface, so
there is only a weak correlation between the lo-
cation of rRNA expansion segments and that
of eukaryote-specific protein elements (10)
(Fig. 2B).

By contrast, in 60S the numerous expansion
segments form a nearly continuous ring that en-
circles the peptide exit tunnel and stretches from
the P-stalk side of the back to its L1 side. Most
eukaryote-specific proteins are associated with
elements of this ring, and their spatial distribution
has the same ring-like feature (Fig. 2B). Compar-
ison of 60S to the archaeal large subunit instead
of the bacterial one (figs. S7 and S8) leads to
similar conclusions.

Many of the eukaryote-specific extensions
to the conserved core proteins interact with the
rRNA expansion segments in the ring and serve
to structurally connect the ring to the core. In-
teractions between eukaryote-specific moieties on
the surface and those extending from the func-
tional centers might facilitate allosteric signal
transmission to regulate translation. The conserved
proteins that are associated with the polypeptide
exit tunnel—L22, L4, L23, and L29—are a
striking example (13). These proteins contain
long extensions, up to 140 Å in the case of L4,
that reach the periphery of 60S (Fig. 3A).

Abundance of nonhelical elements in rRNA
expansion segments. In prokaryotes, RNAhelices
are linked by regular double-stranded extensions
of neighboring helices (14, 15). In contrast, our
structure reveals that long linkers within sever-
al expansion segments form nonhelical elements.
Most of these elements are single-stranded stretches
that play a dominant role in the association of

Fig. 1. Architecture of the 80S ribosome. (A) Interface or “front” view of the 60S subunit (left) and
40S subunit (right). Landmarks include head, body (Bd), and platform (Pt) of 40S as well as central
protuberance (CP), L1 stalk, and P stalk of 60S. (B) Solvent-side or “back” view of the 60S and 40S
subunits.
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rRNA expansion segments with proteins (Fig.
3, B and C). Multiple interactions with several
proteins, using different binding modes, can be
packed within a short single-stranded stretch, as
exemplified by a fragment of ES39L (Fig. 3C).
The application of such stretches as a platform for
protein binding is reminiscent of the assembly of
Sm proteins onto the single-stranded Sm-site RNA
in spliceosome small nuclear ribonucleoproteins
(snRNPs) (16).

Eukaryote-specific clusters. Most eukaryote-
specific elements on 60S can be divided among
three areas along the ring: at the back of the P and
L1 stalks and around the central protuberance
(CP) (Fig. 2B). These areas, together with the
ES6S-ES3S cluster on 40S, represent the largest
concentrations of eukaryote-specific elements.
Comparing our yeast 40S structure to the one
from T. thermophila reveals only minor, mostly
species-specific, differences in rRNA structure
and protein fold (10). Therefore, as the small
subunit ES6S-ES3S cluster was previously de-
scribed (9, 10), we focus here on the three 60S
clusters.

Concentration of eukaryotic elements at the
back of the P stalk. ES39L emerges from the
back of the large subunit at the P-stalk side (Fig. 2B
and Fig. 4A) where, together with a eukaryote-
specific a helix in L3, it forms one of the con-
tact sites for the signal recognition particle that
targets ribosomes to the endoplasmic reticulum
membrane (17). The three rRNA helices that
constitute ES39L are linked by three stretches
of single-stranded rRNA that provide a platform
for binding several proteins. The contact between
ES39L and its neighboring expansion segment
ES7L is mediated by an A-minor interaction where
the adenosine stack is donated by ES39L, thereby
supporting the idea that the A-minor motif in-
dicates the relative age of its components (fig. S9)
(18, 19).

The long bent helix of ES7L encircles L14e
and forms extensive interactions with eukaryote-
specific proteins and with extensions in con-
served proteins (Fig. 4A). The tip of the ES7L
helix lies in close proximity to and probably
interacts with protein P0, a part of the P stalk that
participates in recruiting G proteins to the ribo-
some (20).

Additional binding partners of ES39L include
two core proteins, L3 and L6, with domains in
proximity to the sarcin-ricin loop (fig. S10)—an
element important in the association of G pro-
teins with ribosomes. Furthermore, L3 plays a role
in coordinating the processes of accommodating
the aminoacyl-tRNA in the peptidyl-transferase
center (PTC) (21), and L6 lines the binding pock-
et for eukaryotic elongation factor 2 (eEF2;EF-G
in bacteria) (22). Thus, ES39L links to functional
centers of the ribosome.

Interactions of L6 with protein L14e illustrate
a recurrent theme in the yeast ribosome: binding
of eukaryote-specific protein elements to con-
served ones through interprotein shared b sheets
(Fig. 4B). Because these interactions are medi-

ated by the backbones of the two proteins, they
pose weak constraints on the sequence of the
new element.

Concentration of eukaryotic elements at the
back of the L1 stalk. A cluster of four rRNA
expansion segments—ES20L, ES26L, ES19L, and
ES31L—is located at the back of the L1 stalk
(Fig. 2B and Fig. 4C). Both ES20L and ES26L
contain a long, narrow, strongly bent loop. The
two loops run parallel to one another, forming
multiple noncanonical base pairs and stacking
interactions (fig. S11). ES31L, which occupies a
central position in the cluster, is located opposite
the 40S mRNA exit site and forms part of the
intersubunit bridge eB8. It is physically anchored
to the base of the L1 stalk, a mobile element that
plays a role in evacuating the exit-site tRNA
(23), and this connection is reinforced via the
C-terminal helix of L8e (Fig. 4C). ES31L contains
two helices separated by a rRNA single-stranded
stretch, 10 residues in length, that serves as a
platform for protein-RNA interactions (Fig. 4, C
and D). The cluster of expansion segments har-
bors several eukaryote-specific proteins as well

as the eukaryotic extension of core protein L23, a
major component of the “universal docking site”
for factors involved in cotranslational targeting,
processing, and folding of the nascent chain (Fig.
4C and fig. S12).

Enhanced central protuberance. The CP, do-
minated by 5S rRNA and its surrounding pro-
teins, establishes the conserved physical contacts,
or bridges, between the large subunit and the
head of the small subunit. These contacts under-
go the most drastic rearrangement during the
rotation of the small subunit and swiveling of
its head (9). Because the CP also interacts with
functional sites on the large subunit, a role in
coordinating the activities on the two subunits
was proposed (9, 24, 25). In eukaryotes, the CP
has several additional elements, and its net-
work of interactions with functional sites on
the large subunit is considerably expanded (Fig.
4, E and F). An important contribution to this
network is due to protein L20e, which forms a
junction where multiple RNA elements, in-
cluding the dynamic P stalk and 5S, and several
different proteins meet. The seven proteins that

Fig. 2. Characteristics of the 80S ribosome surface. (A) Abundance of eukaryote-specific elements (in
red) on the solvent-side of both subunits. Conserved core elements are in gray. Most of the ribosome
surface is eukaryote-specific. (B) Distribution of eukaryote-specific protein moieties (yellow) and rRNA
expansion segments (red) around the conserved core (gray). Views are of 40S from the back and of 60S
from the back through the peptide exit tunnel. Protein moieties are represented by semitransparent
surfaces so that all rRNA expansion segments can be seen.
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bind L20e include components of core func-
tional centers that are located far apart (Fig. 4,
A and E).

The main rRNA additions to the CP are due
to ES9L, which consists of two coaxially stacked

helices (partially present in archaea) and to
ES12L, which emerges from the base of H38
(Fig. 4E). These elements run parallel to 5S rRNA
and squeeze between them the C-terminal helix
of the eukaryote-specific protein L29e, whose

N-terminal domain wiggles through the rRNA
core to reach the vicinity of the PTC and the base
of H89.

Eukaryote-specific bridges. The contact
points between the two subunits play an important

Fig. 3. Features of the rRNA expansion segments. (A) Extensions (in yellow) of
conserved exit tunnel proteins (gray) associate with rRNA expansion segments
(red). View of 60S is as in Fig. 2B, with the position of the exit tunnel rim
represented by a purple circle near the center. (B) The structure of ES39L,
colored according to its two-dimensional diagram (upper right), shows irregular
single-stranded rRNA elements (orange) and indicates residues within these

stretches whose exposed bases form interactions with surrounding proteins
(circles colored according to interacting protein). A rectangular frame is drawn
around the segment shown in (C). (C) Multiple interactions between proteins
and a single-stranded rRNA stretch. A short fragment of ES39L (blue) interacts
with L20e and L14e. Protein residues that stack with exposed bases are labeled;
hydrogen bonds are represented by dotted lines.

Fig. 4. Concentrations of eukaryote-specific elements along the 60S ring. (A
and B) The back of the P stalk: (A) overview; (B) interprotein b sheet between
the conserved L6 and the eukaryote-specific L14e. (C and D) The back of the L1
stalk: (C) overview; (D) the single-stranded stretch of ES31L (red) as a platform
for protein-RNA interactions. Side chains of a structurally conserved domain in

L2 that bind the eukaryotic rRNA element are depicted in blue. There are
considerable differences in the sequence of this domain between yeast and
bacteria. Evolution of conserved domains, as illustrated here, might result from
the addition of eukaryote-specific elements. (E and F) The central protuberance
region: (E) top view; (F) L20e forms multiple interactions with RNA and proteins.
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structural role, in addition to transmitting in-
formation between the subunits and helping to
coordinate their activities. The interaction surface
between the two subunits is nearly doubled in
eukaryotes because of the formation of addition-
al bridges (Fig. 5A). In virtually all the added
bridges, nearly all the participating components
on both subunits are eukaryote-specific. Proteins
play the dominant role in forming the eukaryote-
specific bridges, in sharp contrast to bacteria (26).

We describe here the molecular details of all ma-
jor eukaryote-specific bridges (Fig. 5, figs. S13
and S14, and table S5).

Bridge eB8 is constructed by the eukaryote-
specific protein S1e, which defines the far end of
the 40S platform and ES31L (Fig. 5, B and C). In
ribosome A, the bridge is formed via long-range
interactions that are mediated by either positive
ions or water molecules positioned between as-
partates of S1e and phosphate groups of ES31L.

The eukaryote-specific bridges are located at
the periphery of the ribosome, where rotation of
the small subunit results in large shifts. Hence,
adaptation of the bridges to different states of the
ribosome requires considerable structural plastic-
ity of their components, as illustrated here by
ES31L (Fig. 5B).

Just as the 60S component of bridge eB8,
namely ES31L, is structurally linked to func-
tionally important domains (Fig. 4C), so are

Fig. 5. Intersubunit bridges. (A) Interface view showing residues forming
eukaryote-specific bridges (red) and conserved ones (blue). (B) Rearrangement
of bridge eB8, showing the bridge in ribosome A (yellow) compared to that in
ribosome B (red). (C) The location of bridge eB8 in proximity to the mRNA exit
tunnel (arrow) and the location of bridge eB11 within a continuum of eukaryote-
specific elements at the bottom of 80S. (D) Protein L19e is involved in forming

bridge eB12. Residues of L19e that contact ES6S are shown as sticks. Asterisks
(along red ribbon) highlight ES6S residues in proximity to the eIF4G binding
site (29). (E) L24e extends from the 60S body to interact with S6e on the small
subunit. In (D) and (E), rRNA and protein residues involved in forming the
bridges are in red and orange in 40S and 60S, respectively. Lower right
corners show locations of the corresponding bridges within 80S.

Fig. 6. Stm1 interacts with both subunits and prevents mRNA binding.
(A) Stm1 (red) binds to 40S (blue) and 60S (yellow). (B) Top view of the
40S head and the CP of 60S, showing how Stm1 follows the mRNA path-
way until the P site. Dashed black line represents the path of mRNA ac-

cording to crystal structures of bacterial ribosomes (38). Rough locations
of A-, P-, and E-tRNA sites are indicated. (C) Stm1 interacts with con-
served rRNA residues (magenta) that bind mRNA or tRNA in functional
complexes.
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components on the 40S side. Protein S1e in-
teracts directly with h26, S11, and S26e, which
form part of the mRNA exit tunnel (Fig. 1 and
Fig. 5C). Furthermore, cross-linking experiments
resolved interactions between hepatitis C virus
(HCV) internal ribosome entry sites (IRES) and
protein S1e (27). Indeed, docking our 80Smodel
into cryo-EM maps of the HCV IRES attached
to human ribosomes (28) reveals that one of its
contact sites on the ribosome is established by
protein S1e.

Protein S8e is sandwiched between ES3S on
the small subunit and ES41L on the large subunit,
thus creating bridge eB11 (Fig. 5C and fig. S13).
ES3S is part of the expanded network of in-
teraction at the bottom of the small subunit that
includes ES6S, making S8e a link in a large con-
tinuum of eukaryote-specific elements, ~100 Å
in length, that begins on the platform of the small
subunit, just below the mRNA exit tunnel where
ES6S emerges (Fig. 5C).

The only eukaryote-specific bridge posi-
tioned at the center of the ribosome is bridge
eB14 (fig. S14). The bridge is formed by protein
L41e, which consists of a single a helix that is
enveloped by conserved core rRNA. L41e pro-
trudes from 60S into a binding pocket in the
small subunit, which is lined by helices h27, h45,
and h44, in proximity to the decoding center.
Curiously, in the context of the full ribosome,
L41e is much more strongly associated with 40S
than with 60S.

Bridges contacting 40S from the side. A dis-
tinctive feature of the eukaryotic large subunit is
two long protein helices extending from its left
and right sides. These helices—eukaryote-specific
additions to proteins L19e and L24e—create two
bridges, eB12 and eB13 respectively, that are not
buried within the intersubunit interface and are
accessible from the solvent.

Bridge eB12 appearing below themRNA exit
tunnel is mainly formed through multiple inter-
actions between several turns of the C-terminal a
helix of L19e and the base of helix E in ES6S
(Fig. 5D). The major part of the small-subunit
side of this bridge is established by ES6S res-
idues that were shown to lie in close proximity to
the binding site for eIF4G, a protein that plays a
central role in assembling the pre-initiation com-
plex (29). This suggests involvement of eB12 and
L19e in the last stages of translation initiation, in
particular, subunit joining and shedding/releasing
factors.

Protein L24e consists of an N-terminal domain
that resides in 60S, followed by a long flexible
linker that protrudes deep into the side of the
40S body and a C-terminal domain that reaches
the back of 40S (Fig. 5E). The strong interactions
of the C-terminal part of L24e with S6e and h10
constitute the bulk of bridge eB13. Comparison
of ribosomes A and B suggests that the L24e
C-terminal domain follows the movements of
40S, a feature facilitated by the protein’s flexible
linker, as if it were a bona fide 40S component.
This architecture of L24e should be considered in

light of the finding that L24e is a key player in
translation re-initiation of polycistronic mRNAs
and that its C-terminal domainmediates retention
of eIF3 on the ribosome, a necessary condition
for re-initiation (30–32).

The C-terminal helix of S6e harbors serines
phosphorylated by S6K1 of the TOR pathway
(33) and reaches the vicinity of ES6S helix B on
the back of 40S (fig. S15). Taking into account
the fact that we are missing the last 10 residues of
the S6e C terminus, the structure raises the pos-
sibility that S6e interacts with factors that
dock on ES6S or are involved in initiation or
re-initiation.

Stm1. Previous studies have shown that pro-
tein Stm1 can associate with full ribosomes and
inhibit translation, but the nature and role of these
interactions was unknown (34, 35). We find that
Stm1 binds the head domain of 40S and pre-
cludes mRNA access by inserting an a helix
through the mRNA entry tunnel (Fig. 6A). Fur-
thermore, Stm1 follows the path of mRNA until
the P site, contacting conserved residues from the
40S body that play a role in binding mRNA or
tRNA at the P and A sites of functional ribosome
complexes (Fig. 6, B and C). The protein then
crosses to the 60S through interactions mainly
with helix H84 and eventually exits 60S between
5S rRNA and protein L5 (Fig. 6A). Along its long
path, Stm1 contacts nine different ribosomal
proteins—one on 60S, eight on 40S. This confor-
mation of Stm1 clamps the two subunits, prevents
their dissociation, and further inhibits transla-
tion by excludingmRNAbinding. Stm1was shown
to play an important role in yeast recovery after
experiencing long periods of nutrient-deficient
conditions. Because we purified our ribosomes
fromyeast grown for a fewminutes under glucose
starvation conditions (9), we suggest that either
Stm1 binding or a conformational change of an
already bound Stm1 are induced by such stress.
Stm1 might act to preserve ribosomes and in-
hibit their activity until nutrients are abundant.
It is thus a functional analog of prokaryotic and
chloroplast stress-induced ribosome preserva-
tion proteins (36, 37).

Conclusion. The model presented here pro-
vides a molecular description of the complete
eukaryotic ribosome. It forms a framework for
the design and analysis of further experiments that
will shed light on diverse aspects of ribosome
function, regulation, and assembly as well as the
role of its eukaryote-specific elements.
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