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The ribosome is the two-subunit ribonu-
cleoprotein particle that translates the
genetic material into an encoded
polypeptide. The two subunits have dis-
tinct functions: the small subunit (30S in
bacteria) is the site of the codon–anti-
codon interaction between the messen-
ger RNA (mRNA) and the transfer RNA
(tRNA) substrates, and the large (50S)
subunit catalyzes peptide bond forma-
tion. The two subunits interact intimate-
ly in the 70S particle to coordinate
these events and to translocate to
the next codon on the mRNA
(Fig. 1). Electron microscopy has
identified the gross morpho-
logical features of ribosomal 
particles, and single particle cryo-
electron microscopy (cryoEM)
has revealed a higher resolution
view (15 Å) of ribosomes in the
presence of tRNAs and protein
factors1. Advances in the crystal-
lography of ribosomes have
promised an atomic level view of
the ribosome. Recently, landmark
structures of the 30S and 50S sub-
units at between 4.5 and 5.5 Å
resolution (refs 2,3; A. Yonath,
pers. comm.) and the 70S ribo-
some at 7.8 Å resolution4 have
begun to deliver on this promise
(Fig. 2), and to provide new
insights into ribosome function.
In the end, each of these studies
has a different focus, thus provid-
ing us with detailed information
on a number of functional
domains. Here we give an
overview of the details of these
new structuress, whetting our
appetites for the atomic resolu-
tion structures to come.

Although high quality diffracting crys-
tals of the ribosome have been available
for a number of years5,6, the technical
‘phase’ problem associated with the large
and asymmetric ribosome was finally
overcome by combining standard meth-
ods with high power synchrotron radia-
tion. This was no simple task, as the
ribosome and its subunits represent the

largest asymmetric structures solved by X-
ray crystallography. Now, for the first
time, double stranded RNA helices and
the α-helices of ribosomal proteins are
readily identified leading to exact place-
ment of a substantial number of riboso-
mal proteins and RNA domains within the
ribosomal particles. The resolution of the
subunit structures at ∼ 5 Å is sufficient for
the placement of previously solved protein
and RNA structures and  those elements

for which there is considerable biochemi-
cal information linking them to known
structures. However, the resolution is not
sufficient to directly trace the phosphodi-
ester backbone of the RNA chain or to
solve unknown protein structures. Thus,
the interpretations of these partial ribo-
some structures were only possible in the
context of the vast biochemical and genet-
ic database of the ribosome field.

The 30S subunit is composed of one
large rRNA (16S in Escherichia coli is
1,542 nucleotides (nt) long) and ∼ 20
proteins and has been the focus of
exhaustive biochemical, genetic and
structural analysis for several decades.
The 16S rRNA can be divided into
domains — the 5' domain, the central
domain, the 3' major and the 3'minor
domains (the penultimate stem) —
which have been, in turn, roughly

assigned to the body, the plat-
form, the head and the cleft of
the subunit, respectively (Fig.
2a). The relative placement of
each of the 21 proteins (of E.
coli) within the 30S particle was
possible by making use of the
neutron scattering studies7, and
the crystal or NMR structures
of seven previously determined
30S subunit proteins8.

In two studies, Clemons et
al.3 present a 5.5 Å structure
and Yonath and colleagues
(pers. comm.) present a 4.5 Å
structure of the eubacterial
Thermus thermophilus 30S sub-
unit. In the structure presented
by Yonath and coworkers (pers.
comm.), the resolution is high,
resulting in a striking view of
the subunit. A long RNA helix
on the subunit interface is pro-
posed to be the penultimate
stem of 16S rRNA (helix 44),
although the individual
nucleotide bases cannot yet 
be distinguished. The use of a
mercurated cDNA oligonu-
cleotide probe complementary
to the 3' end of 16S rRNA (act-

ing as a Shine-Dalgarno motif in an
mRNA) allowed for placement of the
anti-Shine-Dalgarno sequence in the
platform of the subunit. In addition, the
known structures of the S5 and S7 pro-
teins were fit into the electron density.
Although few of the components of this
30S subunit have been placed, the high
resolution of this structure foreshadows
the type of detailed information that will
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Several recently reported structures reveal the details of ribosome architecture and provide new  insights into
the mechanism of protein synthesis.

Fig. 1 Hybrid states model for the translational elongation cycle55.
tRNA binding sites on the 50S and 30S subunits are represented
schematically by upper and lower rectangles, respectively. The 50S
subunit is divided into A (aminoacyl), P (peptidyl) and E (exit) sites;
the 30S subunit is subdivided into A and P sites. tRNAs are represent-
ed by vertical bars and amino acids by small colored circles. mRNA is
represented as a green line bound to the 30S subunit. The direction-
al movement of the acylated and deacylated tRNAs through the ribo-
some, catalyzed by elongation factors EF-Tu and EF-G, during the
translational cycle is indicated. PT stands for peptidyl transfer.
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be obtained ultimately from atomic res-
olution structures.

In the 5.5 Å structure presented by
Clemons et al.3 (Fig. 2a), the resolution is
somewhat lower, but the number of ribo-
somal components that have been fit to
the electron density, some of them per-
haps only tentatively, is remarkable. The
30S proteins (S4, S5, S6, S7, S8, S15 and
S17) of known structure8 were positioned
in the electron density and another six
proteins (S2, S3, S11, S16, S18 and S20) of
unknown structure were placed into
regions of α-helical density based on neu-
tron scattering and biochemical data. S20
has been assigned to a three-helix bundle
in the bottom of the body of the subunit
that is easily traced in the electron density;
this placement is consistent with bio-
chemical data but not with neutron scat-
tering data. This assignment represents a
low-resolution structure for S20 consis-
tent with secondary structural predictions
based on its sequence. Thus, almost two-
thirds of the proteins of the small subunit
of the ribosome have been assigned, at
least tentatively, to regions of electron
density in a 5.5 Å map of the subunit.
When the assignments of the seven pro-
teins of known structure are compared
with the neutron scattering data, there is
general agreement when S15 is excluded
from this comparison. Placement of S15
on the solvent side of the subunit by neu-
tron scattering conflicts with biochemical
data9,10, and also with structural assign-
ments placing S15 at the interface of the
30S subunit11.

Tracing of the RNA chains in the elec-
tron density maps is difficult at this reso-

lution. First, there are few known struc-
tures of rRNA12–15 that can be fit directly,
as with the protein structures. Second,
although the connectivity of the RNA
secondary structure elements constrains
their positions, tracing of the backbone
at this resolution is difficult. Undaunted,
the authors have assigned approximately
one-third of the well-determined 16S
rRNA secondary structure to helical
regions of the 30S subunit density. The
fold of the entire central domain of 16S
rRNA (∼ 350 nt) was determined, and the
3' minor domain of 16S rRNA (the
penultimate stem) was assigned to the
long, protein-free, helical region extend-
ing from the cleft of the subunit down
the body at the subunit interface
(Fig. 3a). This stem, isolated at the inter-
face of the subunit, beautifully reveals
two strands of RNA, the major and
minor grooves of the RNA helix and the
bumps associated with the density of the
phosphate groups.

The central domain of 16S rRNA and its
associated proteins form the platform and
parts of the body of the 30S subunit. The
platform has conformational flexibility
with respect to other domains of the sub-
unit, which may be correlated to the struc-
tural movements of translation16–18.
Nucleotide numbering refers to the rRNA
sequence in E. coli, whereas helix number-
ing is sequential in the well-established
16S rRNA secondary structure. The cen-
tral domain of 16S rRNA contains the 690
and 790 (H23, H24) stem-loop regions
that have been implicated in subunit asso-
ciation (and as potential bridging compo-
nents)19,20 and the helical region H27 (900
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loop) that has been implicated in a con-
formational switch essential to the decod-
ing function of the 30S subunit21. Further,
there is considerable biochemical data
regarding the interaction between the S8
and S15 proteins and their 16S rRNA
binding sites22–25.

The central domain rRNA was fit
independently of the ribosomal proteins
into the electron density map of the sub-
unit. When the RNA and protein fits
were merged, both RNA–RNA and
RNA–protein interactions were evident,
highlighting the extent to which the vari-
ous elements of the ribosome are inte-
grated. The minor grooves of the 690
and 790 loops of 16S rRNA extend from
the platform into the subunit interface
poised for functional interaction with
the 50S subunit4 (Fig. 3a). The known
role of H27 in accuracy is consistent with
its location proximal to S5 (ref. 21) and
its intimate association with the penulti-
mate stem (H44) near the A-site decod-
ing region. These relative locations
suggest that translational accuracy may
be modulated by structurally coupled
movements of the decoding site and H27
rRNA elements. Previously identified
ram mutations in ribosomal proteins S4
and S5 (refs 26,27), which decrease
translational accuracy, occur on the pro-
tein–protein interface between these two
molecules. Direct RNA–protein interac-
tions are observed in many places — for
example, proteins S8 and S15 and the
RNA core of the central domain (the
three-way junction between H20-H21-
H22) form extensive interactions to sta-
bilize its structure.

Fig. 2 Electron density maps of the 30S, 50S and 70S ribosomal particles. a, Thermus thermophilus 30S subunit at 5.5 Å resolution3. The intersubunit
interface points towards the viewer. The head (H), platform (P), shoulder (S) and body (B) are indicated. b, Haloarcula marismortui 50S ribosomal sub-
unit at 5 Å resolution2. The subunit interface points towards the reader. RNA regions that have been fit are in yellow. The central protuberance (CP)
is indicated, as are the proteins and RNA that have been specifically fit to the density. c, Thermus thermophilus 70S subunit at 7.8 Å resolution4. The
30S subunit is in blue and 50S subunit is white. The head (H), platform (P), body (B), spur (SP) and shoulder (S) are indicated, as are contacts between
the head and platform (a and b). Proteins L1 and L7/12 regions on the 50S subunit are indicated.

a b c
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Perhaps the most striking feature of
the 30S subunit structure is the absence
of proteins from the subunit interface4

(Fig. 3). This RNA-rich interface must
modulate interaction between the two
subunits and the movement of tRNAs
through this channel. The extreme con-
servation in this functional interface
region is consistent with the fact that the
40S subunit of the eukaryote Artemia
salina can be combined in a functional
ribosomal particle with the 50S subunit
of the bacterium E. coli28,29. The fact that
this functionally critical interface is pre-
dominantly RNA supports the notion
that ribosomes were once RNA-only
machines.

The 50S subunit of the ribosome is
composed of two RNAs (5S in E. coli is
120 nt and 23S is 2,904 nt) and ∼ 30 pro-
teins. Because of its size and complexity,
the 50S subunit has presented a more
formidable barrier to experimental
analysis. The reconstitution of 50S sub-
units from the individual RNA and pro-
tein components is difficult30, hindering
structural and biochemical analyses that
were performed on the 30S subunit.
Further, there are incomplete neutron
scattering and biochemical data to posi-
tion the more than 30 proteins31. There
are, however, considerable biochemical
data on the peptidyl transferase region
that binds the 3' ends of tRNAs and on
the factor binding center (GTPase cen-
ter) where elongation, initiation and
release factors interact and initiate their
various translational processes. High
resolution structures have been deter-
mined for 10 different large subunit pro-
teins8,32, two RNA fragments (the
sarcin-ricin loop and 5S rRNA)33–36, and
two different RNA–protein structures
(L11 complexed with its 23S rRNA bind-
ing site37,38 and L25 complexed with a
fragment of 5S rRNA; M. Lu and T.A.
Steitz, unpublished results).

Ban et al.2 present a 5 Å resolution X-ray
structure of the 50S subunit of the archae-
bacterium Haloarcula marismortui. In the
50S structure there are deep crevices and
open spaces that appear to separate large
structural domains. The extent to which
these domains are flexible, allowing the
movements required for translation,
remains unknown. Some of the crevices
and channels that appear in the 50S sub-
unit have a clear role in translation.
Peptidyl transfer must occur in a solvent-
protected region of the ribosome to pre-
vent premature hydrolysis of the precious
peptidyl tRNA; the deep cleft below the
central protuberance provides such an
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environment. Similarly, a channel is
observed that connects the site where
cryo-EM structures placed the acceptor
end of fMet-tRNAfMet in the P site39 to the
site where the central pore of the Sec61
complex binds to yeast ribosomes40. This
site must represent the exit channel for
newly synthesized peptides. Remarkably,
in the heavy atom derivatives of Ban et
al.2, four different tungsten clusters align
in the contours of this channel, defining
its outer dimensions at ∼ 20 Å (Fig. 4).
Thus, even at a resolution of 5 Å, details
of the ribosomal structure that reflect on
its function are emerging. 

As in the structures of the 30S subunit,
RNA helices are readily distinguished in
this 5 Å structure, including a prominent
helix that extends along the rim of the
deep cleft where the peptidyl transferase
reaction occurs. The authors speculate
that this long helical element is com-
posed of a number of stacked short
helices emanating from different regions
of the 23S rRNA. In other areas, RNA
helices are seen lying side by side, recall-
ing the ribose zippers observed in the
crystal structure of the P4–P6 domain of
the group I intron41. Other specific RNA
motifs are also seen including GNRA
tetraloops and a backbone S-turn that
identified for these authors the previous-
ly solved sarcin-ricin loop (SRL) found
in domain VI of 23S rRNA33,34.

Finally, α-helices of proteins are readi-
ly distinguished, often allowing for the
more difficult placement of associated 
β-sheets. In this structure, 12 different
proteins have been located and the atom-

ic coordinates of five proteins (L1, L2,
L6, L11 and L14) have been fitted to the
density. In general, these proteins are
dispersed throughout RNA-containing
regions and appear to form interactions
with multiple regions of the rRNA —
acting as structural linchpins to orient
the RNA domains with respect to one
another. The relative lack of biochemical
data on many large subunit proteins cer-
tainly hinders the fitting at this resolu-
tion. Notably, while the RNAs of the
archael and eubacterial ribosomes are
quite homologous, some of the riboso-
mal proteins bear homology but others
do not. Thus, caution should be exer-
cised when comparing this higher reso-
lution 50S structure to that of the
bacterial 70S structure.

The focus of the 50S structure is the
placement of RNA and protein compo-
nents found in the factor binding cen-
ter — one of the most functionally
interesting regions of the large subunit
responsible for productive interactions
with the GTP motor proteins of the ribo-
some. Ban et al.2 used the following
approach. They first identified the loca-
tion of the SRL RNA. Then the proteins
L6, L11 and L14 proximal to the RNA
elements (the SRL and the 1070 and
1100 helices in of 23S rRNA) were fit
into the electron density at the base of
the L7/L12 stalk region. This region has
been implicated in interactions with
these proteins and with the elongation
factors of translation. In the map, there
is no electron density for the N-terminal
domain of L11 or for the L7/L12 stalk,

Fig. 3 The subunit interface between 30S and 50S particles is rich in RNA. a, Side view of the 30S
subunit structure3 with the fit RNA elements shown. The subunit interface is to the left. b, The
long penultimate stem is the site of many intersubunit contacts in the 70S ribosome4. The 30S sub-
unit is blue, the 50S subunit is grey, and penultimate stem is highlighted in dark blue.

a b
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consistent with a dynamic role for this
region in translation.

With a structure of the factor binding
center containing the three proteins (L6,
L11 and L14) and the two critical RNA
components (SRL and the 1070–1100
region of 23S rRNA), the authors mod-
eled the position of EF-G and EF-Tu,
based on a consideration of previous
low-resolution cryo-EM structures16,42

and existing biochemical data43. The
resulting model satisfies many of the
predictions of biochemistry although the
direct interactions between the
1070–1100 region of 23S rRNA and EF-G
indicated by biochemical studies44,45 are
not seen. These discrepancies might be
rationalized by the fact that the structure
of the 50S subunit presented by Ban et
al.2 does not include interactions with
the 30S subunit, the substrates or factors
of translation. It is easy to imagine that
critical structural changes might occur
in this region of the large subunit in
functional complexes of the ribosome.

Cate et al.4 present the structure of the
T. thermophilus 70S ribosome at 7.8 Å
resolution (Fig. 2c), complexed with a
short defined mRNA and tRNA ligands.
Despite the lower resolution of this
structure relative to those of the individ-
ual subunits, it provides the most
detailed view to date of how the ribo-
some binds its tRNA substrates and how
the two subunits interact. A number of
bridges of electron density are observed
between the subunits composed of both
RNA and proteins. The authors have
used biochemical data to help interpret
the electron density maps to assign the
690 and 790 helices and 900 loop as RNA
components of several specific 30S sub-
unit bridges. In another example, a pro-
tein in the 30S subunit (S15) that is
involved in an intersubunit bridge with

the 700 region of 23S rRNA in the 50S
subunit is identified11. Finally, the inter-
subunit interface is dominated on the
30S subunit by the long (100 Å) penulti-
mate stem (helix 44), in agreement with
biochemical data and the structures of
Clemons et al.3 and Yonath and cowork-
ers (pers. comm.). The total surface area
buried in the subunit interface contacts
is ∼ 2,100 Å2 in this ribosomal structure.
Intriguingly, this buried area represents
less than that found in a partial structure
(160 nt in length) of the group I intron
RNA41. This finding is consistent with
the the idea the subunit interface region
is loosely engaged to facilitate the
translocation movements of the ribo-
some during translation.

The centerpiece of the 70S ribosome
structure is the characterization of the
tRNA binding sites obtained by cocrys-
tallization of the 70S ribosome with
mRNA and either full length tRNAs or
anticodon stem-loop mimics of tRNAs
(Fig. 5). Using difference methods, the
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binding sites for P-site and A-site tRNAs
have been localized to the same general
regions of the ribosome as prior EM
studies46,47, although here the A-site and
P-site tRNAs are oriented nearly parallel
with respect to one another (Fig. 5, P-site
tRNA is blue and A-site tRNA is green)
The best data is obtained for the high
affinity P-site complex of a tRNA stem
loop analog with mRNA and the ribo-
some. The codon–anticodon interaction
of P-site tRNA occurs within a tight cleft
on the 30S subunit. Several fingers of
ribosome electron density are seen to
contact the tRNA anticodon and mRNA,
stabilizing their interaction with the
ribosome to maintain reading frame and
to prevent loss of the peptidyl tRNA dur-
ing translation. The identity of these
contacts remains unknown, but they
occur near nucleotides implicated in 
P-site function48. Interestingly, C74 in
the 3' end of tRNA is well ordered
(though C75 and A76 are apparently
not), consistent with the proposed base

Fig. 4 a, The tunnel in the 50S
ribosomal subunit, with the loca-
tion of tungsten clusers highlight-
ed. b, Cutaway view of the
electron density, showing the
empty space within the tunnel.

Fig. 5 Model for transfer RNAs bound to the 70S ribosome, as determined by difference maps in
the 70S structure. A-site (green), P-site (dark blue) and E-site (yellow) tRNAs are indicated, and
their binding sites on the 30S subunit (blue) and 50S subunit (grey) are shown.

a b
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pair of this nucleotide with G2252 in
ribosomal RNA49. Again, the details of this
critical interaction for peptide bond for-
mation await higher resolution (Fig. 5,
green tRNA).

The A-site tRNA (Fig. 5, green tRNA),
which decodes genetic information via
discrimination between cognate and
noncognate mRNA codons, binds within
a more open pocket on the 30S subunit,
near the end of the 16S rRNA penulti-
mate stem. E-site tRNA (Fig. 5, yellow
tRNA) density, obtained serendipitously
from tRNA contamination in the ribo-
some preparation, was seen to make close
contacts with the ribosome in three
regions: the 3'-CCA end of the tRNA in a
cleft between the L1 stalk and the central
protuberance, the T loop with protein L1
and the anticodon loop in the small sub-
unit cleft between the platform and head.
The 900 loop (H27) and helix of the 16S
rRNA are proposed to contact the penul-
timate stem (H44), near the conserved
A1413-G1487 pair; the reactivity of these
nucleotides to chemical probes is known
to be affected by tRNAs, 50S subunits and
miscoding agents50,51. The authors sug-
gest that RNA conformational changes
involving contacts between the penulti-
mate stem and the 900 region could pro-
vide signals at the subunit interface that
are transmitted to the 50S subunit3 (Fig.
3b). These predictions underline the
dynamic nature of the translational
machinery and the extent to which inter-
subunit crosstalk must be at the heart of
translation52,53.

Ribosomes were first visualized in elec-
tron micrographs in 1943 (ref. 54) and
the basic steps of translation were defined
in the 1960’s. The next four decades wit-
nessed tremendous advances in our
understanding of the ribosome using
biochemical, genetic and low resolution
structural approaches. The crystallo-
graphic studies reviewed here, though
not yet at atomic resolution, provide an
unprecedented view of ribosomal struc-
ture and foreshadow the questions that
will be answered and raised when all of
the rRNA and ribosomal proteins have
been placed into high resolution struc-
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tures. Already, themes are emerging.
RNAs are clearly critical components of
functional centers, as suggested by many
biochemical results. However, proteins
not only stabilize RNA architecture, but
may be more directly involved in riboso-
mal processes, as illustrated by the ram
mutations in the 30S subunit and the
proteins at the factor binding center and
subunit interface. In short, the RNAs and
proteins of ribosomal particles are insep-
arable for the myriad functions of trans-
lation. The ribosome is a dynamic
machine, and the mechanism of transla-
tion will only be revealed by kinetic
investigations of translation coupled
with structural studies of 70S ribosomes
with mRNA, tRNAs and initiation, elon-
gation and release factors bound at vari-
ous steps in the translational cycle. The
structures presented this year represent a
bold step towards this goal.
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