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Last year, atomic structures of the 50S ribosomal subunit from
Haloarcula marismortui and of the 30S ribosomal subunit from
Thermus thermophilus were published. A year before that, a
7.8 Å resolution electron density map of the 70S ribosome
from T. thermophilus appeared. This information is
revolutionizing our understanding of protein synthesis.
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Abbreviations
EF-2 elongation factor 2
EF-G elongation factor G
EF-Tu elongation factor Tu
rmsd root mean square deviation

Introduction
The ribosome is the particle that catalyzes mRNA-direct-
ed protein synthesis in all organisms. It mediates the
interactions between mRNAs and tRNAs on which the
fidelity of translation depends and it contains the activity
that catalyzes peptide bond formation. Prokaryotic ribo-
somes, which sediment at 70S, have molecular weights
around 2.5 × 106 and consist of two subunits, the larger of
which, the 50S subunit, is about twice the mass of the
smaller, the 30S subunit. Both are approximately two-
thirds RNA by weight. The small subunit contains a single
RNA roughly 1500 nucleotides in length, 16S rRNA, and
single copies of each of about 20 different proteins. The
large subunit contains a 2900-nucleotide RNA, 23S rRNA,
an RNA of about 120 nucleotides, 5S rRNA, and 30–40 dif-
ferent proteins, depending on species. Eukaryotic
ribosomes contain more components and are significantly
bigger than prokaryotic ribosomes, but they resemble
them both architecturally and in their modus operandi.

For the communities interested in translation and/or RNA,
2000 was an annus mirabilis. It was the year in which the first
atomic-resolution crystal structures appeared for both the
large and the small ribosomal subunits. Students of the ribo-
some had long labored in a world rich in sequence
information, but poor in conformational information. This
imbalance was now corrected. In addition, with the publica-
tion of these structures, the amount of atomic-resolution,
three-dimensional RNA structure available for study
increased roughly 10-fold and there was an equally dramatic
expansion in the structural database for RNA–protein com-
plexes. The world of the RNA biochemist had changed also.

This review covers the literature on the crystallography and
electron microscopy of intact ribosomes and ribosomal sub-
units that appeared between May 1st 1999 and November
1st 2000. The literature on the structures of individual ribo-
somal components and ribosome subassemblies, which also
expanded significantly in that period, is not evaluated. The
best single source of information about the ribosome is a
recent conference proceedings volume [1•]. It includes sev-
eral articles about ribosome crystallography and electron
microscopy that are not reviewed here because the results
they describe have appeared in the primary literature.

Crystallography of ribosomes and their
subunits
The origins of ribosome crystallography 
In 1980, Yonath, Wittmann and co-workers [2] reported the
first three-dimensional crystals of 50S ribosomal subunits;
five years later, Yonath and co-workers [3,4] obtained the
crystals of Haloarcula marismortui large ribosomal subunits
that ultimately yielded the atomic structure of the large
ribosomal subunit discussed below. The progenitors of the
crystals of the 30S subunit and 70S ribosome from Thermus
thermophilus that have now been solved were produced by
Trakhanov et al. [5] and, shortly afterwards, similar crystals
were reported by Yonath and co-workers [6]. Refinement
of these crystals [7,8•] enabled both the Yonath and the
Ramakrishnan groups to collect 30S subunit diffraction
data beyond 3 Å resolution, and the Noller group [9••] to
collect 70S ribosome data past 6 Å resolution. 

If between 1980 and 2000 progress had been made only in
ribosome crystallization, we would still be waiting for
structures. Ribosome crystals posed challenges in the
areas of data collection and crystallographic computation
that could not have been met in 1980. By about 1995,
however, improvements in area detectors, synchrotron
light sources, computers and crystallographic software had
opened the door to solving structures of ribosomal com-
plexity. Two other important advances were the
development of cryo-crystallography (reviewed in [10]), of
which Yonath [11] was an early advocate, and tunable syn-
chrotron sources, which made it possible to take full
advantage of anomalous scattering [12]. At that point, the
primary technical problem that had to be solved was find-
ing a way to phase the diffraction patterns produced by
ribosome crystals.

The first convincing evidence that the phase problem was
tractable came in 1998 when a 9 Å resolution crystallo-
graphic electron density map of the H. marismortui 50S
subunit was published that had right-handed, double-
helical density corresponding to A-form RNA and a molec-
ular envelope that clearly resembled electron microscopic
images of the 50S subunit [13]. Two approaches to phasing
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were used in that work. First, using electron microscopic
reconstructions of the 50S subunit as starting models, phas-
es were computed by molecular replacement, as virus
crystallographers had done in the past [14]. Second, again
following precedent [15,16], heavy atom cluster compounds
were used to obtain experimental phases by isomorphous
replacement. A third phasing strategy, used somewhat later,
exploited the strong anomalous scattering produced by the
LIII absorption edges of lanthanide ions and the hexam-
mines of osmium and iridium, an approach used earlier for
crystals of smaller proteins [17] and RNAs [18]. 

A second wave of breakthroughs came in 1999, when elec-
tron density maps of approximately 5 Å resolution were
obtained for both subunits. Ribosomal components that
had been solved to high resolution in isolation could be
recognized and placed within these electron density maps
[8•,19•]. In addition, partly because the 30S subunit is so
well understood biochemically, the central domain and the
long penultimate helix in the sequence of 16S rRNA were
traced. Later that year, Yonath and co-workers [20] pub-
lished a 4.5 Å resolution electron density map of the 30S
subunit. Proteins S5 and S7 were placed in the electron
density, and the 3′ end of the 16S rRNA and epitopes on
S11 and S13 were located using tagged heavy atoms.

1999 also saw the publication of a 7.8 Å resolution electron
density map of the 70S ribosome complexed with mRNA
and tRNA [9••]. There are three tRNA-binding sites on
the ribosome: the A (or aminoacyl) site, which binds the
tRNA with the new amino acid to be added; the P (or pep-
tidyl) site, which holds the tRNA with the nascent
polypeptide chain; and the E (or exit) site, which binds the
deacylated tRNA before its ejection from the ribosome.
Electron densities for mRNA and tRNAs in the A, P and E
sites were evident in this map, imaged at a resolution sig-
nificantly higher than that achieved with electron
microscopy thus far (see below). Apart from the informa-
tion it directly provided about tRNA interactions with the
ribosome, the structure was extremely useful in a func-
tional analysis of the atomic structure of the 30S subunit,
described below. In addition, the 70S map proves that crys-
tallography can be done on whole 70S ribosomes in
defined functional states, a fact of the utmost importance
for future investigations.

Atomic structures of the 50S and 30S subunits
The breakthroughs of 1999 were exciting not so much
because of the information they provided about ribosome
structure, but because they indicated that the barriers that
had prevented the determination of atomic-resolution ribo-
some structures for so long would shortly be overcome; in
2000, that expectation was fulfilled. The structure of the 50S
subunit from H. marismortui has now been solved to 2.4 Å
resolution [21••] and two high-resolution structures have
appeared for the 30S subunit from Thermus thermophilus, one
from the Yonath group at 3.3 Å resolution [22••] and the
other from the Ramakrishnan group at 3.0 Å [23••]. 

Superposition of the RNA backbones of the two 30S struc-
tures reveals that their RNA folds and global conformations
are very similar. Thus, it is unlikely that one of these struc-
tures represents a more ‘active’ form of the 30S subunit than
the other, contrary to previous claims [20,22••]. Moreover,
the crystal packing is similar in the two structures and the
same as that reported earlier by the Ramakrishnan group
[8•], but different from that inferred previously by the
Yonath group [24] on the basis of molecular replacement
using a cryo-electron microscopy model. At the atomic level,
however, there are significant differences. The structures
differ in their level of completeness; the Ramakrishnan
structure contains 51,737 atoms, whereas the Yonath struc-
ture contains 34,970. Most of this discrepancy is due to
differences in the extent to which the electron density for
proteins of previously unknown structure has been inter-
preted. The topologies assigned to many of these proteins
are also incompatible. There are differences in the registry
(and often the local structure) of the RNA in a number of
regions; these regions account for about 300 nucleotides out
of 1522. The rmsd between the phosphate atoms in the
structures is 6.1 Å in these regions, compared with an rmsd
of 3.6 Å for all the phosphate atoms in the RNA. These dif-
ferences probably reflect the difficulties inherent in
interpreting 3.3 Å resolution electron density maps, rather
than genuine differences in conformation. Despite these
differences, both papers agree on the global architecture and
each offers additional unique insights into the 30S subunit.

Architectural generalities
Some generalities have emerged from the structures of the
two subunits. First, the intersubunit interface of both sub-
units, especially the part that binds mRNA and tRNAs, is
largely free of protein (Figure 1). Second, many proteins in
both subunits have both a globular domain, which is general-
ly found on the surface of the subunit, and long extensions
that penetrate into the RNA and stabilize its tertiary struc-
ture; some proteins are devoid of a globular domain
altogether, for example, S14 in the small subunit and L39e in
the large subunit (Figure 2). Third, and quite surprisingly, the
secondary structure motifs seen in the large rRNAs have
almost all been seen before in smaller RNA structures. As the
amount of RNA structure known at atomic resolution
increased about 10-fold upon the publication of the structures
of the two ribosomal subunits, this observation suggests that
the repertoire of RNA secondary structure motifs is limited. 

At the tertiary level, both 16S and 23S rRNA can be
thought of as assemblies of helical elements connected by
loops, which are often irregular extensions of helices.
These structures are stabilized by interactions between
helices, which include the minor-groove to minor-groove
packing seen earlier in the group I intron structure [18], as
well as less common motifs involving the insertion of a
phosphate ridge into a minor groove and, occasionally, the
use of an unpaired purine base to pack two helices per-
pendicularly with respect to each other. In many places,
tertiary structure is stabilized by adenines inserted into the
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minor groove of helices that are distant in sequence. The
adenines involved are often highly conserved.

A striking difference between the two subunits has to do
with the relationship between the secondary structures of
their RNAs and their overall morphology (Figure 3). In the
30S structure (Figure 3a), each of the large secondary
structure domains of 16S rRNA forms a distinct morpho-
logical component of the subunit; the 5′ domain forms the
body, the central domain forms the platform, the 3′ major
domain forms the head and the 3′ minor domain straddles
the interface. In contrast, the six secondary structure
domains of 23S rRNA (Figure 3b) are intricately interwo-
ven in the 50S subunit to form a monolithic structure. This
architectural difference may reflect a greater functional
need for flexibility on the part of the small subunit.

Functional insights from crystallography
There are three central mechanistic questions concerning
translation: how is peptide bond formation catalyzed; how
are correct tRNAs discriminated from incorrect tRNAs;

and how are tRNAs and mRNA moved across the ribo-
some’s active site at the end of each cycle of amino acid
addition? Not surprisingly, the atomic structures of the
subunits shed light on all of these issues.

The most decisive of the functional answers to emerge
relates to the chemical nature of the peptidyl-transferase
site, that is, the site on the 50S subunit where peptide
bond formation occurs. Ever since the discovery of catalyt-
ic RNA, it has been suspected that rRNA might be
responsible for the ribosome’s peptidyl-transferase activity
(e.g. see [25]). Using substrate analogs, such as that syn-
thesized earlier by Yarus and co-workers [26], the Yale
group [27••] located the peptidyl-transferase site crystallo-
graphically and showed that, indeed, it is composed
entirely of RNA (Figure 4). The residues involved belong
to the central loop of domain V in 23S rRNA. There can no
longer be any doubt that the ribosome is a ribozyme. 

Based on analog-binding data of this kind, a model for the
mechanism of the peptidyl-transferase reaction has been

Figure 1

Distribution of proteins and RNA in the
(a) 30S and (b) 50S subunits. The dark gray
shows protein and light gray shows RNA. The
interface side, especially the part involved in
interactions with mRNA and tRNA, is mostly
protein-free in both subunits.

Interface view Back view
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(b)  50S
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Figure 2

Gallery of protein structures from the (a) 30S
and (b) 50S subunits. These show that many
proteins have a globular domain and long
extensions that would be disordered in
isolated proteins. These extensions are often
buried extensively in the RNA and are crucial
for RNA folding. The globular domains of the
proteins are shown in green and the regions
that are highly extended are shown in red.
Panel (b) is reproduced from [21•• ].
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advanced that proposes that peptide transfer is essentially
the reverse of the serine deacylation reaction catalyzed by
serine proteases. The entity that accelerates the 
reaction by acting as a general base, that is, the analog 
of His57 in chymotrypsin, is A2486 (A2451 in
Escherichia coli). The pKas of nucleotide bases are normally
too low to permit them to function this way, but, interest-
ingly, a separate experiment done by Strobel and
co-workers [28•] has shown that this particular adenine has
a pKa close to 7.6, which is in the required range. This
mechanistic proposal will unquestionably be tested exper-
imentally in many different ways in the next few years.
The Yale group [27••] has also proposed that the unusual
pKa of A2486 reflects its indirect polarization by a nearby
phosphate group that is inaccessible to solvent. This
mechanism resembles the charge-relay mechanism
invoked to explain the properties of the active sites of 
serine proteases. 

The crystal structure of the large subunit also sheds further
light on the polypeptide exit tunnel, the existence of
which was finally proven by cryo-electron microscopy five
years ago (see [1•]). The tunnel lining is RNA over most of
its length, with four of the six domains of 23S rRNA con-
tributing. Tails from proteins L4 and L22, however, help
form a constriction in the tunnel about a third of the way
down from the peptidyl-transferase site [27••]. Cross-link-
ing studies performed by Choi and Brimacombe [29]
provide beautiful evidence that nascent polypeptides do
indeed traverse the tunnel as they are synthesized.

Functional analysis of the 30S subunit structure has been
greatly aided by the fact that, in the particular crystal form
studied, the ‘spur’, which is an RNA stem-loop that pro-
trudes out from the bottom of the subunit and has a
structure that resembles the anticodon stem-loop of a tRNA,
is inserted into the P site of an adjacent 30S molecule [30••].

Figure 3
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(a)  16S rRNA (b)  23S rRNA

Secondary and tertiary structures of rRNA from the (a) 30S and
(b) 50S subunits. These show a striking difference in the organization
of the two large rRNAs. The secondary structure domains in 16S rRNA
fold as distinct domains, whereas in 23S rRNA the secondary structure
domains are intricately woven together in three dimensions. Each

domain has a similar color in the secondary and tertiary structures.
Panel (a) is adapted from [23•• ] and (b) is adapted from [21•• ]. The line
drawings for the secondary structure were originally adapted from the
diagrams available on http://www.rna.icmb.utexas.edu (see also [58]).
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Moreover, the 3′ end of 16S rRNA appears to have folded
back into the mRNA-binding cleft, providing a mimic for P-
and E-site mRNA. The similarity of this interaction to the
tRNA–mRNA–30S interaction that occurs during protein
synthesis was confirmed by superimposing the 7.8 Å 70S
structure, which contains both mRNA and tRNAs, onto the
30S structure. This exercise also revealed how tRNAs in the
A and E sites interact with the small ribosomal subunit. The
parts of the A and P sites on the 30S subunit consist largely
of RNA, but, as observed in one of the two 30S structures
[30••], tendrils from S9 and S13 contact P-site-bound tRNA.

Additional insights have been gained from the structures
obtained for the 30S subunit bound to the antibiotics
spectinomycin, streptomycin and paromomycin [30••].
Spectinomycin binds close to a pivot point between the
head and body of the 30S subunit, where it interferes with
the motions of the head that accompany translocation,
consistent with its previously established role.
Streptomycin appears to have a similar conformation-lock-
ing effect. In its presence, a conformation of the ribosome
that is more error-prone, but has a higher affinity for
tRNA, known as the ram conformation, is stabilized and
the ribosome becomes less accurate in translation. The
structure also explains the changes in RNA reactivity
observed when the small subunit switches from the ram to
the hyperaccurate or restrictive state, as well as the effects
of mutations on the resistance and dependence of ribo-
somes on streptomycin. 

The third antibiotic examined, paromomycin, sheds light
on how the 30S subunit discriminates between cognate
and near-cognate tRNAs (Figure 5). Paromomycin binds to
an internal loop at the top of the long penultimate helix
(H44) of 16S rRNA that contains the decoding site, in a
manner that is largely consistent with earlier NMR data
[31]. In the crystal structure, however, bases A1492 and
A1493 are completely flipped out of the internal loop that
is the drug’s binding site, and A1493 does not form a base
pair with A1408, as seen in the NMR structure. Both
A1492 and A1493 are universally conserved and have been
implicated in decoding by footprinting with A-site tRNA
[32], as well as by biochemical experiments that show that
they are essential for viability and are involved in hydrogen
bonding with mRNA [33•]. In the structure of the 30S sub-
unit containing paromomycin [30••], these bases are
positioned so that they can form hydrogen bonds with both
mRNA and tRNA across the minor groove surface of base
pairs in the A-site codon–anticodon helix. Because it effec-
tively senses the shape, width and potential for hydrogen
bonds of the minor groove, this interaction should be very
sensitive to base pairing geometry and, thus, could enable
the ribosome to discriminate between correct base pairings
and mismatches. In the absence of tRNA, these bases are
largely stacked in helix 44. Normally, the energetic penalty
for unstacking these two bases is ‘paid for’ by compensat-
ing interactions with the correct codon–anticodon helix.
The binding of paromomycin pays the energetic cost of

flipping out these bases, which should increase the relative
binding affinity of near-cognate tRNAs and thereby
increase the error rate, as observed.

Electron microscopy
Since 1995, the groups of Frank (Albany) and van Heel
(London) have produced a remarkable series of medium-
resolution images of the ribosome embedded in vitreous ice,
obtained by three-dimensional reconstruction techniques
from electron micrographs of individual ribosomal particles.
The method is particularly well suited to the study of the
different functional states of the ribosome because of the
small quantities of material it requires. As the progress made
in this area has been reviewed recently in this journal
[34,35], only the more recent results will be reviewed here. 

Ribosome architecture
One of the most important goals of electron microscopists
is improvement of the resolution of their reconstructions.
Experience with two-dimensional and three-dimensional
microcrystals shows that atomic-resolution structures can
be obtained for macromolecules by electron microscopy,
but this is yet to be achieved for single particles. Given the
existence of atomic structures for both subunits, it would
be unreasonable to expect that much will be learned about
ribosome architecture if this is achieved, but the higher the
resolution that can be routinely obtained, the easier it will
be to understand the conformational changes in translating
ribosomes revealed by electron microscopy (see below).
We note, in passing, that the two groups engaged in ribo-
some electron microscopy do not compute the resolutions
of their images the same way and that neither group does
it the way that crystallographers do. 

Figure 4

The location in the 50S subunit of CCdAp–puromycin, an inhibitor of
peptidyl-transferase activity that mimics the transition state. The figure
shows that the peptidyl-transferase site consists entirely of RNA,
proving that the ribosome is a ribozyme. RNA nucleotides that are more
than 95% conserved are colored in red, all other nucleotides are shown
in gray and the inhibitor itself is shown in blue. Reproduced from [27•• ].
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The highest resolution claimed for a ribosome reconstruc-
tion so far is 7.5 Å, ascribed to a reconstruction of the large
subunit from E. coli, based on the images of 16,000 parti-
cles. RNA helices can be recognized in the reconstruction
and some ribosomal components can be located by match-
ing high-resolution structures determined in isolation with
features in the reconstruction [36•]. Using this electron
density map and the extensive body of biochemical infor-
mation that relates to the organization of 23S rRNA,
Brimacombe, van Heel and their co-workers [37•] have
generated a model for the large ribosomal subunit that
includes all the helices of 23S and 5S rRNAs. By visual
inspection, this model appears to be in rough agreement
with the crystal structure of the 50S subunit.

More recently, a reconstruction of the 70S ribosome from
E. coli was obtained, based on the images of 73,000 particles
[38•], and has an assigned resolution of 11.5 Å, in which RNA
helices and protein shapes were also visible. Many of its fea-
tures were assigned using information derived from the

5–5.5 Å resolution crystallographic electron density maps of
the two subunits published in 1999 [8•,19•]. This reconstruc-
tion suggests that a significant conformational difference
exists in the region that binds elongation factor Tu (EF-Tu)
and elongation factor G (EF-G) on the surface of the large
ribosomal subunit between the E. coli 70S ribosome and the
same region in the H. marismortui 50S subunit. The Frank
group [39,40] has developed two techniques that can help
with the interpretation of less than atomic resolution electron
microscopic images: a method for localizing rRNA sequences
by the insertion of tRNA-sized sequences into rRNA that can
then be visualized with electron microscopy [39] and a his-
togram-matching technique that can distinguish globular
domains of proteins from RNA on the basis of density [40].

Conformational variability
Electron microscopy is ideally suited to the study of con-
formational changes during translation. The conformation
of the small subunit is particularly variable because its
‘head’ is joined to the rest of the particle by a single RNA

Figure 5
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(a) (b)

A scheme for how the initial steps in decoding would work in the 30S
subunit and how paromomycin affects decoding. (a) In the normal
situation, unstacking of bases A1492 and A1493 from an internal loop
in helix 44 (H44) would only be favorable if compensating interactions
could be made by hydrogen bonding with both mRNA and cognate
tRNA across the minor groove of the codon–anticodon helix. This
interaction would sense groove width and shape, and discriminate

against the distorted codon–anticodon helix formed with near-cognate
or noncognate tRNAs. (b) Paromomycin, by binding in the internal
loop, pays the energetic cost of flipping out these bases, thereby
increasing the affinity of both cognate and near-cognate tRNAs. The
pink lines represent potential hydrogen bonds formed by A1492 and
A1493, shown in green on helix 44. The bases are shown in gray in
conformations that are unlikely.
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helix and its position is not the same in the free subunit as
it is in the 70S ribosome [41]. Of particular interest are con-
formational changes during translation as the ribosome
switches from an error-prone or ram state to a hyperaccurate
or restrictive state. This switch is associated with changes in
base pairing within helix 27 of 16S rRNA [42]. A compari-
son of the structures of mutant 70S ribosomes that favor one
state or the other shows that the conformation of both sub-
units changes from one state to the other [43•]. 

Electron microscopy studies have also addressed the way
in which mRNA interacts with the ribosome during elon-
gation. When the small subunit associates with the large,
the head of the 30S subunit moves towards its shoulder to
close a channel around the mRNA [44,45]. An exit channel
is also formed by the closure of the platform and the head
of the subunit, so the mRNA has to move through both
channels during translation. The sizes of the entrance and
exit channels vary reciprocally with the conformational
state of the ribosome [43•,46•] and it was suggested that
this could alternately clamp the mRNA or leave it free to
move during translocation in a ratcheting motion. This
idea has been elaborated upon by the Yonath group [22••].
They have analyzed their crystal structure of the 30S sub-
unit to identify the RNA elements that form and close the
entrance channel, and also identified an interconnected
network of RNA helices that could allow a concerted
movement of the subunit during translocation.

The large subunit is conformationally more conservative
than the small subunit, but it too is flexible, as we have just
seen. The most variable regions are its three protuber-
ances: the L1 stalk, the central protuberance, which
includes 5S rRNA, and the L7/L12 stalk, all of which vary
with the functional state of the ribosome [34]. Strikingly,
the L1 and L7/L12 stalks are also disordered in the crystal
structure of the 50S subunit.

tRNA-binding sites
Since the 1960s, there has been evidence for two tRNA-
binding sites on the ribosome, the A site, to which
aminoacyl tRNAs bind at the time peptide bonds form, and
the P site, where peptidyl tRNAs bind. In the mid-1980s, it
became clear that there is a third site, the E site, to which
deacylated tRNAs bind as they are discharged from the ribo-
some. One of the principal objectives of ribosome electron
microscopists has been to determine the locations of these
sites by visualizing tRNA molecules bound to the ribosome.

Of the three canonical sites, the most difficult to under-
stand has been the E site, primarily because the
interactions of deacylated tRNAs with the ribosome are
sensitive to ionic conditions. Under conditions used classi-
cally for in vitro protein synthesis, deacylated tRNA binds
to the ribosome in the same way as peptidyl tRNA, that is,
it binds to the P site on both subunits. When buffers that
contain polyamines are used, however, the CCA arm of
deacylated tRNA binds to the large subunit at a position

well towards the L1 side of the P site, but its anticodon arm
remains bound to the decoding center of the small subunit,
in roughly the P site [34]. An analysis of tRNA interactions
with the ribosome by the Frank group [47••], based on both
their observations and the observations of others, indicates
that deacylated tRNAs can bind to (at least) one other E-
type site as they leave the ribosome, the so-called E2 site.
The anticodon arm of tRNA bound to the E2 site is far
from the decoding center of the small subunit.

A-site binding also appears to be more complicated than orig-
inally thought. Recent images from the Frank group [47••]
suggest that tRNAs in the A site move slightly when peptide
bond formation occurs. It could be that the motion detected
corresponds to the shift of the acceptor stem of the tRNA that
has just delivered its amino acid from the A-site region of the
peptidyl-transferase site to the P-site region of the peptidyl-
transferase site that the hybrid-states model for elongation
posits must follow peptide bond formation [48]. The move-
ment is greatest at the CCA end (on the large ribosomal
subunit) and, after it has occurred, the CCA end of an A-site
tRNA overlaps with the CCA end of a P-site tRNA [47••]. 

As first proposed many years ago, there is a fourth tRNA
site on the ribosome that is functionally distinct from all the
others — the site where aminoacyl tRNAs are delivered to
the ribosome by EF-Tu. It barely overlaps with the A site
[49]. The anticodon arm of a tRNA in this site extends into
the decoding region of the small subunit, close to where the
anticodons of tRNAs bound to the A site are found.
However, instead of being oriented with its axis roughly
normal to the interface surface of the small subunit, as it is
for A-site-bound tRNAs, the axis of the anticodon arm is
approximately parallel to that surface and the acceptor stem
of the molecule interacts with the large subunit, close to the
factor-binding site, instead of extending into the active site
canyon of the large subunit towards the peptidyl-trans-
ferase center. The movement required to get an aminoacyl
tRNA from its site of delivery to the A site is enormous.
How do ribosome-bound tRNAs make that movement
without dissociating from the ribosome? What, if anything,
does this movement have to do with proofreading, which
must occur at about the same stage in the elongation cycle?

The P site seems to be the only tRNA-binding site on
whose position all parties agree and it seems the site least
affected by changes in ionic conditions. It is comforting that
the information about tRNA-binding sites derived from the
crystal structure of the 70S ribosome [9••] is in reasonably
good agreement with the information obtained by electron
microscopy, but the electron microscopic data make it clear
that a lot more work will have to be done before we fully
understand how tRNAs work themselves across the subunit
interface of the ribosome during elongation.

Elongation factor G
Following the addition of each amino acid to a growing
polypeptide chain, a peptidyl tRNA in the A site must be
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moved to the P site, a deacylated tRNA in the P site must
move to the E site and mRNA must advance three
nucleotides. All of these motions occur in a single concert-
ed step called translocation, which is catalyzed by EF-G in
prokaryotes and by elongation factor 2 (EF-2) in eukary-
otes. As we shall see, translocation is as puzzling structurally
as the EF-Tu-mediated binding of tRNAs to the A site.

Our understanding of the biochemistry of translocation has
been transformed by experiments done by Wintermeyer,
Rodnina and their co-workers over the past several years
(reviewed in [50]). Their data suggest that the latent
GTPase activity of EF-G•GTP is activated before translo-
cation occurs, just as soon as it binds to the ribosome,
probably as a result of its interaction with ribosomal protein
L12. Translocation itself appears to be driven by conforma-
tional changes in EF-G that follow the dissociation of
inorganic phosphate (Pi) from the EF-G•GDP•Pi–ribosome
complex. It is only just before dissociation of the EF-
G–ribosome complex that EF-G•GDP becomes associated
with the sarcin–ricin loop of 23S rRNA in the large riboso-
mal subunit, the integrity of which is known to be critical
for most factor interactions on the ribosome. The release of
inorganic phosphate and the translocation of tRNAs both
proceed at greatly reduced rates in the presence of
thiostrepton, which arrests elongation entirely before the
binding of EF-G to the sarcin–ricin loop. Fusidic acid, the
other classic inhibitor of translocation, prevents the dissoci-
ation of EF-G from the ribosome following its association
with the sarcin–ricin site.

Following the determination of the structure of the 70S
ribosome bound to EF-G as a complex with GDP and
fusidic acid [51], a number of functional states of the ribo-
some with EF-G have been studied. Reconstructions
performed by the van Heel group in collaboration with
the group of Rodnina and Wintermeyer [52••] have been
interpreted as indicating that, when EF-G•GTP first
interacts with the ribosome, it binds with its GTPase
domain contacting the L7/L12 stalk of the 50S subunit
and its fourth domain interacting with the 30S subunit in
the region between its head and its body. Following GTP
hydrolysis, translocation occurs and, in the process, EF-G
appears to lose contact with the L7/L12 stalk, rotating
about 90° so that domain four can enter the space
between the two subunits, where it appears to contact the
A site on the small subunit. Only when the translocation
complex is trapped using fusidic acid can EF-G be seen
bound to the ribosome associated with the sarcin–ricin
loop in about the same orientation as the EF-Tu–tRNA
complex when it is ribosome-bound. Significant
rearrangements of the positions of the five domains of
EF-G appear to accompany this process. The questions
this sequence of events raise are similar to those posed by
aminoacyl tRNA delivery. How can a macromolecule such
as EF-G bind to the ribosome in two completely different
ways and do anything useful as it makes its way from one
binding mode to the other?

Frank and co-workers [53••] have also examined ribo-
some–EF-G complexes, but they have not looked at all the
complexes studied by van Heel, Rodnina and Wintermeyer,
which makes it difficult to compare results. The two groups
agree that EF-G undergoes substantial conformational
changes during translocation and Frank’s group has devised
a method for characterizing the states that preserves
intradomain conformations as far as possible [54]. The two
groups also agree about the way EF-G interacts with the
ribosome in the presence of fusidic acid, the only complex
they both have characterized recently. The complex the
Frank group has examined, which the van Heel group has
not, is the one formed when EF-G binds to the ribosome in
the presence of a nonhydrolyzable GTP analog, GMPPCP.
Based on the Wintermeyer and Rodnina scheme for translo-
cation, one might have guessed that, in the presence of
GMPPCP, EF-G would bind to the ribosome with its
GTPase domain interacting with the L7/L12 stalk and
domain four touching the small subunit in the region
between its head and its body, that is, it would be trapped
in the first of the states visualized by van Heel’s group
[52••]. This is not the case. The position of EF-G in this
complex is similar to that seen in fusidic-acid-stabilized
complexes, consistent with the biochemical observation
that, in the presence of nonhydrolyzable GTP analogs, EF-
G molecules will catalyze a single translocation event. The
two complexes are not identical, however. They differ in
the conformation adopted by the L7/L12 stalk in the large
subunit. Taken by themselves, these findings suggest that
EF-G need bind to the ribosome in only one way, which
would be a relief if true, but models for translocation that
simple may not be compatible with the kinetic data of
Rodnina, Wintermeyer and co-workers [50]. Clearly, further
experiments will have to be done for one to feel secure that
translocation has been properly understood. 

Frank and co-workers [55] have also imaged EF-2, the
eukaryotic homolog of EF-G, bound to the yeast 80S ribo-
some in the presence of sordarin at 17.5 Å resolution.
Sordarin has effects on eukaryotic translation that resem-
ble those fusidic acid has on prokaryotic translation, but
there are data suggesting that they do not act in exactly the
same way. Nevertheless, in the presence of sordarin, EF-2
appears to bind to the yeast ribosome at the site that is the
eukaryotic homolog of the site EF-G occupies when it
binds to the E. coli ribosome in the presence of fusidic acid
and it is oriented relative to the ribosome in much the
same way. The Frank group [56] has also visualized initia-
tion factor 3 bound to the small ribosomal subunit.

Conclusions
The atomic structures of the two ribosomal subunits con-
stitute an important first step towards the ultimate goal,
which is to understand ribosome function in atomic detail.
Many years of work will be required before that goal is
reached, but the use of these structures, in conjunction
with images obtained by electron microscopy, is certain to
speed progress.
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Update
The structure of the 30S subunit in complex with the antibi-
otics tetracycline, pactamycin and hygromycin B [59] and
with initiation factor IF1 [60] have also appeared recently.
Tetracycline appears to bind mainly in the A site, where it can
directly interfere with tRNA binding, but not necessarily
with the binding of the EF-Tu•GTP complex. IF1 also binds
in the A site of the ribosome in a manner that would preclude
simultaneous tRNA binding. It also induces significant con-
formational changes in the 30S subunit that could be related
to its role in initiation and shows how local conformational
changes could be transmitted to domains of the 30S subunit.
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