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Transfer RNA (tRNA) molecules play a crucial role in protein biosynthesis in all organisms.
Their interactions with ribosomes mediate the translation of genetic messages into
polypeptides. Three tRNAs bound to the Escherichia coli 70S ribosome were visualized
directly with cryoelectron microscopy and three-dimensional reconstruction. The detailed
arrangement of A- and P-site tRNAs inferred from this study allows localization of the sites
for anticodon interaction and peptide bond formation on the ribosome.

In protein biosynthesis, the tRNAs, carry-
ing covalently attached amino acids which
are the building blocks of the polypeptide

was observed. The physiological relevance
of our findings is supported by the observa-
tion (7, 8) that the positions of the deacy-

chain, are known to occupy successively
three sites on the ribosome: one for the
incoming aminoacyl tRNA (A site), one for
the peptidyl tRNA (P site) (1), and the
third for the exiting tRNA (E site) (2, 3).
These binding sites account for the codon-
anticodon interaction between mRNA and
tRNA, the correct positioning of tRNA
acceptor and donor arms during peptide
bond formation, and the movement of
mRNA relative to the ribosome. Studies
conducted during the past two decades
clearly place the anticodon and aminoacyl
ends of A- and P-site tRNAs onto the 30S
and 50S subunits of the E. coli ribosome,
respectively. Although some attempts have
been made to map the tRNA binding site
on the 30S ribosomal subunit (4), no studies
have succeeded in directly visualizing
tRNA molecules bound to the 70S ribo-
some (comprising the 30S and 50S sub-
units). We have obtained a three-dimen-
sional (3D) cryoelectron microscopy map of
a poly(U) programmed E. coli 70S ribosome
in which the sites are occupied by three
deacylated tRNATh¢ molecules, and we
have computed a difference map by com-
parison with the previous cryoreconstruc-
tion of an unoccupied (naked) ribosome
(5). All three tRNAs are clearly distin-
guishable and occur in an open configura-
tion, with the A~ and P-site tRNAs enclos-
ing an angle of about 160°. In addition, a
conformational change of the tRNA rela-
tive to that seen in its crystal structure (6)
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lated tRNAs in 70S ribosomes are close to
those with aminoacyl or peptidyl tRNAs.
The difference map obtained by subtrac-
tion of the map of the naked 70S ribosome (5)
from the new reconstruction of the tRNAThe-
bound 70S ribosome (9) shows a mass of
density with complex shape in the intersub-
unit space (Fig. 1 and Fig. 2, A and B), which
can be readily interpreted (Fig. 1 and Fig. 2, C
and D) as an arrangement of three tRNA
molecules that appear to be partially fused
because of resolution limitations. The loca-
tions of three elbow-shaped bulges observed
in the difference mass, interpreted as elbow
regions of the three tRNAs, were used as the
main guide for fitting of the atomic models of
tRNA. In accordance with the existing body
of knowledge, we identify the tRNA molecule
closest to the L7/L12 stalk [for identification
of this and other morphological markers, see
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Fig. 1. Stereoview representation of the difference map (white contour) found in the intersubunit space of
the ribosome (also see Fig. 2, A and B) and its interpretation in terms of the crystal structure of tRNA (6).
A, A site (pink); P, P site (green); E, E site (orown) tRNA. AC, anticodon portion; CCA, aminoacy! ends of
the A- and P-site tRNAs. (Upper portion) CTF-corrected difference map. (Lower portion) Difference
map without CTF correction, showing that the fit extends to the anticodon ends when high-resolution
features are enhanced. Scale bar, 25 A.
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(5)] as the A site, the one next to it as the P
site, and the one in the close vicinity of the
L1 protein, farthest away from the A-site
tRNA, as the E site. This interpretation im-
mediately places the anticodon loops and
CCA ends of A- and P-site tRNAs in close
proximity to each other, respectively. With
this positioning of A- and P-site tRNAs, the
remaining mass tightly accommodates anoth-
er tRNA molecule, interpreted as the E site.
We believe that the reason the CCA ends are
not visible in the difference mass is because
they are single-stranded, with a thickness be-
low the resolution limit (25 A). Some of the
remaining discrepancies observed in this fit-
ting may be due to the mass of density con-
tributed by the subsets of the ribosomal pop-
ulations present in their hybrid (A/P and P/E)
states (10). The absence of any detectable

negative difference peaks in the immediate
vicinity of the difference mass makes it un-
likely that part of the mass is due to a confor-
mational change of the ribosome. Addition-
ally, the fitting of the atomic model of tRNA
to our experimental data revealed a confor-
mational change in its ribosome-bound state
as compared with the crystal structure (6):
The anticodon arm of the A-site tRNA was
found to be bent in the middle (Fig. 2), out of
the plane of the molecule, toward the side of
the D loop. Similar bends in the anticodon
arm of tRNAs have been observed in the
structures of tRNA-tRNA synthetase com-
plexes (I11). However, accounting for this
change would move the inferred position of
the CCA end only slightly. The difference
map also shows a separate, smaller mass that is
possibly due to a conformational change in

Table 1. Comparison of our results with FRET (20) measurements. Dash indicates no data available.

Distance measurements (A)

A-site tRNA P-site tRNA

residue number residue number FRET This study
37 (anticodon loop) 37 24 + 4 15
37 16, 17 (D loop) 46 + 12 43
16,17 37 38 + 10 36
16 16, 17 35+ 9 44,48
17 16, 17 35+ 9 51,55

8 8 26+ 4 28
76 (CCA end) 76

— 12

Fig. 2. CTF-corrected difference map (yellow, appearing green in regions of perspective overlap)
superimposed on the ribosome (shown in blue as transparent map). Morphological features of the 50S
subunit: CP, central protuberance; L1, L1 protein; St, L7/L12 stalk. Morphological features of the 30S
subunit; h, head; ch, channel; sp, spur. (A), side view; (B), top view [generated from (A) by rotation of the
map by 35° around the horizontal axis]. The arrow below the difference map points to a bend in the region
interpreted as the anticodon arm of the A-site tRNA and the asterisk indicates the conformational change
in the L7/LL12 stalk region. (C and D) Interpretation of the difference map viewed as in (A and B) in terms
of three tRNA molecules, each represented by the envelope of a 5 A resolution map.
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the region of the L7/L12 stalk of the 508
subunit.

The mutual arrangement of the A- and
P-site tRNAs differs from both “R” and “S”
configurations (12) in that their planes en-
close an angle of about 160° [compare with
(5, 13, 14)], whereas the position of the
E-site tRNA appears to exclude codon-an-
ticodon contact [compare with (15)]. How-
ever, the positions we have found satisfy
most of the data from cross-linking (13, 16,
17) and electron microscopic mapping (4,
18). The anticodon ends of the A- and
P-site tRNAs meet at the interface side of
the small subunit’s “neck” region, in close
vicinity to the channel previously seen (5)
but on the L7/L12 side of the channel rath-
er than toward the platform [compare with
(5)]. The elbow of the A-site tRNA is
perched in the cavity formed by the inter-
subunit bridge, the base of the L7/L12 stalk,
and the interface canyon. The position of
the P-site tRNA is such that the anticodon
stem-loop side of the elbow touches the 30S
subunit head and the rim of the platform,
and the CCA end points toward the entry
of the tunnel situated at the bottom of the
interface canyon, approximately as postu-
lated by Frank and co-workers (5). This

position agrees with chemical protection

Fig. 3. Top view of the
ribosome cut along a
plane that exposes
the channel of the 30S
subunit and the anti-
codon binding region,
and schematic outline of the inferred mRNA path-
way. Morphological features are marked as in Figs. 1
and 2. Ribonucleotide bases are represented by
cones whose orientations follow the pitch of 11
bases per 360°, except in the region of anticodon
binding (white and purple) where an additional 70°
turn is accommodated by a stretch of four bases
(that is from the center of the A-site codon to the
center of the P-site codon), as necessitated by the
orientations of the A and P tBNAs. Inset shows a
magnified view of the codon-anticodon interaction

region.
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Fig. 4. Schematic diagram depicting the inferred
movements of the tRNA from A to P site and
from P to E site. A—P is a combination of a 160°
rotation and an upward shift along the rotation
axis by 9 A. P—E is a combination of a 145°
rotation and an upward shift by approximately
20 A. The positions of the corresponding two
left-handed screw axes are indicated by dashed
lines. CCA, CCA ends; AC, anticodons of A- and
P-site tRNAs. For both A- and E-site tRNAs, the
D loop in the elbow region faces the viewer,
whereas it faces away for the P-site tRNA.

and cross-linking data (7, 8, 16). We find
the E-site tRNA in a topographically dis-
tinct position, with the D-loop side facing
(and almost touching) the D-loop side of
the aminoacyl arm of the P-site tRNA, such
that the inner bend of the molecule faces
the L1 protein. Its CCA end appears to
occupy the space between the L1 protein
and the central protuberance of the 50S
subunit, while its anticodon arm spans the
space between the L1 protein and the plat-
form of the 30S subunit (Fig. 3), which is in
good agreement with chemical protection
(7) and protein cross-linking (19) data.
The arrangement obtained by fitting
three copies of the atomic model of the
tRNA (Fig. 1 and Fig. 2, C and D) into the
difference map (Fig. 1 and Fig. 2, A and B)
agrees with much of the fluorescence-reso-
nance-energy-transfer (FRET) data (20)
(Table 1). Discrepancies occur in the dis-
tances between the D loops and residues 37
of A- and P-site tRNAs, which are the
regions that would be most affected by the
conformational change in the A-site tRNA.
The relative position between A- and
P-site tRNAs can be described as a rotation
by 160° around the anticodon-CCA axis and
a simultaneous shift by approximately 9 A. A
similar staggered arrangement between A-
and P- site tRNAs has been postulated by

1002

Lim and co-workers (12), albeit with a small-
er angle between the molecules. Thus, when
both sites are occupied, the 3’ end of the
A-site tRNA anticodon is in close proximity
(slightly below) to the 5’ end of the P-site
tRNA anticodon. When the natural confor-
mation of mRNA and the crystal structure of
tRNA are considered, this arrangement
would imply that to allow cogent hydrogen
bonding to be formed for the two adjacent
codons, the mRNA may undergo a twist of
close to 70°. The resulting strain must be
absorbed by the six consecutive base pair-
ings, which include the wobble bases of the
anticodons (Fig. 3). If the tRNA molecule is
constrained to move along the A—P path
outlined in Fig. 4, by an as yet unknown
mechanism, then the advance of the mRNA
by one codon (21) could be effected by a
force that acts on the A-site tRNA. The
L7/L12 stalk, whose base is now found in
close proximity to the A-site tRNA elbow,
has been long suspected to have an active
role in translocation (22). Indeed, our data
indicate a conformational change in that
region of the map (Fig. 2, A and B) where
the stalk seems to be extended away from the
body of the ribosome. Experiments with a
translationally defined system using amino-
acyl and peptidyl tRNAs may further refine
the data presented in this study.
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