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Structures of 705 ribosome cornplexes containing messenger RNA and transfer 
RNA (tRNA), or tRNA analogs, have been solved by x-ray crystallography at up 
to 7.8 angstrom resolution. Many details of the interactions between tRNA and 
the ribosome, and of the packing arrangements of ribosomal RNA (rRNA) helices 
in and between the ribosomal subunits, can be seen. Numerous contacts are 
made between the 305 subunit and the P-tRNA anticodon stem-loop; in con- 
trast, the anticodon region of A-tRNA is much more exposed. A complex 
network of molecular interactions suggestive of a functional relay is centered 
around the long penultimate stem of 165 rRNA at the subunit interface, 
including interactions involving the "switch" helix and decoding site of 165 
rRNA, and RNA bridges from the 505 subunit. 

Translation of the RNA-encoded genetic tRNAs span the interface between the 30s  
message into the polypeptide chain of a pro- and 50s  subunits. 
tein links genotype to phenotype. It is caried The translational elongation cycle depends 
out by the ribosorne, an ancient ribonucleo- on three fundamental processes: (i) aminoacyl- 
protein particle whose stnlctural core and tRNA selection, (ii) peptide bond formation, 
fundamental mechanism of action are con- and (iii) translocation of tRNAs from one site to 
served among all forms of life (1, 2). The the next within the ribosome. Although in vivo, 
smallest and best-studied examples are bac- the steps of tRNA selection and translocation 
terial ribosomes, which have a molecular size involve the elongation factors EF-Tu and EF-G, 
of -2.5 MD and are made up of a small ( 3 0 9  respectively, in guanosine triphosphate (GTPF 
and a large ( 5 0 9  subunit. The 30s  subunit is dependent reactions, both steps can be carried 
composed of 16s rRNA [- 1500 nucleotides 
(nt)] and about 20 different proteins, whereas 
the large subunit contains 23s  rRNA (-2900 
nt), 5S rRNA (120 nt), and more than 30 
different proteins. This degree of stl-uchlral 
complexity is in keeping with that of its 
biological role. 

The substrate of the ribosome is tRNA, 
which is commonly coilsidered to bind to the 
ribosome at three different sites: A, P, and E 
(aminoacyl, peptidyl, and exit, respectively) 
(3, 4).  Each tRNA binding site is partitioned 
between the two ribosolnal subunits, result- 
ing in as many as six different sites of inter- 
action between tRNA and the ribosome. The 
ailticodoll ends of the tRNAs bind to the 30s  

out by the ribosome in a factor-independent 
manner, under appropriate ionic conditions in 
vitro (6) .  Thus, all three of the fundamental 
steps of the translation elongation cycle must be 
based on the properties of the ribosome itself, 
and most likely on its RNA components (7). 
The molecular mechanisms by which the iibo- 
some accomplishes these fi~nctional processes 
remain largely mysterious, as does its molecu- 
lar structure. While knowledge of ribosorne 
structure may not provide immediate explana- 
tions for the complexities of translation, it is 
clear that deeper mechanistic insights will de- 
pend on it. 

Structures of ribosomal proteins and rRNA 
fragments, determined by x-ray crystallography 

subunit, which also carries messenger RNA and nuclear magnetic resonance (NMR) spec- 
(mRNA); the 3'-acceptor, or CCA ends of the troscopy, have provided atomic-resolution de- 
tRNAs interact with the 50s  subunit, which tail of individual components of the iibosorne 
contains the catalytic site for peptide bond (8-12). In recent years, great progress has been 
formation, peptidyl transferase (5). Thus, the made in determining the structures of complete 
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ribosomes, ribosomal subunits, and fullctional 
complexes of the ribosorne by cryoelectron mi- 
croscopy (13-15). Two major advances toward 
x-ray clystallography of the ribosome were the 
crystallization of 50s  subunits (16) and the 
recent deteimination of their clystal structure at 
9 A resolution (1 7). Crystallization of Ther-mzrs 
thei7izo11hilus 70s ribosomes and ribosome 
complexes (18) has provided the possibility for 
solving the structure of the complete ribosome 
in different functional states. Here we report the 
clystallization of functional complexes of the 

complete T tJzernzophil~rs 70s ribosorne, con- 
taining mRNA and tRNA or tRNA analogs, 
and the solution of their structures by x-ray 
crystallography at up to 7.8 A resolution. Many 
specific features of the rRNA can now be iden- 
tified, and in many instances, elements of pro- 
tell1 structure are also recognizable. The inter- 
actions of tRNA with the ribosome in the A, P, 
and E sites are seen in the greatest detail so far 
obtained, providing new insights into the mech- 
anism of translation. 

Structure Determination 
Ribosome purification and crystallization 
were carried out as previously described, 
with some modifications (19) Ribosome 
complexes were formed with an mRNA frag- 
ment whose first three codons specifying 
Met, Phe, and Lys, were used to direct bind- 
ing of tRNAs or tRNA anticodon stem-loops 
(ASLs) to the ribosome. Three different com- 
plexes yielded crystals used to deteimine the 
struct~lres presented here. The first complex 
was designed to contain 111RNA and a 6-base 
pair (bp) ASL fragment of tRNAP"" (ASLP1'") 
bound in the ribosoinal P site (Table 1, data 
sets ASL1, ASL2, and h l  to 14). The second 
coinplex was formed with the mRNA, 
ASLPh", plus deacylated tRNALy" bound to 
the A site (Table 1. A site). The third com- 
plex was designed to contain the mRNA and 
a full-length tRNA;'"' bound to the P site 
(Table 1, P site). 

Phases for the structure factor amplitudes 
were initially determined to 25 A by molecular 
replacement with an electron density rnap de- 
rived from cly+electroil microscopy (EM) sin- 
gle-particle reconstructions of vacant Esche- 
riclzla coli ribosomes (13). Briefly, an ensemble 
of scatterers with single-Gaussian form factors 
was fit to the EM-derived electron density po- 
sitioned in a large triclinic unit cell (20). This 
pseudo-atom model was then used in molecular 
replacement searches. To confilm the molecu- 
lar replacemeilt solution, two ribosome com- 
plexes. one containing ASLP1'" in the P site and 
the other containing ASLPhe in the P site and 
tRNAL"" in the A site, were constructed. A 
difference Fourier rnap derived from ainpli- 
tudes measured from the two conlplexes shows 
density with the L shape of tRNA in a location 
predicted for A-site tRNA (Fig. 1A) (21). This 
result, as well as the absence of significant 
negative density in the difference map, illus- 
trates the quality of the low-resolution phases. 

To extend the resolutioil of the electron 
density map, phases derived from the molec- 
ular replacement solution were used in differ- 
ence Fourier ailalyses to locate heavy-atom 
cluster compounds bound to the ribosorne. 
The compound Ta,Br,,2-- (22) provided 
phase information from a rnultiwavelength 
anomalous dispersion (MAD) experiment to 
11.2 A resolution (data not shown). This 
MAD experiment yielded phase information 
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of sufficient quality to locate the positions of 
many single heavy-atom sites in difference 
Fourier maps. For the structures described 
below, an iridium (111) hexammine derivative 
was used in a four-wavelength MAD exper- 
iment to phase the structure factors of the 70s 
ribosome-mRNA-ASL complex to 7.8 A res- 
olution (Table 1, A1 to A4). These phases 
were then improved by density modification 
procedures (20, 23). 

As with the molecular replacement solu- 
tion, the quality of the heavy-atom phasing 
was assessed by means of a difference map 
(Table 1, ASL2 and P site; ASL2 limits the 
resolution of the map to 8.8 A). Comparison 
of diffraction data from ribosome complexes 
containing either intact t R N A y  or an ASL 
in the ribosomal P site yielded positive den- 
sity for tRNA minus its ASL at the predicted 
location of the ribosomal P site (Fig. 1B). 
Comparison of the observed difference map 
and an 8.8 A electron density map calculated 
from the high-resolution crystal structure of 
tRNAPhe (24) shows striking similarity in 
detail, including clearly defined helical major 
and minor grooves and the single-stranded 3' 
end, indicating the quality of the MAD phas- 
es (Fig. 1C). 

Overall Structure of the 705 Ribosome 
The T. themzophilus ribosome has maximum 
dimensions of about 210 A in each direction. 
Viewed from the back of the 30s subunit, gen- 
eral features of the ribosome observed in EM 
reconstructions are visible (Fig. 2A) (13, 25). 
The electron density of the platform and body 
of the 30s subunit merge near the middle of the 
subunit. As also seen in EM reconstructions, the 
head of the 30s subunit connects to the body 
through a "neck" near the platform and makes 
close contact to the shoulder of the body on the 
right side. A pronounced gap between the head 
and shoulder observed in some 30s subunit EM 
reconstructions (26,27) suggests that this con- 
tact is stabilized by formation of 70Sribosomes. 
At least two additional contacts of lower elec- 
tron density connect the head to the platform, 

50s subunit first observed in classical EM 
studies (28) is readily apparent, both from the 
50s solvent side view of the ribosome (Fig. 
2C) and from the interface view of the iso- 
lated 50s subunit extracted from the 70s 
ribosome electron density map (Fig. 3A). In 
both the 9 A 50s subunit (1 7) and the 7.8 A 
70s ribosome x-ray structures, many long 
rods of high electron density corresponding 
to helices of rRNA crisscross the 50s subunit. 
However, detailed comparison with the clas- 
sical EM images and with more recent cryo- 
EM reconstructions as well as the 9 A reso- 
lution x-ray structure (1 7, 29) reveals some 
significant differences. While the central pro- 
tuberance has a similar appearance, both L1 
and L7/L12 features vary among the different 
structures. In the EM images, the L7/L12 
stalk is often more extensive and elongated, 
while this extra mass is absent in both the 50s 
and 70s x-ray maps. The (L7/L12), tetramer 
is believed to function as a flexible element 
of the ribosome based on biochemical studies 
(30), NMR spectroscopy (31), and cryo-EM 
reconstructions (14, 32). Therefore, the ap- 

parent absence of L7/L12 in the x-ray struc- 
tures may be due to local disorder. The L1 
protuberance has a similar appearance in 
cryo-EM structures [for example, (33)] and 
the x-ray map of the 70s ribosome but is 
diminished in the x-ray structure of the iso- 
lated 50s subunit (1 7, 29). 

Subunit Interface 
The lower resolution bridges seen in EM 
reconstructions (34) can now be resolved as 
discrete contacts between individual molecu- 
lar components of the two subunits (Fig. 3). 
Several lines of evidence have suggested that 
the subunit interface is RNA-rich (35-37). In 
the 70s ribosome electron density map, the 
bridges involve both RNA-RNA and RNA- 
protein interactions. Interestingly, in the cen- 
tral core of the interface (bridges B2a to B2c, 
B3, B5, and B7), all of the elements contrib- 
uted by the small subunit appear to be com- 
posed mainly, if not exclusively, of RNA. 
Most if not all of their partners in the large 
subunit also appear to contain RNA elements 
(bridges B2a, B2c, B5, and B7), although 

one on the solvent side of the 30s subunit near 
the neck (marked b, Fig. 2A), and another from 
the side of the head to the tip of the platform 
(marked a, Fig. 2A). At the present resolution, 
the spur protruding from the lower right of the 
body of the 30s subunit (Fig. 2A) can clearly be 
identified as an RNA helix. 

The interface cavity between the ribosom- 
al subunits contains the binding sites for 
tRNA, as well as for elongation factors EF- 
Tu and EF-G (Fig. 2B) (15). The floor of the 
cavity is formed by many bridges joining the 

Acceptor / 
Stem C 

Fig. 1. Controls for 
the quality of struc- 
ture factor phasing. 

) (A) Difference elec- 
tron density map (A 
site - ASLI) withmo- 
lecular replacement 
phases to  25 A, con- @ s toured at 40 (green) 
and -4u (red). The 
difference density is 
superimposed on a 25 

3~ A electron density - 
body and platform of the 30s subunit to the - map combining x-ray 
front of the 50s ~b~~~ the cavity, diffraction amplitudes and EM molecular replacement phases. (B) Stereo view of difference map (P 

site - ASE) with MAD phasing to 8.8 A resolution. The map, limited to 8.8 A resolution by the 
bridges 'Onnect the head of the native ASL data set (Table 1, data set ASLZ), is contoured at 40 (Light blue) and -40 (red). (C) 

30S to the protuberance and Electron density map to 8.8 A resolution calculated from the crystal structure of tRNAPhe (24). 
A-site finger of the 50s subunit (Fig. 2B). Because the ASL (gray) is common to  both ribosome complexes, it is not seen in the difference map 
The three-pointed crown appearance of the in (B). 
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some are more difficult to interpret with con- 
fidence at the present resolution. In contrast, 
the bridges at the periphery of the interface 
(Bla, Blb, B4, and B6) all seem to involve 
protein-RNA interactions. One of these inter- 
actions (B4) involves a bridge between the 
715 helix in domain I1 of 23s RNA and 
protein S15 at the base of the small subunit 
platform (38). Another peripheral bridge, the 
A-site finger (Bla), is formed by a contact 
between an RNA helix from the top of the 
50s subunit and a protein component from 

the head of the 30s subunit. Bridge B lb also 
appears to involve interaction between an 
a-helical protein from the head of the 30s 
subunit and an RNA element in the central 
protuberance of the 50s subunit. Finally, at 
the bottom of the interface, a presumed pro- 
tein from the 50s subunit reaches across to 
contact an RNA feature of the 30s subunit 
(bridge B6). 

Four elements of 16s rRNA that contact the 
50s subunit can be identified in the electron 
density map. Bridges B2b and B7 are part of the 

4 Fig. 2 Elearon density of the 705 a ribosome. (A) Stereo view of the 7.8 
A dearoti density map from the 
sotwnt side of the 30s subunit (pur- 
ple). The 305 subunit consists o? the 
hcad (H) connected to the platform 
(P) and body (8). Additional features 
of the small subunit are the nedc 
(N), spur (sP), shoulder (S), and con- 
tacts between the head and plat- 
farm (a and b). The 50s subunit 
(gray) has the prominent features of 
the wotein L1 stak central Drotu- 
beramha (CP), and ~ 7 1 ~ 1 2  region. (0) 
View of the ribosome rotated 90" 
about the vertical with the L7A12 
region in the fore&nd. The A-site 
finger is marked with an asterisk (C) 
View of the ribosome rotated 1W 
about the vertical axis compared 
wsth (A). 

platform of the small subunit and contain the 
790 and 690 helices in 16s rRNA, respectively 
(Fig. 3B), whose positions are constrained by 
numerous biochemical and biophysical studies 
(39). Based on protection from hydroxyl radi- 
cals (36), both helices make minor-groove con- 
tacts to the 50s subunit, consistent with the 
electron density. The third element (B2c) can 
be assigned to the 900 loop in 16s rRNA, 
which originates at the center of the 30s subunit 
near the junction of the three major domains of 
16s rRNA (39). The position and orientation of 
the 900 loop are M e r  constrained by directed 
hydroxyl radical probing fiom Fe(II) tethered to 
protein S15, a component of the neighboring 
bridge B4 (38, 40) (Fig. 3). Protection of the 
900 tetraloop from hydroxyl radicals by the 50s 
subunit (36) (Fig. 4A) supports the assignment 
of this feature to the the 30s component of 
bridge B2c, which has the shape of an RNA 
tetraloop (41) in the electron density. On the 
30s side, the tetraloop seems to contact the 
minor groove of the 790 helix in 16s rRNA, 
while on its tip, the tetraloop contacts an irreg- 
ular feature of the 50s subunit. On the basis of 
its proximity to the bottom of protein S5 (42) 
and its protection by 30s subunits, this 50s 
feature may correspond to the noncanonical 
RNA helix around position 1700 of 23s rRNA 
(37). 

The most striking feature of the subunit 
interface involves an - 100 A RNA helix that 
runs vertically along the length of the 30s sub- 
unit body (Figs. 3B and 4B). This helix contacts 
the large subunit about once per helical turn 
along its minor groove (bridges B2a, B3, and 
B5), packing against the body of the small 
subunit on its opposite face (Fig. 4B). This 
pattern matches protections of the 16s rRNA 
penultimate stem fiom hydroxyl radicals when 
free 30s subunits associate with the large ribo- 
somal subunit (36) (Fig. 4C). Bridge B2a con- 
nects the top of the penultimate stem to an RNA 
element of the 50s subunit (Fig. 3A). Results of 
16s-23s rRNA cross-linking experiments (43) 
and directed hydroxyl radical probing studies 
fiom ASL "helical rulers" (44) suggest that this 
RNA element is the 30s-protected 1910 helix 
in domain IV of 23s rRNA (Fig. 3A). Finally, 
bridge B6 corresponds to density for pre- 
sumed 50s subunit proteins that contact ma- 
jor-groove and noncanonical regions near the 
bottom of the penultimate stem, as noted 
above. The penultimate stem, therefore, con- 
tributes to about half of the interface contacts 
between the subunits. 

The positioning of the penultimate stem in 
the electron density is exceptionally well con- 
strained by numerous biochemical probing 
experiments. Its rotational orientation is fixed 
by close agreement between hydroxyl radical 
protection studies (36) and its observed con- 
tacts with the 50s subunit and packing 
against the body of the 30s subunit in the 
crystal structure (Fig. 4). Its orientation is 

www.sciencemag.org SCIENCE VOL 285 24 SEPTEMBER 1999 



R E S E A R C H  A R T I C L E  

confirmed by directed probing experiments 
with hydroxyl radicals generated from teth- 
ered Fe(I1); probes tethered to protein S15 in 
the base of the 30s platform (40) and to 
nucleotide 361 in the body of the small sub- 
unit (45) each target nucleotides in the pen- 
ultimate stem facing their respective loca- 
tions (Fig. 4). Nucleotides around the internal 
loop at positions 1434 to 1438 are protected 
from hydroxyl radicals by the binding to 16s 
rRNA of protein S20 (46), which has been 
localized to the bottom of the 30s subunit 
(47). In the electron density map, the bottom 
of the body of the 30s subunit contacts the 
penultimate stem at the predicted location of 
this internal loop (Fig. 4). Iridium hexam- 
mine is bound to the major groove of the 
penultimate stem at four sites predicted to 
contain noncanonical helical interactions, 
consistent with the RNA binding specificity 
previously observed for the chemically anal- 
ogous osmium hexammine (48) (Fig. 4). To- 
ward the top of the penultimate stem, phylo- 
genetic covariation of nt 1417 and 1418 and 
nt 1482 and 1483 (49) and the reactivity 
patterns of their bases and riboses (36) sug- 
gest that they form tandem sheared A-G base 
pairs, consistent with the unusual shape of 
their electron density. Their predicted posi- 
tion places their minor groove surface in 
contact with bridge B3, explaining the pro- 
tection of the N1 positions of A1418 and 
A1483, and the riboses of all four nucleo- 
tides, by 50s subunits (36). The bridge inter- 
actions may be similar to those seen in the 
5415 region of a group I intron (50) upon 
docking of its substrate duplex (51). A final 
test of the register of the penultimate stem is 
the fitting of solution NMR structures of a 
model RNA encompassing the "decoding 
site" region of 16s rRNA (nt 1404 to 1412, 
1488 to 1497) (9,52) to the electron density. 
Two conspicuous features of the NMR solu- 
tion structure are an approximate 30" bend 
centered on the tRNA-protected nt 1492 and 
1493 (53, 54), which results in a noticeably 
narrowed major groove; both features are 
observed at precisely the predicted positions 
of these nucleotides in the 70s ribosome crys- 
tal structure (Fig. 4). Electron density maps 
calculated from the NMR structures to 7.8 A 
resolution contain a hole through the helix at 
the positions of A1492 and A1493; a single 
hole appears in the observed electron density 
of the penultimate stem at the predicted loca- 
tions of these nucleotides. It is noteworthy 
that the x-ray map closely resembles the 
NMR structure of the paromomycin-RNA 
complex but not that of the drug-free RNA (9, 
52). Finally, the electron density at the posi- 
tion of the 5' strand (nt 1404) leads directly 
into the P site of the 30s subunit where 
C1400 has been photochemically cross- 
linked to the wobble base in the anticodon of 
tRNA (55), as described below. 

Each of the interface contacts, taken indi- 
vidually, buries only a modest surface area 
from solvent. We estimate the total surface area 
buried to be close to 2100 K ;  the largest single 
area (B2a) covers about 600 A2 (56). By com- 
parison, the P456 domain of the T.  thennophila 
group I intron buries 2700 A2 of surface area 
(50, 57). Each of its three helical packing ele- 
ments contributes about 900 A2. The COOH- 
terminal domain of ribosomal protein L11 ex- 
cludes 1700 to 1900 A2 from solvent when it 
binds to 23s rRNA (11, 12, 57). Considering 
the size of the ribosome, the relatively small 

surface area involved in intersubunit contacts is 
consistent with the delicate balance between 
subunit association and dissociation observed in 
vitro (58). 

Positions of tRNA in the Ribosome 
Three different tRNA-ribosome structures were 
used to determine the positions of tRNA bound 
to the ribosome. First, tRNA bound to the P site 
was positioned by combining the P-site differ- 
ence map (Fig. 1B) with the ASL seen directly 
in the 7.8 A electron density map (Fig. 5). The 
A-site tRNA was initially found in the 25 A 

Fig. 3. Interface between ribosomal subunits. c 
(A) Stereo view of Large ribosomal subunit 
interface. Regions of contact between ribo- 
somal subunits are surrounded by thick black 
lines. (B) Stereo view of small ribosomal sub- 
unit interface, marked as in (A). The bridges 
are the mirror image of those in (A). (C) The 
labels for the interface contacts are derived 
from bridges (B1 to 86) seen in EM recon- 
structions (34). with the addition of 87. Bridge 
86 is shifted relative to its position in the EM 
studies (34). 

Blb @ '  

0 Bla 
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A-site difference map described earlier (Fig. metric amount, is also seen in the ASL-contain- some is presented in Fig. 5C, in which calcu- 
1A). When the P-site difference map is con- ing complex as weaker electron density. Thus, lated 7.8 A maps of tRNA were positioned in 
toured to reveal low-occupancy tRNA binding, the positions of each of the three tRNAs (or the experimentally determined ribosome densi- 
additional density for A-site and E-site tRNA ASL) are confirmed independently in two dif- ty. The tRNAs in the A and P sites are nearly 
appears. Moreover, E-site tRNA, which was ferent ribosome complexes (Fig. 5). parallel to one another, while the acceptor end 
copurified with the ribosomes in a substoichio- A model of three tRNAs bound to the r i b  of the E-site tRNA diverges toward the base of 
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the L1 ridge (compare with Fig. 2A). The angle 
between the planes of the A- and P-site tRNAs 
is reduced compared with that i n f d  h m  
EM reconstructions (15). Although the A-site 
tRNA seen in the higher-resolution P-site dif- 
ference is bound in the presence of a noncog- 
nate codon (tRNAMf st with a IJUU Phe codon in 
the A position), the low-resolution A-site dif- 

determined position of the P tRNA 3' end (Figs. 
1B and 5), a parallel orientation for the A-site 
tRNA would still allow its aminoacyl end to 
reach the 3' end of the P-site tRNA to enable 
the peptidyl transfer reaction. The 3' CCA 
tRNA tail has been shown to take on different 
conformations depending on its structural con- 
text (59). 

(Fig. 1B). The final base pair of its acceptor 
stem appears to be unpaired, as expected for 
bacterial initiator tRNA (60) (compare Fig. 
1B with 1C). Nucleotide C74 in the univer- 
sally conserved CCA end of tRNA has been 
shown to base pair with the invariant G2252 
in 23s rRNA (61). This tRNA-rRNA base 
pair probably exists in the crystal because the 
single-stranded tail of the P-site tRNA is 
visible and is particularly strong in the pre- 
dicted position of C74. However, the differ- 
ence density does not seem large enough to 

ference map shows a cognate tRNA bound in a 
similar orientation, suggesting that the general Transfer RNA-Ribosome Interactions 

The single-stranded 3' end of tRNA,M"' ap- 
pears clearly in the P-site difference map 

position of the noncognate A-site tRNA is un- 
likely to be spurious. Given the experimentally 
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Details of the interactions between the ribo- 
some, mRNA, and P-site ASL can be seen in 

account for A76, suggesting that the very 3' 
terminus of the deacylated t R N A y  is disor- 
dered. When the difference map is superim- 
posed on the ribosome electron density, the 
3' end of the tRNA is pinched between two 
features of the 50s subunit which direct it 
toward an opening that leads to the presumed 
polypeptide exit tunnel (Fig. 5D). Although 
both parts of the pincer appear to be made of 
RNA, attempts to obtain a close fit of the 
solution structure of the 23s rRNA P loop 
(lo), which contains G2252, to the electron 
density have so far been unsuccessful. 

The 30s subunit P site helps to anchor 
peptidyl-tRNA to the ribosome, preventing 
loss of the growing peptide chain; equally 
important, it helps to maintain the translation- 
al reading h e  by stabilizing codon-antico- 
don interaction when the A site is vacant. 
Detailed chemical probing studies show that 
the small-subunit P site binds tRNA mainly 
by its ASL (53, 54, 62). ASL constructs with 
as few as 4 bp bind to the ribosome in an 
mRNA-dependent manner, with the same 
dissociation constant (100 nM) as that of 
intact deacylated tRNA (63). 

the x-ray structure. The ASL component of 
tRNAPk and its P-site codon can be readily 
identified in the electron density (Fig. 5, E and 
F). In the P site, the ribosome grips the tRNA 
anticodon and mRNA with six fingers of elec- 
tron density, three of which (a to c) form a 
molecular jig to position the anticodon stem. 
Finger (a) binds the tRNA backbone around 
positions 29 and 30, while finger (b) interacts 
with the tRNA across its minor groove near 
positions 3 1 and 41. On the opposite side of the 
stem, finger (c) contacts the tRNA backbone 
near positions 38 and 39. Finger (d) contacts the 
backbone of the anticodon loop near nucleotide 
34, the wobble nucleotide, while finger (e) con- 
tacts the minor groove face of the mRNA at the 
first and second positions of the P-site codon. 
Fingers (d) and (e) grip the codon-anticodon 
duplex from opposite directions, as if to clamp 
the two strands of the triplet duplex together. 
Feature (f) has a very different appearance 
from that of fingers (a) to (e), merging with the 
density of the codon-anticodon helix near its 
end, indicating a possible stacking interaction 
with the wobble pair. The well-known photo- 
chemical cross-link between C1400 in 16s 
rRNA and the wobble base in the anticodon of 
P-site tRNA (55) suggests that feature (f) con- 
tains nucleotides from the 1400 region of 16s 
rRNA. In addition, the observed P-site ASL- 
dependent protection of the N7 position of 
GI401 from dimethyl sulfate (53.54) could be 
due to interaction (f). The nearby location of 
the penultimate stem, which begins with nt 
1404, is consistent with the predicted location 
of C1400 and GI401 in this feature. The exten- 
sive set of interactions observed in the electron 
density explains the minimal accessibility of the 
ASL backbone to hydroxyl radicals when in 
the small-subunit P site (62) and the ability of 
the ribosome to bind tRNA to the P site in the 
absence of mRNA (53, 64). The ribosomal 
components of fingers (a) to (e) have not yet 
been identified, but N1 positions of guanine 
residues identified in footprinting and modifi- 
cation-interference experiments (53,54,65) are 
potential candidates to make hydrogen bonds to 
phosphate oxygens or 2'-hydroxyl groups in the 
ASL and mRNA backbones. 

These findings suggest that binding of 
tRNA by the 30s subunit has three conse- 
quences. First, the orientation of the antico- 
don end of peptidyl-tRNA is fixed by clamp- 
ing its anticodon stem with fingers (a) to (c). 
Second, fingers (d) and (e) help stabilize 
codon-anticodon pairing, and feature (f) may 
provide further stability by extending the 
stacking of the triplet duplex (66). Third, 
feature (f) may also help to orient the mRNA 
for proper positioning of the A-site codon. 
Most importantly, all of these interactions 
appear to involve sequence-independent con- 
tacts to the ribosome, such that all tRNAs and 
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their respective codons can be bouild to the 
30s  subunit P site in the same way. 

In contrast to the P site, the A site in the 30s 
subunit is cavernous (Fig. 3B). The n~olecular 
surface of the tRNA-nlRNA complex modeled 
in the A site appears to make only weak con- 
tacts with the ribosoine density (Fig. 5G). at the 
back wall of the binding pocket, the P-site 
proxilnal side wall, and bridge B2a, which lulls 
under the D stems of the A and P tRNAs. The 
openness of the A site is in keeping with its role 
in translation; whereas the P site grips the tRVA 
tightly and maintains the kanslational reading 

frame. the A site discriminates betcveen cognate 
and noncognate tRNAs to exploit subtle differ- 
ences in the free energy of codon-anticodon 
pairing (67-69). Interestingly. the illaximal 
opening of the A site is oriented not in the 
direction of stably bound A-site tRVA, but 
toward the direction of L7L12, matching the 
direction of incoming aminoacyl tRVA intro- 
duced by EF-Tu (14) (Fig. 5G). 

In the absence of bound tRVA. the A-site 
codon is disordered in the electron density, 
suggestiilg that there are minimal, if any, A-site 
contacts between nlRNA and the ribosome in 

Table 1. X-ray diffraction data and heavy-atom phasing. The ribosome crystals grew in space group 1422 
with cell dimensions of approximately a = b = 508 A and c = 803 A. For data collection, crystals were 
transferred into cryoprotectants containing 20 to 25% 2-methyl-2,4-pentanediol and flash-cooled in 
liquid propane. Crystals were held in a nitrogen gas stream at 105 K during measurements to minimize 
crystal decay in the x-ray beam. Data were measured with three different x-ray sources: beamline 5.0.2 
at the Advanced Light Source (ALS) with an ADSC Quantum 4 CCD-based detector, beamline 9-1 at the 
Stanford Synchrotron Light Source with a MAR 345 image plate detector, and a Rigaku rotating anode 
with an R-Axis II detector at UCSC. Most of the data, including all of the MAD data, were collected at the 
ALS. All data were reduced to intensities and standard deviations with the programs Denzo and Scalepack 
(80). Further data analysis was performed with the CCP4 suite of programs, CNS, the mask and map 
manipulation programs MAMA and MAPMAN, and the graphics program 0 (20, 81). Heavy-atom 
refinement was carried out with the program MLPHARE (82), with slight modifications to the source code 
(83). For MAD phasing, the high-energy remote wavelength (13) served as reference, with ASLZ added as 
an additional derivative. 

Data set ASL1 A site ASLZ P site 

High-resolution limit (A) 15.7 18. 8.8 7.0 
R,,,,* % (outer shell) 4.3 (44.0) 7.6 (32.7) 8.4 (56.3) 5.2 (38.0) 
Mean I/o(l) (outer shell) 34.2 (3.2) 27.2 (5.2) 17.7 (2.6) 27 (3.4) 
Number of reflections 

Unique 8,515 4,034 41,520 81,043 
Observational 4.4 4.8 5.9 3.9 

redundancy 
Completeness, % 96.2 (97.7) 76.3 (74.2) 99.8 (99.1) 97.4 (94.2) 

(outer shell) 

MAD data set h l (1 .1051A)  hZ(1.1055A) h3(1.0764A) h4(1.1047A) 
(iridium hexammine) 

High-resolution limit (A) 7.5 7.5 7.5 7.5 
R,,,," % (at 7.8 A) 7.3 (39.5) 7.2 (40.3) 8.9 (46.3) 7.9 (52.3) 
Mean / la(/) (at 7.8 A) 16.1 (3.4) 14.8 (3.0) 15.8 (3.1) 13.9 (2.4) 
Number of reflections 

Unique 121,730 118,423 124,437 1 19,051 
Observational 4.0 3.4 4.4 3.4 

redundancv 
Completeness, % 95.9 (95.4) 93.1 (91.5) 97.7 (97.7) 93.4 (92.2) 

(at 7.8 A) 

x2, unmerged'i 1.3 1.2 1.4 1.2 
x2, anomalous signal 8.6 2.8 3.0 3.0 
xZ, dispersive signal h l  - 3.5 5.7 12.1* 

h2 - - 4.1 7.1 
A3 - - - 4.0 

Resolution (A) Phasing (FOM)$ 
51.5 0.17 
28.0 0.48 
19.2 0.63 
14.6 0.70 
11.8 0.66 
9.9 0.62 
8.5 0.50 
7.5 0.32 
Phasing {FOM): after density modification (at 7.8 A): 0.92 (0.80) 

R = 2 1 - I )  I .  tx2 analyses taken f rom Scalepack (80). Data were originally scaled w i th  ( I T )  and ( I - )  kept 
separate (unmerged). Anomalous signal calculated after merging ( I+ )  and ( I - ) .  Dispersive signal calculated by 
comparing ( I )  across wavelengths, $Mean figure of merit,  or mean cosine o f  the phase error, given as a function o f  
resolution. 

the absence of A-site tRVA. It may be neces- 
sary to have solne degree of flexibility in the 
position of the A-site codon to allow reorienta- 
tion of the anliiloacyl tRVA after it is released 
from EF-Tu, to maintain codon-anticodon pair- 
ing. On the basis of our modeling of A-site 
tRVA, codon-anticodon pairing would direct 
the 3'end of the mFNA through the tunnel 
between the head and body. as predicted from 
EM reconstructions (13; 34) (compare Fig. 5G 
and Fig. 2A). The 16SrRNA bases most strong- 
ly implicated in A-site tRVA binding are the 
universally conserved nt A1492 and A1493 (1). 
whose N1 positions are protected by the bind- 
ing of A-site tRVA (53, 54). However, their N1 
positions are more than 15 A ftom the II~RNA- 
tRNA complex and point in the opposite direc- 
tion toward the 505 subunit near bridge B2a, 
s&ongly suggesting that their protection by 
tRNA is indirect. 

E-site tRVA coiltacts the ribosome in three 
locations. First, its 3'-CCA end is fused with 
the 505 density in the cleft between the L 1 stalk 
and central protuberance (Fig. 5C), consistent 
with previous studies that have sho\vn that the 
most inlportant determinants of E-site binding 
reside in the deacylated A76 of tRNA (70, 71). 
A second interaction occurs betcveen protein L 1 
and E-tRVA at the predicted position of its T 
loop. The anticodon loop of the E-site tRVA 
binds in the cleft between the platfoiln and head 
of the 305 subunit, adjacent to that of P-site 
tRVA (Fig. 5. C and D). Codon-anticodon pair- 
ing in the E site would require movement of the 
anticodon end of E-tRVA by -7 A toward the 
P site. Whether E-site tRNA interacts with 
mRNA remains an open question, since the 
structures presented here involve noncognate 
E-tRNA. 

Ribosome Structure and Movement 
In contrast to early views of the ribosome as a 
passive surface upon \vhich the process of 
translation occurs. there is increasing evidence 
that the ribosome is an RNA-based machine 
that itself carries out the fundamental steps of 
translation (7).  most striking is the demonska- 
tion that the ribosome is able to translocate 
tRVAs in the absence of elongation factors and 
GTP (6 ) .  Biochemical and biophysical studies 
provide evidence that the anticodon and accep- 
tor ends of tRVA bind and move independently 
with respect to the small and large subunits 
(72). These observations and the juxtaposition 
of RNA elements implicated in tRNA binding 
and subunit associatioil imply that these tcvo 
apparently independent functions of the ribo- 
some are someho\v coupled. Direct evidence 
for a functional connection between tRNA 
binding and subunit association comes from the 
accessibility to chemical probes of "class III" 
sites in 16s rlGVA, nucleotides that are protect- 
ed by binding of either tRNA or 50s  subunits 
(53, 73). Interestingly. these same nucleotides 
are also protected by the binding of antibiotics 
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that increase the error frequency of translation, 
thus linking tRNA binding, subunit association, 
and translational accuracy. 

A framework for understanding the ways in 
which these three diverse functions are linked 
begins to emerge from the x-ray structure. Fol- 
lowing the electron density from the predicted 
location of the 900 loop in 16s rRNA, the RNA 
strand containing the class JII nt A909 is found 
to contact the penultimate stem at the predicted 
location of two additional class III nucleotides 
(A1413 and G1487; Figs. 6A and 4). These 
three residues are precisely the subset of class 
111 sites specifically protected by the binding of 
A-site tRNA or streptomycin, as well as by 50s 
subunits (36, 53, 73). Thus, the protection of 
these three nucleotides can be explained by the 
reversible interaction of the 909 strand with the 
penultimate stem in a way that is stabilized by 
all three types of ligand. The x-ray structure 
illustrates how each of these ligands may exert 
such an effect. On the interface side, the 50s 
subunit packs against bridges B2a, B2c, and 
B3, which involve the penultimate stem and 
900 loop. Both the large subunit and P-site 
tRNA contact the platform, which in turn packs 
against the 900 loop. Finally, the aminoglyco- 
side antibiotics bind to the top of the penulti- 
mate stem beneath the A-site tRNA, and strep- 
tomycin footprints nucleotides in the 909 strand 
(9, 73). 

Recent genetic studies (74) demonstrated 
the first example of rRNA movement directly 
tied to ribosome function, in which alternate 
pairing of a 3-bp helix in 16s rRNA correlates 
with translational accuracy. The "switch" helix, 
encompassing nt 885 to 890 and nt 910 to 912, 
neighbors class III nt A909, again pointing to 
the intimate relation between the three ribo- 
some functions described above and W e r  
connecting them to the dynamics of ribosomal 
RNA. The switch helix is located at the center 
of the same network of RNA helical packing 

interactions described above for the class III 
nucleotides (Fig. 6A). The electron density be- 
tween the switch helix and the 900 loop (Fig. 
6B) has the characteristic appearance of an 
S-turn (75, 76) as recently predicted from com- 
parative sequence analysis (77). An S-turn for 
the 5' strand of the switch region implies that 
the crystal structure contains the ram, or error- 
prone, conformation of the switch helix (nt 885 
to 887, 910 to 912 pairing); nt 888 to 890, 
involved in the restrictive pairing mode, are part 
of the S-turn motif (77). The conformational 
switch must exert its influence on the accuracy 
of tRNA selection indirectly, because the 
switch helix is more than 15 A from the closest 
approach of the A-site tRNA or codon. Instead, 
both the 5' and 3' strands of the switch helix 
make minor-groove contacts with the penulti- 
mate stem around positions 1489 and 1413, 
respectively. The tRNA-protected bases A1492 
and A1493 in the penultimate stem, which are 
also out of contact range with both the A-site 
tRNA and rnRNA, are very near the switch 
helix. The single position of close approach 
between the decoding region and A-site tRNA 
is the 16s rRNA backbone around positions 
1494 and 1495. These nucleotides are within 
-2 to 4 A of the predicted position of the tRNA 
backbone near positions 37 and 38, directly 
adjacent to the A-site anticodon. It is notewor- 
thy that cleavage of 16SrRNA between nt 1493 
and 1494 by Colicin E3 causes ribosome inac- 
tivation (78). 

These observations suggest that the ribo- 
some may exert its influence on the binding of 
tRNA to the A site via a molecular relay me- 
diated by the switch helix and its neighbors. 
Rearrangement from the restrictive to the ram 
conformational state, possibly triggered by a 
signal from the 50s subunit, would result in 
formation of the S-turn and the contacts be- 
tween the switch helix and penultimate stem 
observed in the crystal structure. The increase 

Fig. 6 The switch helix in A the 305 subunit (A) Pack- 
ing of the penultimate 
stem (green) between the 
505 subunit (gray), the 
switch helix (F&ii7blue), 
and the remainder of 1 

a h .  The approximate 
Locations of bases A1492 
and A1493 (a), dass Ill nt 
909, 1413, and 1487 (b), 
and the 1494 strand (c) 
are shown. IBI View of the . r 

packing interactions from 
the platform side of the 
A-site tRNA A ribbon rep- 
resentation of the 900 

in reactivity of A908 as a function of the error 
frequency of different mutant ribosomes (79) 
could be a manifestation of this change in 
RNA packing. Rearrangement of interactions 
between the switch helix and penultimate 
stem may modulate the conformation or ori- 
entation (or both) of the penultimate stem, 
influencing the position of the 1494-1495 
strand. A further conformational change 
could then account for the observed tRNA- 
dependent protections of A1492 and A1493 
and the enhanced reactivity of A892 (54), 
upon contact between the respective strands 
of the 16s rRNA decoding site and the tRNA 
anticodon loop. This relay mechanism would 
link events occumng in the 30s subunit de- 
coding site with those taking place in the 50s 
subunit. Moreover, such a link could be bi- 
directional, providing a signal to the 50s 
subunit concerning the fit of codon-anticodon 
pairing in the 30s subunit; conversely, it 
could signal events in the 50s subunit, such 
as the release of EF-Tu or peptide bond for- 
mation, to modulate interactions between 
tRNA and the 30s subunit. 

Note added in proof After submission of 
this article, two papers describing the struc- 
tures of the T. thermophilus 30s ribosomal 
subunit at 5.5 A resolution (84) and the Halo- 
arcula marismortui 50s ribosomal subunit at 
5 A resolution (85) were published. Although 
many of the details of the rRNA and ribo- 
somal protein components are more clearly 
resolved in the subunit structures, some fea- 
tures seen in the 70s ribosome structure, such 
as protein L1 in the 50s subunit and part of 
the head of the 30s subunit, appear to be 
absent in the subunit maps, possibly because 
of local disorder that is not present in the 70s 
ribosome crystals. In addition, certain fea- 
tures of the 30s subunit, such as the orienta- 
tion of the head and platform, differ between 
the isolated subunit and 70s ribosome. 

stem-loop region of 165 
rRNA containing the 5- 
turn is shown in yellow, with the switch helix in orange. 
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