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The Path of Messenger RNA through the Ribosome

may underlie the observed stimulation of translationalGulnara Zh. Yusupova,1,4 Marat M. Yusupov,1,4

frame shifting by certain mRNA pseudoknot structuresJ.H.D. Cate,2 and Harry F. Noller1,3

located downstream from the A-site codon (Alam et1 Center for Molecular Biology of RNA
al., 1999; Brierley et al., 1989), again by an unknownSinsheimer Laboratories
mechanism. Knowledge of the molecular interactionsUniversity of California, Santa Cruz
between mRNA and the ribosome will be essential forSanta Cruz, California 95064
understanding the mechanistic basis for all of these2 Whitehead Institute
processes. Apart from certain specific regulatory inter-Cambridge, Massachusetts 01242
actions, most ribosomal contacts must, of necessity, be
insensitive to mRNA sequence, and so are expected to
involve the mRNA backbone, rather than its bases.Summary

Early nuclease protection studies provided the first
indications of the size of the mRNA binding site on theUsing X-ray crystallography, we have directly ob-
ribosome. Ribonuclease A digestion of R17 phageserved the path of mRNA in the 70S ribosome in Fourier
mRNA bound to the ribosome at the initiation sites ofdifference maps at 7 Å resolution. About 30 nucleo-
its three cistrons yielded protected fragments about 31tides of the mRNA are wrapped in a groove that encir-
nucleotides in length (Steitz, 1969). A larger region wascles the neck of the 30S subunit. The Shine-Dalgarno
found to be protected from hydroxyl radicals in chemicalhelix is bound in a large cleft between the head and
footprinting studies using phage T4 gene 32 mRNA,the back of the platform. At the interface, only about
in which the protected region extended some 10–20eight nucleotides (�1 to �7), centered on the junction
nucleotides further at the 3� end (Hüttenhofer and Noller,between the A and P codons, are exposed, and bond
1994). Shatsky et al. (1991) proposed a specific modelalmost exclusively to 16S rRNA. The mRNA enters the
for the path of the mRNA, based mainly on immuno-EMribosome around position �13 to �15, the location of
data in which the mRNA wraps around the neck of thedownstream pseudoknots that stimulate �1 transla-
30S subunit, with its 5� end on the platform side andtional frame shifting.
its 3� end near the shoulder. The basic features of the
Shatsky-Bogdanov model were retained in the proposal

Introduction for an mRNA channel (Frank et al., 1995) based on
ribosome morphology and the positions of tRNAs in

Genetic information is presented to the ribosome in the the ribosome as observed in cryoelectron microscopic
form of messenger RNA (mRNA), whose codons are reconstructions. Brimacombe, Bogdanov, Wollenzein,
read by base pairing with transfer RNA (tRNA) during and their collaborators used directed crosslinking meth-
protein synthesis. Besides its interactions with tRNA, ods to locate individual nucleotides of the ribosome-
the mRNA also interacts with the small subunit of the bound mRNA in relation to specific features of 16S rRNA
ribosome. About thirty nucleotides of mRNA are seques- and ribosomal proteins (Bhangu et al., 1994; Bhangu and
tered by the ribosome (Steitz, 1969), through interac- Wollenzien, 1992; Brimacombe, 1995; Dokudovskaya et
tions that influence proper reading of the encoded mes- al., 1993; Dontsova et al., 1992; Greuer et al., 1999;
sage. In prokaryotes, selection of the correct start site Juzumiene et al., 1995; Rinke-Appel et al., 1993, 1994;
is guided by base-pairing of a purine-rich sequence of Sergiev et al., 1997). Within the limits of the knowledge
the mRNA with the 3�-terminal tail of 16S ribosomal RNA of ribosome structure, these different approaches were
(rRNA) in the 30S subunit—the Shine-Dalgarno interac- in agreement with the original proposal (Shatsky et al.,
tion (Shine and Dalgarno, 1974). Interactions between 1991).
16S rRNA and mRNA also appear to play a fundamental In this study, we directly map the path of the mRNA in
role in the accuracy of tRNA selection, in which nucleo- the ribosome by X-ray crystallography. Using diffraction
tides G530, A1492, and A1493 have recently been shown data from crystals of 70S ribosomal complexes con-
to make intimate contact with the codon-anticodon helix taining bound tRNAs and either a model mRNA fragment
in the 30S subunit A site (Ogle et al., 2001). The ribosome or no mRNA at all (Belitsina et al., 1981), we calculate
is also directly involved in coupled translocation of the Fourier difference maps of the bound mRNA. Together
mRNA and tRNAs (Belitsina et al., 1981; Gavrilova et al., with the recently reported positions of the A- and P-site
1976; Pestka, 1967). Little is known of the molecular codons bound to their respective tRNAs in 70S com-
mechanisms underlying this process, which must some- plexes (Yusupov et al., 2001), we are able to describe
how avoid slippage of the translational reading frame the complete path of the mRNA through the ribosome,

at 7 Å resolution. The mRNA is threaded through a chan-during movement. Finally, scant attention has been paid
nel that wraps around the neck of the 30S subunit, con-to the mechanism by which the ribosome unwinds sec-
firming the general features of the previous modelsondary structure in the mRNA. The failure of this process
(Frank et al., 1995; Shatsky et al., 1991). The locations
in the ribosome of the Shine-Dalgarno and downstream3 Correspondence: harry@nuvolari.ucsc.edu
regions of the mRNA flanking the A and P sites have4 Present Address: UPR 9004 de Biologie et de Genomiques Struct-
implications for translational initiation, frame shifting,urales du CNRS, IGBMC B.P. 163, 1 rue L. Fries, 67404 Illkirch

Cedex - CU de Strasbourg, France. and other functional interactions of mRNA. Unexpect-
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Pseudoatom models for the mRNA 27-mer and the 3�
terminus of 16S rRNA, as well as the previously deter-
mined models for the A and P codons (Yusupov et al.,
2001), are shown superimposed on the difference map.
The positions of the A and P codons provide a close
check on the register of the central part of the mRNA
model, while the resolution of the difference map itself

Figure 1. Nucleotide Sequences of the Three Model mRNAs Used
allows fitting the rest of the mRNA with a precision ofin this Study
about �/� 1 nucleotide. A pronounced cylinder of elec-The Shine-Dalgarno sequence (S/D), and P- and A-site codons are
tron density is seen at the 5� end of the mRNA, whoseunderlined. The self-complementary sequences forming the puta-
dimensions are in good agreement with the predictedtive A-site helix in MF36 mRNA are overlined.
eight base-pair Shine-Dalgarno helix. A gap of about
four nucleotides in the electron density is seen at the
position of the P codon and its 5� flanking nucleotideedly, a model mRNA based on gene 32 mRNA forms an
(mRNA positions �1 to �3). This can be explained byelectron-dense mass, most likely resulting from forma-
the folding back of the 3� tail of 16S rRNA in the absencetion of a small hairpin loop by intramolecular base pair-
of mRNA, as found in the high-resolution structure foring of the mRNA, that appears to mimic binding of the
the T. thermophilus 30S subunit (Wimberly et al., 2000);anticodon loop of tRNA to the A site. Finally, the arrange-
binding of the tail of 16S rRNA to the P codon positionment of ribosomes around the crystallographic 4-fold
of the ribosome results in subtraction of the P codonaxis permits direct threading of the mRNA from one
from the mRNA difference map. An additional small gapribosome to the next, suggesting how ribosomes may
is found at position �4 of the mRNA, which may be duepack in polysomes to make efficient use of shared mRNA
to local disorder. The location of the A codon is closeand tRNAs.
to that found in the presence of A-tRNA, even though
A-tRNA was absent in these complexes. At its 3� end, theResults
MK27 difference density terminates in good agreement
with the predicted position of the 3� end (position �12)The model mRNA MF36 was based on phage T4 gene
of the mRNA model.32 mRNA (Figure 1), except that the potential for pairing

The difference map for the MF36 mRNA resemblesof its Shine-Dalgarno sequence was increased to eight
that of the MK27 mRNA, except at its 3� tail and in thebase pairs by extending its complementarity to the 3� tail
A codon region, where a cylinder of density overlappingof 16S rRNA. For the MV36 and MK27 mRNAs, different
with the position normally occupied by the A-tRNA (Catecoding and downstream regions were also introduced
et al., 1999; Ogle et al., 2001; Yusupov et al., 2001)(Figure 1). Complexes containing Thermus thermophilus
appears (Figure 2B). This unexpected feature can be70S ribosomes, mRNA fragments, and either full-length
explained by intramolecular base pairing of complemen-tRNA or an anticodon stem-loop (ASL) bound to the
tary sequences in the gene 32 mRNA (positions �4 toribosomal P site were cocrystallized as described (Cate
�7 and �12 to �15 of the MF36 mRNA; Figure 1). Thiset al., 1999; Yusupov et al., 2001). Similar cocrystals
feature is absent in the difference map for MK27 (Figurecontaining 70S ribosomes and initiator tRNA, but lacking
2A), in which the self-complementary sequences weremRNA (Belitsina et al., 1981) were prepared under the
replaced by poly(A). A four base-pair stem modeled fromsame conditions. Data were collected using synchrotron
a tetraloop-containing helix can be accommodated inradiation, and previously derived structure factor
the extra difference density (Figure 2B). Modeled in thisphases (Cate et al., 1999; Yusupov et al., 2001) were
way, the 3� end of the MF36 mRNA terminates close toused to compute Fourier difference maps (Table 1).
the end of the strongest part of the electron densityFigure 2A shows the 7 Å Fourier difference map com-
(Figure 2B). Weaker density can be seen extendingputed for the MK27 mRNA fragment using data collected
about six nucleotides further, suggesting that the un-from crystals containing two types of ribosomal con-
folded form of the MF36 mRNA is also present, but atstructs. In one construct, 70S ribosomes were bound
lower occupancy. The weaker density extends to aboutwith the MK27 mRNA and initiator tRNA; the other con-

struct was identical, except that mRNA was omitted. position �17, implying that the very 3� end of the mRNA

Table 1. Crystallographic Dataa

Data set (model mRNA) no mRNA MK27 MF36 MV36

High-resolution limit (Å) 6.5 5.6 5.0 7.0
Rsym* 8.9 12.4 9.4 8.8

Mean I/�(I) 2.6 at 6.5 Å 2.1 at 5.6 3.3 at 5.5 2.3 at 7.0
Number of reflections

Unique 95,127 153,627 209,044 73,146
Observational redundancy 3.6 3.0 2.8 3.6
Completeness (%) 96.7 97.7 95.3 89.5

a Crystals of ribosomal complexes were prepared as described in Experimental Procedures, using the model mRNAs MK27, MF36, and MV36
(Figure 1). All data were collected at beamline 5.0.2, at the Berkeley Center for Structural Biology, Lawrence Berkeley National Laboratory.
*Rsym � � | I � �I� | /� I
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chain (nucleotides �18 through �21) is disordered in the
unfolded mRNA conformer. The mRNA hairpin feature
occupies the position of the anticodon stem-loop (ASL)
of the A-site tRNA (Cate et al., 1999; Yusupov et al.,
2001), as shown in Figure 2C. The striking coincidence
of these two structures suggests that the mRNA hairpin
may be designed to mimic the A-site ASL, possibly play-
ing a role in initiation of translation of gene 32 mRNA.

Figure 3A shows the path of the mRNA in the context
of the complete 30S ribosomal subunit of the 70S ribo-
some, as viewed from the subunit interface. The mRNA
passes through upstream and downstream tunnels to
access the interface, where only about eight nucleotides
(�1 to �7), centered on the junction between the A and
P codons, are exposed. Binding of mRNA to the 30S
subunit during translational initiation requires opening
one or both of the tunnels (which are closed noncova-
lently) depending on the length of the upstream leader,
since it has been shown by Bretscher (1968) that the
ribosome is able to initiate translation on a circular mes-
sage. The contact point between the head and body
has been described as a potential “latch,” the closing
of which was proposed to provide a geometry that guar-
antees processivity, provides directionality, and pre-
vents dissociation (Schluenzen et al., 2000). The bound-
aries of the ribosomal contacts with the mRNA (�15 to
�16) are within experimental error of those predicted
(�16 to �16) by Steitz (1969). The features of 16S rRNA
structure that surround the message agree well (P-P
distances from 8 to 28 Å) with all but one (60Å between
mRNA position �1 to �8 with 16S rRNA position 1360)
of the site-directed crosslinking results in which both
the mRNA and rRNA crosslinking positions were charac-
terized (Bhangu et al., 1994; Brimacombe, 1995; Doku-
dovskaya et al., 1993; Dontsova et al., 1992; Greuer et
al., 1999; Juzumiene et al., 1995; Rinke-Appel et al.,
1993, 1994; Sergiev et al., 1997). The 5� end of the mRNA
originates at the back of the platform (Figure 3B), where
it enters the groove between the head and platform,
wrapping around the neck of the subunit and exiting
on the opposite side between the head and shoulder.
Although the ribosome-bound portion of the mRNA con-
tains about 30 nucleotides, stretching from about posi-
tion �15 to �15, the region most closely wrapped
around the neck extends from around positions �3 to
�10, centering on the junction between the A and P
codons. The immediate molecular environment of the
mRNA contains mainly 16S rRNA (Figure 3A), except at
the extremities of its binding site, around the upstream
Shine-Dalgarno interaction and in the downstream re-
gion around position �12, as well as in the A codon,
where it is close to ribosomal proteins.

Upstream Interactions
The Shine-Dalgarno helix fits into a large cleft between

Figure 2. Fourier Difference Maps of mRNAs
the back of the platform and the head of the subunit

(A) 7 Å Fourier difference map of MK27 mRNA with the mRNA model
(yellow) docked, showing the position of the Shine-Dalgarno (S/D)
helix (magenta) and the positions of the A- and P-site codons (or-
ange and red, respectively), viewed from the top of the 30S ribo- (green) is shown in the position observed experimentally in the
somal subunit. A-tRNA difference map (Yusupov et al., 2001), in place of the A-site
(B) Difference map of the MF36 mRNA, showing a four-base-pair mRNA helix. The five-nucleotide (GGAGG/CCUCC) core of the
tetraloop helix (A-site helix) fitted to the extra density at the A site. Shine-Dalgarno interaction is shown in magenta, and the rest of the
(C) Same as for (B), except that the A-tRNA anticodon stem-loop 16S rRNA tail in cyan.
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Figure 3. Path of mRNA through the 30S Ribosomal Subunit

(A) Interface and (B) solvent views of the mRNA in the 30S ribosomal subunit. A, P; the A- and P-site codons. 5�, 3�; the 5� and 3� correspond
to positions �15 and �15 of the mRNA model. The head, platform, shoulder, and body of the subunit, and ribosomal proteins S2, S3, S4,
S5, S7, S11, S12, and S18 are indicated. The ribosomal proteins are shown in dark blue, 16S rRNA in cyan and the mRNA is colored as in
Figure 2.

(Figure 4A). In the solvent-side view, The Shine-Dalgarno rRNA, where they occupy the major groove of the nonca-
nonical helical structure formed by the 1400 and 1500cleft is formed by helix 20 on the bottom, the 723 bulge

loop and proteins S11 and S18 on the left, and the neck strands of 16S rRNA often referred to as the “decoding
site” (Figure 4B). As noted above, the P codon followshelix (helix 28) and helix 37 on the right. The N-terminal

end of protein S18, which is rich in basic and aromatic a path very similar to that described for the folded-back
tail of 16S rRNA, which appears to mimic this region ofside chains, is directed toward the major groove of the

Shine-Dalgarno helix, at the 5� end of the mRNA (position the mRNA in the high-resolution crystal structure of the
30S subunit (Wimberly et al., 2000).–15). Extra density under the upstream end of the Shine-

Dalgarno helix may come from the N-terminal 15 amino Some details of the interactions between the ribo-
some and the P codon can therefore be inferred fromacids of S18, which were disordered in the high-resolu-

tion structure of the 30S subunit (Wimberly et al., 2000). the 30S structure. Interestingly, the N1 position of G926,
Both the N-terminal tail and the loop of S11 that contains which was protected from kethoxal by P-tRNA binding,
Arg 54 are near enough to make specific interactions even in the absence of mRNA (Moazed and Noller, 1986,
with the Shine-Dalgarno helix. At the downstream end 1990), is positioned to interact with the phosphate of
of the Shine-Dalgarno helix, the C-terminal tail of protein nucleotide �1 of the P codon. The observed tRNA-
S11 interacts with the backbone of the mRNA around dependent protection may be due to repositioning of the
positions �4 to �6. mRNA chain (or the 16S tail, in the absence of mRNA)

Directly downstream of the Shine-Dalgarno helix, the in response to tRNA binding, since the mRNA backbone
5� leader (positions �1 to �4) of the mRNA passes begins to diverge from the path of the 3� tail of 16S rRNA
through a short tunnel between the head and the plat- near position �1 of the mRNA. Modification interference
form of the subunit to the interface side, where it is experiments also indicated the importance for G926 in
surrounded by the tip of the 	 hairpin of protein S7, the mRNA-independent binding of tRNAPhe to the 30S P site
apex of the 690 loop, the minor groove side of the 790 (von Ahsen and Noller, 1995); since the 3� tail does not
loop, the base of helix 45 around position 1505, and the contain a Phe codon, this result suggests that the appar-
925 region of helix 28. This region of the mRNA contains ent mRNA mimicry by the 16S rRNA tail, stabilized by
the E codon (position �1 to �3), whose full access to the 926 interaction, may be important in inducing the
the interface is hindered by its location in the tunnel. active conformation of the 30S P site, and could help

to explain the fact that initiator tRNA can bind to the
30S subunit independently of mRNA during translationalThe P and A Codons
initiation (Gualerzi et al., 1977).After a sharp turn in the mRNA around position �1, the

The 1500 strand of 16S rRNA crosses at right anglesP and A codons are presented to their respective tRNAs
to the mRNA chain, where nucleotide 1498 lies directlyin the middle of the interface surface of the cleft, with
under nucleotide �1 of the P codon (Figure 4B). In thean approximately 45
 kink between the adjacent codons
high-resolution structure (Wimberly et al., 2000) thethat allows simultaneous pairing of the A- and P-tRNA
phosphate of nucleotide 1498 packs against ribose �1anticodons (Yusupov et al., 2001). The two codons are

centered above the axis of the penultimate stem of 16S and its base (m3U 1498 in E. coli) against ribose �2.
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These interactions are evidently stabilized by interaction
of the N6-amino group of A790 and the N1 of the univer-
sally conserved G791 with the nonbridging phosphate
oxygens of nucleotide 1498. Both A790 and G791 were
earlier identified as “class III” bases (Moazed and Noller,
1987), whose protection from attack by chemical probes
at their N1 positions was predicted to result from a
conformational change in 16S rRNA, because the same
protections were conferred by P-tRNA, 50S subunits,
or certain antibiotics. These class III protections can
now be explained by movement of the 790 stem-loop
(helix 24) toward the penultimate stem in response to
binding of P-tRNA or the other ligands, simultaneously
resulting in interaction of the backbone of the 790 loop
with the bottom of the anticodon stem of P-tRNA and
packing of nucleotide 1498 against the P codon. Such
a movement would be consistent with the counter-
clockwise rotation of the platform of the 30S subunit
when it joins with the 50S subunit, observed in cryo-EM
studies (Lata et al., 1996).

At the junction between the P and A codons, the
mRNA is blocked from continuing its A-RNA-like trajec-
tory by the phosphate of nucleotide 1401, which lies
directly in its path (Figure 4B). This redirects the mRNA,
resulting in the observed kink in the mRNA between the
A and P codons.

In the A site, the bases G530, A1492, and A1493 inter-
act intimately with the minor groove of the A-site codon-
anticodon helix, in a possible discriminatory mechanism
for A-site tRNA selection, as shown recently by Rama-
krishnan and coworkers (Ogle et al., 2001). A further inter-
action is made by the 	-hairpin loop of protein S12
around the conserved PNSA sequence at positions 48–
51, which is directly beneath riboses �5 and �6 (Ogle
et al., 2001). This part of S12 contains most of the muta-
tions that confer restrictive (hyperaccurate) phenotypes.

Downstream Interactions
Immediately downstream of the A codon, the mRNA
passes through a second tunnel, about 20 Å in diameter,
between the head and shoulder of the subunit, leading
to the solvent side of the 30S subunit, first observed in
cryo-EM reconstructions (Frank et al., 1995). It has been
suggested that closing of this tunnel around the mRNA
ensures processivity and directionality of mRNA move-
ment (Schluenzen et al., 2000). From the interface side,
the mRNA (positions ca. �7 to �10) passes first through
a layer of RNA, where it is surrounded by helix 34 at the
top, the base of the neck at nucleotide 1397 (helix 28)
on the right, the 5� hairpin loop (at nucleotide 16 of 16S
rRNA) at the bottom, and the 530 loop on the left (Figure
5A). In the RNA layer, bases C1397 and U1196 (Wimberly

(B) Interface stereo view of the A- and P-site codons and their
flanking nucleotides (530, 790, 791, 926, 1492, 1493, and 1498) in
16S rRNA. The locations of restrictive mutations in ribosomal protein
S12 are shown in yellow (the universal PNSA sequence) and orange.

Figure 4. Detailed Views of mRNA-Ribosome Interactions The positions of the bases for G926 and U1498 are modeled from
(A) Solvent-side stereo view of the Shine-Dalgarno (S/D) helix bound the high-resolution structure of the T. thermophilus 30S subunit
in its cleft, formed by helices 20, 28, and 37 (h20, h28, h37) and the (Wimberly et al., 2000).
723 loop of 16S rRNA and proteins S11 and S18, and the path of (C) Same as (B), but with the A- and P-tRNAs (orange and red,
mRNA nucleotides �1 to �4 through the upstream tunnel. The MV36 respectively) docked according to their experimentally observed
Fourier difference map is shown. locations (Yusupov et al., 2001).



Cell
238

Figure 5. The Downstream Tunnel

(A) Interface stereo view of the downstream
tunnel, showing the features of 16S rRNA
layer surrounding mRNA positions �7 to �10.
(B) Solvent-side stereo view of the down-
stream tunnel, showing the formation of the
protein layer surrounding positions �11 to
�15 of the mRNA by proteins S3, S4, and S5.
The double-stranded RNA binding domain of
protein S5 is shown in magenta. The MK27
difference map is shown.

et al., 2000) are oriented toward the mRNA around posi- codons must be read in single-stranded form. The ribo-
some is therefore able to unwind mRNA secondarytions �7 and �9, respectively, and may help to position

the mRNA immediately downstream from the A codon. structure by some as-yet unknown mechanism. An
mRNA hairpin would approach the ribosome surface atFinally, the mRNA (positions approximately �11 to

�15) passes through a layer of protein into the solvent the back of the 30S subunit, from the view shown in
Figure 5B. Since an RNA helix is too large to passat the back of the subunit. Viewed from the solvent side

(Figure 5B), the mRNA is encircled by protein S3 at the through the narrow downstream tunnel, unwinding of
mRNA structure is likely to occur at or near the entrancetop, S4 on the right, and S5 on the lower left. These

three proteins project a dense array of basic side chains to the tunnel, around positions �13 to �15. (Unfolding
of a downstream [�11 to �17, �25 to �31] hairpin ofinto the downstream tunnel, including Arg131, Arg132,

Lys135, and Arg164 from S3; Arg47, Arg49, and Arg50 � cro mRNA, dependent on binding of initiator tRNA,
may result from its threading through the downstreamfrom S4; and Arg15 and Arg24 from S5, which appear

to position the downstream region of the mRNA via tunnel [Balakin et al., 1990].)
A possible mechanistic basis for an mRNA helicaseinteractions with its backbone phosphates.

is suggested by the fact that proteins S4 and S5 are
integral to the body of the 30S subunit, whereas S3 ismRNA Helices, Pseudoknots, and Frame Shifting

All mRNA chains have the ability to form hairpins and part of the head. If one strand of the incoming helix were
bound to S4 and/or S5 and the other strand to S3, theother intramolecularly base-paired structures, yet the
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Figure 6. Arrangement of Ribosomes and mRNA in the Crystal

View down the crystallographic 4-fold axis of the 70S ribosome-mRNA-tRNA complex (Yusupov et al., 2001), showing the head-to-tail
juxtaposition of the model mRNAs (red-orange) between adjacent ribosomes. The molecular components shown are 16S rRNA (cyan), 23S
rRNA (gray), 5S rRNA (gray-blue), small subunit proteins (dark blue), large subunit proteins (magenta), the A-, P-, and E-tRNAs (yellow, orange,
and red), and the mRNA (red-orange).

rotational movement of the head that is believed to occur 1999; Brierley et al., 1989). The optimum position for the
pseudoknot is between positions �11 and �15, whichduring translocation (Agrawal et al., 1999) could result

in physical disruption of the helix, at the rate of about corresponds closely to the region where mRNA enters
the downstream tunnel (�13 to �15), at the position ofthree base pairs (i.e., one codon) at a time, simultane-

ously advancing the mRNA through the ribosome. Inter- the proposed mRNA helicase. A simple explanation for
the frameshifting event is that the structure of the pseu-estingly, the part of protein S5 that faces the mRNA near

its entry point to the downstream tunnel has the same doknot is poorly matched to the geometry of the heli-
case, blocking entry of the mRNA into the downstreamthree-dimensional fold as the double-stranded RNA

binding domain (dsRBD) (Ryter and Schultz, 1998). How- tunnel. Upon EF-G-catalyzed translocation, forward
movement of the mRNA would be retarded, resulting inever, its relatively low sequence homology with the

dsRBD consensus does not provide support for its po- backlash of the mRNA and favoring slippage into the
�1 reading frame.tential binding to double-stranded RNA (dsRNA), at least

in the way that has been observed for complexes con-
taining the Xenopus Xlrbpa protein and dsRNA (Ryter Path of the mRNA in the Crystal Lattice

In our crystals, the Thermus thermophilus 70S ribo-and Schultz, 1998).
One type of structure that has been shown to perturb somes pack in the I422 tetragonal space group (Cate

et al., 1999), in which adjacent ribosomes are organizedtranslation are mRNA pseudoknots. Most extensively
documented is the finding that certain downstream symmetrically in layers of tetramers that are centered

around a 4-fold axis. Figure 6 shows the arrangementpseudoknots promote a �1 shift of the translational
reading frame when a “shifty” sequence is positioned of ribosomes around the 4-fold axis in the crystal lattice.

A striking feature of this arrangement is that it juxtaposesin the decoding site, a mechanism that is exploited for
translational regulation by many viruses (Alam et al., the 3� end of the mRNA in one 70S monomer with the
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5� end of the mRNA of the adjacent 70S monomer, in presented here and elsewhere should help to provide a
basis for designing strategies to test emerging modelsprinciple permitting direct threading of a single continu-

ous mRNA through all four ribosomes in the tetramer. for the molecular basis of ribosomal dynamics.
The crystal packing might reflect one of the ways in

Experimental Procedureswhich ribosomes interact with each other in polysomes
in vivo. An interesting consequence is that this places

Model mRNA Constructs
the E site of one ribosome directly adjacent to the A Model mRNAs were based initially on the phage T4 gene 32 mRNA.
site of its neighboring ribosome. The result would be to For all three mRNAs (Figure 1), the Shine-Dalgarno pairing was
increase the local concentration of cognate tRNA in the increased to allow eight potential base pairs with 16S rRNA, and a

GGC sequence originally added to the 5� end to facilitate transcrip-vicinity of the A site of the adjacent ribosome. Moreover,
tion by T7 RNA polymerase. The mRNA samples used in thesethis would hold for many different orientations of adja-
studies were made by solid-phase synthesis (Dharmacon, Inc., Boul-cent ribosomes bound to the same mRNA. The implica-
der, CO), and gel purified prior to use in crystallization.

tions of this observation are not yet clear; for example,
it is necessary to aminoacylate the discharged tRNA Crystallization, Data Collection, and Model Fitting
before it can be bound by the next ribosome, requiring Thermus thermophilus 70S ribosomes were prepared and cocrystal-
the presence of its cognate synthetase. Nevertheless, lized with purified E. coli initiator tRNA (Subriden, Rollingbay, WA)

and MK27, MF36, or MV36 mRNAs (Dharmacon), or without mRNA,simplifying the task of sorting through the more than 50
using the same conditions reported previously (Cate et al., 1999;different tRNA species, even incrementally, could help
Yusupov et al., 2001). Diffraction data were collected using synchro-reduce the considerable energetic costs of maintaining
tron radiation, as previously described (Cate et al., 1999), and pro-

translational accuracy. cessed using Scalepack and Denzo (Otwinowski, 1993). Fourier dif-
ference maps were calculated from measured native amplitudes
(Table 1) and previously calculated structure factor phases (Cate etConclusion
al., 1999; Yusupov et al., 2001) using the CCP4 suite of programs
(1994). mRNA models were fitted using O (Jones and Kjeldgaard,Although most of the atomic details of mRNA-ribosome
1997), and molecular structure figures were rendered using Ribbons

interaction are yet to be resolved, our 7 Å difference (Carson, 1997).
maps clearly reveal the path of the mRNA through the
ribosome and allow identification of the molecular fea- Acknowledgments
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