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The crystal structure of an initiation-like 70S ribosome complex
containing an 8-bp Shine–Dalgarno (SD) helix was determined at
3.8-Å resolution. Translation–libration–screw analysis showed that
the inherent anisotropic motions of the SD helix were biased along
its helical axis, suggesting that during the first step of transloca-
tion, the SD helix moves along its helical screw axis. Contacts
between the SD helix and the ribosome were primarily through
interactions with helices 23a, 26, and 28 of 16S rRNA. Contact with
the neck (helix 28) of the 30S subunit near its hinge point suggests
that formation of the SD helix could affect positioning of the head
of the 30S subunit for optimal interaction with initiator tRNA. The
bulged U723 in helix 23a interacts with the minor groove of the SD
helix at the C1539�G-10 base pair, explaining its selective conser-
vation in bacteria and archaea.

mRNA � ribosome structure � rRNA � translation–libration–screw analysis �
x-ray crystallography

During initiation of protein synthesis, mRNA and tRNA are
optimally positioned on the 30S subunit, with the help of

initiation factors, before association with the 50S subunit to form
the complete 70S initiation complex (1). For most mRNAs, selec-
tion of the correct start codon and translational reading frame
depend on base pairing between a sequence upstream from the
initiator codon in the mRNA [the Shine–Dalgarno (SD) sequence]
and a conserved CCUCC sequence in the 3� tail of 16S rRNA (the
anti-SD sequence) (1, 2). However, relatively little is known about
how formation of the SD helix affects the conformation of the
ribosome and its functional interactions during initiation. The path
of mRNA through the ribosome and location of the SD helix were
first visualized by x-ray crystallography at 7-Å resolution (3). In
recent 4.5- to 5.5-Å crystal structures of the Thermus thermophilus
70S ribosome (4), the orientation of the SD helix in an initiation-like
complex, formed with a mRNA in which the central A of the SD
sequence is at position �8 relative to the initial A of the start codon,
was rotated by 70° from that in a 70S elongation-like complex
containing mRNA with an SD sequence centered on position �13.

Results and Discussion
We determined the structure of an initiation-like 70S ribosomal
complex at 3.8-Å resolution, in which the SD helix is well
resolved (Fig. 1). The complex contained an initiator tRNAfMet

bound to the P site, endogenous elongator tRNAs bound to the
E site, and a defined 27-nucleotide mRNA (3) containing an 8-nt
SD sequence centered at position �8. The final steps of structure
determination involved translation–libration–screw (TLS) re-
finement (5), which offers an opportunity to interpret anisotro-
pic movements of rigid domains by using the experimental x-ray
diffraction data (6, 7). Refined TLS parameters were validated
against those obtained for the previously published 3.7-Å crystal
structure of a different 70S ribosome complex (8). Remarkably,
the position of the dominant screw axis showed that the inherent
anisotropic motions of the SD helix were strongly biased along
its helical axis (Fig. 1 b and c). This suggests that in the first step
of translocation following initiation, the SD helix undergoes a
screw-like movement along its axis, consistent with the orienta-
tion of the SD helix in an elongation-like complex (Fig. 2). The

orientation of the SD helix in our initiation-like complex was
similar to that observed in a recently determined structure of the
30S subunit in which an RNA oligonucleotide is bound to the 3�
end of 16S rRNA to mimic the SD helix (9). This position
contrasts with that reported for a very similar 70S complex (4),
in which the SD helix was rotated by 70°, in an orientation simi-
lar to that observed previously at 7-Å resolution (3). The basis
of this difference is not clear, because the mRNAs used in the
two kinds of complexes are nearly identical, differing in only two
nucleotides at positions �5 and �6 and were formed by using
ribosomes and tRNAs from the same sources. Differences
between crystal forms and crystallization conditions are poten-
tial contributing factors. Electron density for the 4-nt linker
between the SD-forming bases and the initiator codon posi-
tioned at the P site is not well defined; however, phosphate
groups could be identified. The average distance between phos-
phate groups in the linker is 6.5 Å, which is nearly the same as
that in the similar 70S ribosomal complex (4); this may indicate
that no additional strain is created when the SD helix and the
initiator codon are positioned as reported in this study. However,
a higher-resolution structure and/or molecular dynamics simu-
lations are necessary to address this issue. In any case, it is clear
that models for the postinitiation phase of translation need to
take into account the observation that the SD helix in an
initiation-like complex can occupy the same position as that in
an elongation-like complex (Fig. 2b).

Accurate positioning of the SD helix allows for detailed
visualization of its interactions with specific structural features of
the ribosome, with implications for additional influences on the
initiation process (Fig. 3a). The backbone of the SD helix around
A1534 packs against the neck of the 30S subunit (helix 28 of 16S
rRNA) near G929, which has been identified as a hinge point for
movement of the head of the 30S subunit (10). On its opposite
face, positions 1539–1541 of the SD helix interact with the
platform of the small subunit, packing against helix 23a and
along the minor groove of helix 26 of 16S rRNA (Fig. 3b). The
bulged nucleotide U723 of helix 23a is positioned to interact with
the minor-groove side of the C1539�G-10 base pair of the SD
helix (Fig. 3b); however, electron density for the U723 base is not
strong enough to provide the details of this interaction. Inter-
action of U723 with the SD helix explains why it is selectively
conserved in bacteria and archaea (11), the 16S rRNAs of which
contain anti-SD sequences. To accommodate the SD helix, h26
and h28 move apart by more than 2 Å relative to their positions
in the vacant 70S ribosome (10). This modest displacement near
the hinge point of the neck results in a 13-Å change in the
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positions of nucleotides G1338 and A1339 in the head of the
subunit, which make critical A-minor-type interactions with
the anticodon stem of initiator tRNAfMet (10, 12). Comparison
of TLS parameters for the current structure with those of our
previous 3.7-Å structure of a similar complex lacking a SD helix
(8) suggests that the presence of the SD helix reduces the
mobility of the head and platform, whereas the rest of the 16S

and the 23S rRNAs demonstrate similar mobility between the
structures. Thus, positioning of the SD helix may help to fix the
orientation of the mobile head of the 30S subunit (10, 13) for
optimal interaction with tRNAfMet at the 30S P site during
initiation.

Among the small subunit proteins, the basic N-terminal tail of
S18 makes extensive contacts with the backbone of the 16S
rRNA strand of the SD helix around nucleotides 1536–1539.
Based on the structure of the vacant Escherichia coli 70S
ribosome, the SD helix would clash sterically with protein S21,
which has no analog in T. Thermophilus. Thus, if the SD helix
were to adopt a similar orientation in the E. coli 70S initiation
complex, S21 would need to move. Because S21 has been
reported to play a role in initiation on SD-containing mRNAs in
E. coli (14), its function may be to modulate interactions between
the SD helix and 16S rRNA.

Materials and Methods
Ribosome Preparation and Crystallization. T. thermophilus 70S ribo-
somes were isolated as described previously (15, 16), recrystallized
three times with 10–15% 2-methyl-2,4-pentanediol (MPD), and
dissolved in a mixture containing 25 mM K–Hepes (pH 7.5), 12.5
mM Na–cacodylate (pH 5.5), 2.5 mM Tris�HCl (pH 7.5), 80 mM
NH4Cl, 80 mM KCl, 11 mM MgCl2, 6.5 mM thermine�HCl, and 0.2
M KSCN. Complexes were formed in a volume of 30 �l with 70S
ribosomes (13 mg/ml)/EF–Tu ternary complex/MT27 mRNA/
fMet–tRNAfMet in a ratio of 1:1.9:1:1. Electron density for the
EF–Tu ternary complex was absent following structure refinement.
The mixture was incubated for 24 h at 30°C before crystallization
by the hanging drop method over 26–30% MPD in the abovemen-
tioned buffer mix by using 2 �l of ribosome complex mixed with 2
�l of well mixture on siliconized cover slips. Crystallization was
nucleated for 1 week at room temperature and then incubated at
16°C for 3 weeks before transferring to the cold room for mounting.
Crystals were flash cooled according to the procedure described by
Sargent and Richmond (17). All crystal handling was performed in
the cold room to minimize dehydration of the crystals. An indi-
vidual ribosome crystal obtained from a 0.2-mm loop assemblage
with magnetic base (Hampton Research) was immediately placed
in a 1.5-ml Eppendorf tube over 55% MPD in the abovementioned
buffer mix. (The inner diameter of the collar of the Eppendorf tube
coincides with the diameter of the magnetic base, providing tight
contact and preventing evaporation.) Ten Eppendorf tubes con-
taining crystals were placed in an aluminum heating block pre-
equilibrated to cold room temperature and transferred to �20°C to
obtain gradual cooling over 1 h. Crystals were then plunged into

Fig. 1. Structure and dynamics of the SD helix. (a) (Upper) Nucleotide
sequences and base pairing between mRNA and 16S rRNA in the initiation-like
70S ribosome complex. SD sequence, initiator codon, and anti-SD sequences
are shown in bold; shaded nucleotides are disordered in the refined x-ray
structure. (Lower) Stereoview of the fit of the SD helix to a composite omit
density map calculated with �A-weighted (2Fo � Fc) coefficients contoured at
1.2�. (b) Stereoview of the nonintersecting screw axes (blue) for the SD helix
(yellow). The length of each axis is proportional to its respective mean-square
displacement value. The primary screw axis is indicated by a rotational arrow.
(c) Thermal ellipsoid representation of the librational motions of the SD helix
around the dominant screw axis coinciding with the SD helical axis. Atomic
displacement parameters for the SD helix calculated from the TLS model are
colored according to the magnitude of the displacements, increasing from
blue (smallest) to red (largest). The view is from the upstream end of the helix.

Fig. 2. Comparison of the positions of the SD helices. (a and b) Positions of
the SD helices in the 3.8-Å (yellow) and 4.5-Å (4) (red) initiation-like complex
(a) and 5.5 Å elongation-like complex (4) (blue) (b) relative to the P-site tRNA
(orange).
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crystal caps containing liquid propane at �120°C and then im-
mersed in liquid nitrogen and stored in a Dewar flask for data
collection.

Structure Determination. X-ray diffraction data were collected at
Beamline 12.3.1 at the Advanced Light Source at Lawrence
Berkeley National Laboratory (Berkeley, CA) by using an x-ray
wavelength of 0.9835 Å and an oscillation angle of 0.3°. They
were integrated with D*TREK (18) and scaled with SCALA
(19). Although data completeness is significantly lower for the
outer resolution shell than the overall completeness (Table 1), it
is not uncommon to use diffraction data with completeness of
75% or less for the entire dataset (20–24) and of 20–45% for the
highest-resolution shell (22–25), especially when experimental
data or a higher-resolution structure is available for phasing. It
has been shown that inclusion of weaker high-resolution reflec-
tions improves maximum-likelihood-based refinements (26) be-
cause it significantly increases the amount of unique data against
which the model is refined. The behavior of �A as a function of

resolution, calculated from test-set reflections (26, 27), which
were not used during refinement, independently showed that the
effective resolution cutoff was 3.8 Å (Fig. 4). Composite omit
maps were used for model building and real-space refinements
(28) to minimize model bias (29). A 3.7-Å structure of the
ribosome (8) with ribosomal proteins L15, L19, L21, L28, and
L29 adapted from the recent 2.8-Å 70S ribosome structure (30)
was used as a starting model. The SD helix was not modeled until
the final stage of refinement to exclude model bias. The structure
was refined as described by Korostelev et al. (8), yielding R/Rfree

of 0.327/0.351 and good stereochemistry (Table 1). REFMAC
(5) and TLSANL (31) were used for TLS refinement and
interpretation of the results. Refined TLS parameters of ribo-
somal components not including the SD helix were consistent
with those found for the 3.7-Å ribosome structure (8), indicating
that they can be interpreted in terms of anisotropic domain
motion (32). PyMoL (DeLano Scientific LLC, Palo Alto, CA)
and Rastep3D (33) were used for figure preparation.

Fig. 4. Plot of cross-validated �A vs. resolution for the 70S ribosome complex.
The subset of the diffraction data used for the calculation of the free R value
was used for computation of �A. The continuous line was obtained by linear
fit, and the arrow at 3.8 Å indicates the resolution at which �A drops sharply
from its previous value. This resolution was taken as the effective resolution
limit of the diffraction data useful for structure refinement.

Table 1. Summary of crystallographic data and refinement

Data statistics
Space group I422
Unit cell dimensions, Å a � b � 507.2, c � 692.5
Resolution, Å 3.83–78 Å (4.04)
No. of unique reflections 354,761 (14,587)
Completeness, % 82.0 (37.7)
Multiplicity 5.0 (1.8)
Mean I/�(I) 3.4 (1.4)
Rpim 0.150 (0.452)

Refinement statistics
Resolution, Å 3.83–30.0
Test-set (free) reflections, % 2.5
R/Rfree 0.327/0.351
Deviation from ideal bond lengths, Å 0.009
Deviation from ideal bond angles, ° 1.237

Statistics for the highest-resolution shell are given in parentheses. Rpim

denotes the precision-indicating merging R factor (34). All measured reflec-
tions were used in refinements with CNS (35) and REFMAC (5).

Fig. 3. Interactions of the SD helix with the ribosome. (a) Location of the SD helix (yellow) relative to the structure of 16S rRNA in the 70S ribosome initiation-like
complex. Helices 23a, 26, and 28, which contact the SD helix, are rendered in dark blue ribbon representations, and the SD helix is shown in yellow. (b) Interactions
of the SD helix with helices 23a, 26, and 28 of 16S rRNA. The P-site tRNA is shown in orange. (c) Secondary structure of T. thermophilus 16S rRNA, showing in
bold the anti-SD region at the 3� end and structural features (helices 23a, 26, and 28) that interact with the SD helix.
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