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Major rearrangements in the 70S ribosomal 3D
structure caused by a conformational switch in 16S
ribosomal RNA
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Dynamic changes in secondary structure of the 16S
rRNA during the decoding of mRNA are visualized by
three-dimensional cryo-electron microscopy of the 70S
ribosome. Thermodynamically unstable base pairing
of the 912–910 (CUC) nucleotides of the 16S RNA with
two adjacent complementary regions at nucleotides
885–887 (GGG) and 888–890 (GAG) was stabilized in
either of the two states by point mutations at positions
912 (C912G) and 885 (G885U). A wave of rearrange-
ments can be traced arising from the switch in the
three base pairs and involving functionally important
regions in both subunits of the ribosome. This signific-
antly affects the topography of the A-site tRNA-binding
region on the 30S subunit and thereby explains changes
in tRNA affinity for the ribosome and fidelity of
decoding mRNA.
Keywords: large-scale conformational rearrangements/
mRNA channel/mRNA decoding/ribosome/rRNA switch

Introduction

The ribosome is a complex molecular machine of extra-
ordinary precision that participates in the synthesis of
polypeptides in all organisms. The rRNA plays a central
catalytic role (Dahlberg, 1989; Green and Noller, 1997;
Wilson and Noller, 1998) and is expected to undergo
large-scale conformational rearrangements in response to
small changes in secondary structure. Variations in com-
plex multi-helix junctions connecting different regions in
the 16S rRNA of the 30S subunit are very important in
this respect. An example is the switch of three base pairs
from positions 912–910/885–887 to 912–910/888–890
(Figure 1), which affects both the binding of tRNA to the
ribosome and the decoding of the mRNA (Frattaliet al.,
1990; Lodmellet al., 1995; Lodmell and Dahlberg, 1997).
While this switch is known to induce cooperative opening
and closing of short functional helices (Lodmell and
Dahlberg, 1997) surrounding the central pseudo-knot
(Powers and Noller, 1991; Brinket al., 1993; Gutellet al.,
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1994; Vilaet al., 1994; Samahaet al., 1999), the question
remains as to whether any large-scale conformational
changes are induced by the base pairing switch. This
question can be answered by the application of three-
dimensional cryo-electron microscopy (3D cryo-EM; see
Frank, 1996), a method that has been used successfully
in imaging the ribosome in other conformational and
ligand-binding states (Agrawalet al., 1996, 1998, 1999a,c;
Stark et al., 1997a,b). Here we provide evidence that
large-scale structural changes do accompany the functional
base pair shift in the 912/888/885 region of 16S rRNA
and that they affect both ribosomal subunits. While X-ray
studies of the ribosome in several laboratories are pro-
gressing toward atomic resolution of a static structure
(Ban et al., 1998, 1999; Clemonset al., 1999), 3D cryo-
EM makes possible the comparison of the two different
70S ribosome structures containing the two switch
conformations (Lodmell and Dahlberg, 1997), and illumin-
ates dynamic functional changes in the decoding site,
providing new insights into the translational process.

Results

Large-scale rearrangements caused by the 16S
RNA switch
Comparison of 3D cryo-EM maps obtained for the 70S
ribosomes with alternative base pairing arrangements in the
16S RNA shows remarkable conformational differences,
particularly in the 30S subunit portion (Figure 2). The head,
shoulder and platform domains appear to change their relat-
ive arrangement in the ribosome, thus affecting the bridging
areas to the 50S subunit, especially the central protuberance.
Similar but less significant differences can also be detected
between each of the mutants and wild-type ribosomes
studied previously in various complexes (Malhotraet al.,
1998; Agrawalet al., 1999c), suggesting a mixture of
switching states for the 16S RNA in those studies.

As the mutations are exclusively in the 16S RNA
(Figure 1), the 30S subunit portions of the 3D maps were
isolated and analyzed in detail (Figure 3). The main differ-
ences observed between the 912–885 and 912–888 recon-
structions are concentrated in the neck and body regions of
the subunit. The head-to-body connection of the 30S subunit
in the 912–888 conformation appears to be significantly
shifted in relation to that in the 912–885 conformation, thus
changing the morphology of the proposed mRNA channel
(Franket al., 1995a; Lataet al., 1996). The shoulder changes
its shape and ‘flattens’, producing a larger space at the 30S–
50S interface. The difference maps computed between the
two conformations show both addition and subtraction of
masses, demonstrating dramatic rearrangements in the main
body, head and platform regions (Figure 3). The head
appears to rotate towards the 50S subunit (shoulder-to-
platform direction; Figures 3A and D, and 4A) when the
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Fig. 1. (A) The 912 region (shaded) shown in secondary structure model of 16S RNA. Large bold numbers indicate helices according to Mu¨ller and
Brimacombe (1997a), while small numbers point to RNA bases. (B and C) Schematic illustration of the 912–885 (B) and 912–888 (C) base pairing
arrangements for the two 912 region conformations. Possible opening of helix 2, as proposed by Lodmell and Dahlberg (1997), is shown in (C).

16S RNA secondary structure changes from the 912–885
to the 912–888 conformation (see Figure 1). This movement
is accompanied by the bending of the platform towards
the L1 protein of the 50S subunit, as also seen from the
appearance of the ‘platform fingers’ (Figure 3). The con-
formation of the main body changes in such a way that the
lower part, including the 30S–50S subunit bridge region
(B6, following the earlier nomenclature; Franket al., 1995b;
Lataet al., 1996), shifts closer to the 50S subunit, whereas
the shoulder moves away from the 30S–50S interface side
so that the ‘shoulder finger’ that was connected with the
platform and the 50S subunit for the 912–885 conformation
(bridge B3, Figure 3A and B) virtually disappears, merging
with the main body (Figure 3D and E).

In order to exclude systematic influences contributing to
differences observed between the reconstructions, the data
sets used were matched in terms of defocus groups, numbers
of particles and viewing directions. To exclude chance
influences, statistical tests were computed for each data set
(Liu and Frank, 1995; P.Penczek and J.Frank, in prepara-
tion). Figure 4B and C displays the resulting 3D significance
maps for 99 and 97% confidence intervals, respectively.

rRNA helices and proteins involved in the
rearrangement
The 912 region of the 16S rRNA, located between helices
2 and 27 (Figure 1), is placed near the junction point of
the shoulder, platform and neck of the 30S subunit
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according to 3D models of the 16S rRNA (Mu¨ller and
Brimacombe, 1997a) and recent rRNA placements into a
5.5 Å crystallographic map of theThermus thermophilus
30S subunit (Clemonset al., 1999). Helix 27 is connected
to nucleotides 912–910 by a relatively long single-stranded
region, recently proposed to be assembled into an E loop
motif (Leontis and Westhof, 1998) in the 912–885 con-
formation. It had been assumed to extend further down
into the lower part of the subunit body (Mu¨ller and
Brimacombe, 1997a), but has now been placed perpendic-
ular to the body plane pointing towards the shoulder in
the crystallographic map (Clemonset al., 1999). According
to our significance map, the most significant changes
occur near the proposed 912 region and in the lower part
of the 30S subunit (see Figure 4B forP ,0.01, i.e. for a
99% confidence interval, indicating the highest degree of
significance). The changes observed could be due in part
to rearrangements of helix 44, which is connected to the
central pseudo-knot and participates in the formation of
B2, B3 and B5 bridges (Figure 3), identified in more detail
in an 11.5 Å cryo-EM reconstruction of the fMet-tRNAf

Met

ribosome complex (I.S.Gabashvili, R.K.Agrawal,
C.M.T.Spahn, R.Grassucci, J.Frank and P.Penczek, in
preparation) and in theT.thermophilus 30S subunit
(Clemonset al., 1999). At 19 Å resolution, h44 is seen only
partially, requiring higher thresholds for more complete
visualization. Proposed pathways of this helix are shown
in Figure 4. The middle portion of helix 44, shifted closer



Rearrangements in the mRNA-decoding ribosome

Fig. 2. The 19 Å resolution cryo-EM map of the 912–885 (A andB) and 912–888 (C andD) conformations ofE.coli 70S ribosomes presented from
different viewing angles. (A and C) 30S solvent side view showing the proposed mRNA channel; (B and D) 30S:50S side view. Those features that
differ the most are: channel (ch), ‘shoulder finger’ (sf) region; and connection of the 30S subunit head (h) to the central protuberance area (CP) of
the 50S subunit. Other features of the ribosome labeled are: b, body and sp, spur of the 30S subunit; and St, L7/L12 stalk of the 50S subunit.

to the 30S subunit body in the 912–888 conformation,
participates in the formation of the intersubunit bridge
B3. It is indeed important for ribosomal subunit association
(Mitchell et al., 1992; Firpo and Dahlberg, 1998;
Merryman et al., 1999). The changes induced by the
switch may also involve protein S5, which is essential for
the control of translational accuracy of the ribosome in
Escherichia coli(Gorini, 1974; Ehrenberget al., 1995),
as it has been placed in the vicinity of the 30S subunit
‘shoulder finger’ (Müller and Brimacombe, 1997b) closer
to the head-to-body connection (Clemonset al., 1999).
According to our difference (Figure 3) and significance
maps (Figure 4) as well as crystallographic placements
(Clemonset al., 1999), the most significant (P , 0.01)
changes occur in the contact area of proteins S4 and S5,
possibly disrupting the interaction of these proteins.

At a slightly lower level of significance (P ,0.02, not
shown), large perturbations in the head and the platform
region can be detected. The movement of the upper
‘platform finger’ possibly involves dislocation of helices
22 and 23 and protein S11, known to play an essential
role in the P-site tRNA selection (Rosen and Zimmermann,
1997). Rotation of the head would require transitions in
other hinge regions: helix 28 and, probably, some other
sites such as helix 43, the site of the other E loop motif
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in 16S rRNA that organizes the neighboring multi-helix
structure in the head (Leontis and Westhof, 1998). Changes
in the 50S subunit regions proximal to the platform,
probably caused by movements of the bridging 30S subunit
portions (Lataet al., 1996), also seem to be significant
(P ,0.03) (Figure 4C). The regions most affected are:
the central protuberance, probably involving 5S RNA
(bridge B1); the mouth of the tunnel in the interface
canyon; and the B3-bridging region. According to a
higher resolution (11.5 Å) cryo-EM map (I.S.Gabashvili,
R.K.Agrawal, C.M.T.Spahn, R.Grassucci, J.Frank and
P.Penczek, in preparation) and crystallographic map of the
50S subunit (Banet al., 1998, 1999), the affected bridging
regions represent relatively long and isolated, and therefore
potentially flexible, rRNA helices.

Discussion

Conformational difference between the mutants in
the context of the available biochemical
information
Localized switches such as 912/885:912/888 near the
central pseudo-knot region (Figure 1) can bring about
significant changes in the 16S rRNA 3D structure.
Chemical probing has demonstrated that the 912 switch
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Fig. 3. 30S subunit portion of the ribosome obtained by masking off the 50S portion from 3D cryo-maps of the 70S ribosomes. The subunit is
shown with the positive and negative difference maps overlaid in interface side view (A andD); in side view (B andE), as in Figure 2D and D; and
in solvent side view (C andF). Top panel (yellow): the 912–885 conformation. Orange regions in (A), (B) and (C) show the mass added in the
912–885 to 912–888 transition. Bottom panel (orange): the 912–888 conformation. Yellow regions in (D), (E) and (F) show the mass added in the
912–888 to 912–885 transition. Landmarks: b, body; bk, beak; h, head; pt, platform; sp, spur; and B1–B6, 30S:50S bridges (Franket al., 1995b;
Lata et al., 1996). The white dashed lines in (A and D) represent passage of mRNA through the channel (Franket al., 1999. *Marks the site where
h27 of 16S RNA is proposed to be situated; the same region was found to be changed by heat activation in the 30S subunit (Lataet al., 1996;
Agrawal et al., 1999b).

Fig. 4. (A) Superimposed 30S subunits of the 912–885 (yellow, solid) and 912–888 (orange, wire-mesh) conformations. Black dashed lines indicate
the proposed pathway of helix 44 in the 912–885 (1) and 912–888 (2) states. (B and C) 3D cryo-EM maps of the masked 30S subunit (B) and the
70S ribosome (C), shown with 3D significance maps (green) at aP ,0.01 level of significance (B) at which changes are seen only in the 30S
subunit, andP ,0.03 (C) level of significance, at which changes in the 50S subunit are also seen.

affects the conformation of helices 2, 18, 26, 28, 34, 44
and 43 (Lodmell and Dahlberg, 1997), located in potential
hinge-bent regions (helices 2, 26 and 28), at the head–
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shoulder contact (h18 and possibly h34) and at the 30S–
50S bridges (helices 26 and 44). Large-scale movements
described in the present work would require changes in
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these strategic regions of the 16S rRNA. It is interesting
to note that the same redistributions of mass in the neck
and the ‘shoulder finger’ regions, found here for transition
from the 912–888 state (deficient in A-site binding of
aminoacyl-tRNA) to the 912–885 conformation (showing
strong tRNA binding), were observed previously during
the heat activation of the 30S subunit (Lataet al., 1996;
Agrawal et al., 1999b). The mass of density tentatively
assigned to helix 2, forming the central pseudo-knot, is
particularly important in this respect (see Agrawalet al.,
1999b). It is not clear if the conformational changes
induced by the heat-activated transition (Agrawalet al.,
1999b) are related directly to conformational changes
observed in the present work. However, similarities suggest
that perturbations in the helix junction areas are related
to functional activation of the 30S subunit (Weller and
Hill, 1992), and are essential for the tRNA-binding at the
A-site (Agrawal et al., 1996, 1998, 1999a; Starket al.,
1997a,b; Malhotraet al., 1998).

The mRNA channel and the decoding process
One of the most important regions affected by the con-
formational changes due to the 16S rRNA switch is the
channel, located between the neck, head and shoulder of
the 30S subunit. It has been proposed as the conduit for
the mRNA based on cryo-EM reconstruction of 70S
ribosomes (Franket al., 1995b) and isolated 30S ribosomal
subunits (Lataet al., 1996) combined with tRNA binding
(Agrawal et al., 1996) and mRNA cross-linking data
(Dontsovaet al., 1992; Rinke-Appelet al., 1993, 1994;
Sergievet al., 1997). The probable pathway of the mRNA
along this route (see Mu¨ller et al., 1997) was confirmed
recently by direct visualization (Franket al., 1999).
Large rearrangements in the shoulder–head contact area,
observed in the present work, could explain contradictory
cross-linking results, obtained for the region presumably
forming the channel-forming wall (530 loop), relative to
the head (h33) and the platform (h26) (Wanget al., 1999).
These movements could be crucial for translation.

The 912–888 conformation has reduced tRNA binding
at the A-site and an elevated rate of frameshifting. In
contrast, the 912–885 conformation is able to accept even
non-cognate tRNAs at the A-site and has a greater affinity
for tRNA than even wild-type ribosomes. The biological
effect is expressed as an increased error frequency during
translation.

The hyperaccurate phenotype (912–888 conformation)
is characterized by a relatively ‘closed’ channel and
different topography at the A-site and neighboring area
of the shoulder. We speculate that correct positioning of
the tRNA, needed for the codon–anticodon interaction in
this ribosomal conformation, is unlikely to be achieved
by a diffusion-controlled process, and is energetically
highly unfavorable for non-cognate tRNAs. In the 912–
885 conformation, mRNA is more accessible and the
topography of the site supports binding of tRNA molec-
ules. Accordingly, the 912–885 to 912–888 transition
could participate in the A-site tRNA capture and selection,
initially providing an optimal conformation for binding of
tRNA to both mRNA and the ribosome (referred to as
initial binding in Papeet al., 1999) and then altering the
conformation to favor dissociation of non-cognate tRNAs
(912–888 state). While the channel is not actually frozen
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in one or the other conformation, the increased time spent
by the mutant subunits in their favored form could bias
maintenance of the reading frame in two different ways:
(i) restricted mobility of the mRNA, trapped in the channel
in the 912–888 conformation, could result in frameshifting
(Atkins and Gesteland, 1999; Farabauh and Bjork, 1999),
as could the empty A-site of the paused ribosome following
dissociation of the non-cognate tRNA; and (ii) in the 912–
885 conformation, the topography of the channel favors
mRNA mobility, which could explain the higher stop
codon readthrough rate (Jacobsonet al., 1998).

While the switch appears to play a significant role in
the decoding process, the mechanism by which it affects
translocation is less clear. It could occur during the
transition from the 912–888 to 912–885 conformation
(Green and Noller, 1997; Lodmell and Dahlberg, 1997;
Agrawal et al., 1999b), thus completing the elongation
cycle with one complete switch cycle in the 912 region.

Materials and methods

Preparation of mutant ribosomes
Bacterial strain AVS 69009, a derivative of TA531, lacking all seven
chromosomalrrn operons (Asaiet al., 1999), was transformed with
plasmid pSTL102 (Trimanet al., 1989), pSTL912G (restrictive pheno-
type, 912–888 mutant), and pSTL912G/885 U (ram phenotype,
912–885 mutant). Strains containing the plasmids were grown at 37°C in
LB broth medium supplemented with ampicillin (100µg/ml). Ribosomes
were prepared as described by Stanley and Wahba (1967) with some
modifications (Agrawal and Burma, 1996) and purified from the dissoci-
ated 30S and 50S particles by sucrose gradient centrifugation.

Electron microscopy
Cryo-grids were prepared as described by Wagenknechtet al. (1988).
Micrographs were recorded on a Philips EM420 electron microscope at
a magnification of 52 2003 (6 2%)

Image processing
Scanning was done with a step size of 1016 d.p.i. corresponding to
4.78 Å on the object scale, on a Hi SCAN microdensitometer (model
141 by Eurocore, France).

A set of 65 micrographs was selected for both the 912–885 mutant
ribosomes (with defoci ranging from 1.0 to 3.0µ) and the 912–888
mutant (1.1–1.9µ) after screening for the presence of Thon rings by
optical diffraction. For individual reconstructions of each data set, 19 495
and 10 000 particles were used, after elimination of overrepresented
views, yielding 17.1 and 19.3 Å resolution, respectively. Matching of
defocus values, number of particles and viewing angles made it necessary
to eliminate 9495 particles of the 912–885 data set, which reduced its
resolution to 18.9 Å, closely matching the resolution of the 912–
888 mutant. To prove that the large differences observed between
reconstructions of the two mutant ribosomes are not caused by reconstruc-
tion artifacts, the data sets were screened repeatedly, a stronger cut-off
of overrepresented views was applied and different 70S maps computed
in our laboratory were taken as references for the iterative refinement
procedure. However, in all cases, after angular assignments were stabil-
ized, the final 912–888 reconstructions displayed the same differences
with the conformation of the 912–885 mutant. Particles from the
corresponding defocus groups of each data set were used to calculate
3D significance maps through 2D statistical variance analyses and
Student’s t-tests (Liu and Frank, 1995; P.Penczek and J.Frank, in
preparation). The 30S subunit portion was extracted from the 70S volume
as described earlier (Gabashviliet al., 1999). Final thresholds for display
and comparison were chosen on the basis of volume estimations (see,
for example, Verschooret al., 1984).
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