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A major goal in the study of ribosome structure and function is to obtain a
complete description of the conformational dynamics of the ribosome
during the many steps of protein synthesis. Here, we report a new approach
to the study of ribosome dynamics using translation-libration-screw (TLS)
refinement against experimental X-ray diffraction data. TLS analysis of
complexes of the 70 S ribosome suggests that many of its structural features
have an inherent tendency for anisotropic movement. Analysis of
displacements of the 30 S and 50 S ribosomal subunits reveals an intrinsic
bias for “ratchet-like” intersubunit rotation. The libration axes for both
subunits pass through the peptidyl transferase center (PTC), indicating a
tendency for structural rotations to occur around the site of peptide bond
formation. The modes of anisotropic movement of ribosomal RNA
components, including the head of the 30 S subunit, the L1 and L11 stalks
and the two main arms of the tRNAs were found to correlate with their
respective modes of movement previously inferred from comparisons of
ribosomes trapped in different functional states. In the small subunit, the
mobilities of features interacting with the Shine-Dalgarno helix are
decreased in the presence of the Shine-Dalgarno helix, supporting the
proposal that that formation of the Shine-Dalgarno helix during initiation
may contribute to stabilization of the small subunit for optimal interaction
with initiator tRNA™®', The similarity of TLS parameters for two
independently solved structures of similar ribosome complexes suggests
that TLS analysis can provide useful information about the dynamics of
very large macromolecular objects and at resolutions lower than those at
which TLS refinement has commonly been applied.
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subunit and is followed by peptide bond formation
in the peptidyl-transferase center (PTC) of the large
subunit. Each cycle of elongation is followed by
translocation of tRNAs through the ribosome,

Introduction

Ribosomes are the ribonucleoprotein particles
responsible for converting genetic information en-

coded in messenger RNA (mRNA) into proteins.
During protein synthesis, transfer RNAs (tRNAs)
deliver amino acids to the ribosome. Recognition of
the cognate aminoacyl-tRNA for each mRNA codon
(decoding process) occurs on the small (30 S)
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Abbreviations used: TLS, translation-libration-screw;
PTC, peptidyl transferase center; cryo-EM, cryo-electron
microscopy; SD, Shine-Dalgarno.

during which tRNA moves from the A (aminoacyl)
site to the P (peptidyl) site and then to the E (exit)
site before leaving the ribosome. These functional
processes are accompanied by rapid, large-scale
molecular movements of tRNA, mRNA and transla-
tion factors that are believed to be accompanied by
corresponding movements in the structure of the
ribosome. For example, comparison of cryo-electron
microscopic reconstructions of ribosomes trapped in
different states of translocation has led to a model
for translocation based on intersubunit rotation'
that has recently been supported by solution studies
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using FRET? and intersubunit cross-linking.” Al-
though translocation normally requires participa-
tion of elongation factor EF-G and GTP, it has been
shown to occur in their absence under certain in vitro
conditions,*® indicating that the ribosome has an
inherent ability to undergo the conformational
rearrangements required for translocation. It seems
likely that the structure of the ribosome has been
optimized during evolution to support these and
other dynamic events that underlie protein synth-
esis. A major goal in the study of ribosome structure
and function is to obtain a full description of the
molecular dynamics of translation, in terms of the
structures of the ribosome and its functional ligands.
The studies presented here suggest a novel ap-
proach toward this end.

Since the magnitudes and directionalities of
atomic displacements are captured in diffraction
data,” these data can be exploited to infer informa-
tion about macromolecular dynamics. Attributing
individual atomic anisotropic displacement para-
meters to a model, however, is possible only when
high-resolution (better than 1.2 A) diffraction data
are available.lOQHowever, at lower resolutions (com-
monly 1.2to 3 A)," translation-libration-screw (TLS)
formalism can be applied to rigid domains, rather
than to individual atoms, and has been demon-
strated to closely approximate the anisotropic
behavior of an atomic model.'*'® Comparison of
TLS parameters with the amplitudes of normal
modes describing the internal motion of a protein
indicates that TLS parameters for the overall motion
make the largest contribution to atomic displace-
ments.'*'> TLS analysis has been shown to provide
biologically relevant information, such as identifica-
tion of mobile domains contributing to induced fit of
a protein as well as of regions of restricted mobility,
comprised of biologically critical sites, such as the
active sites of enzymes.'®!” The theory underlying
TLS parameterization has been presented in de-
tail by Schomaker and Trueblood!®!® and Howlin
et al.?0 In summary, apart from improving agree-
ment between an atomic structure and diffraction
data by approximating anisotropic disorder of
atoms, TLS refinement yields translational, libra-
tional and screw tensors for the respective rigid
groups. The collective anisotropic disorder of atoms
representing each rigid group can therefore be
described as translation along translational axes,
torsional oscillations around librational axes and
screw motions along screw axes. In this work, TLS
formalism has allowed visualization of the aniso-
tropic dynamics of the ribosomal subunits and their
sub-structures, and tRNAs bound to the ribosome.

Results

TLS refinement

The structure used for TLS analysis represents an
elongation-like ribosomal complex containing a

short ten-nucleotide defined mRNA, tRNAPhe
bound to the P site and an endogenous mixture of
tRNAs bound to the E site (modeled as tRNA™®),
determined at 3.7 A resolution,?! referred to below
as the tRNA™® complex. TLS refinement followed a
conventional refinement strategy and led to reduc-
tion in crystallographic R and free R factors,
indicating improvement of the fit of the structural
model to the experimental diffraction data. Compar-
ison of the relative magnitudes of translational,
librational and screw tensor eigenvalues showed
that TLS motion is primarily characterized by
libration (see Materials and Methods). The focus of
the following discussion will therefore be on the
libration axes obtained by treating the tRNA™®
complex as either 4 or 70 independent TLS groups,
as well as on comparison of librational movements
with those of the crystal structure of a separate
ribosome—tRNA complex recently solved at similar
resolution.”

TLS parameterization of the ribosome
represented by four rigid groups

Cryo-EM, biochemical and biophysical studies
suggest that movement of ribosomal subunits
during translocation can be approximated as a
ratchet-like intersubunit rotation.'” In order to
explore the inherent tendency of the subunits to
move, TLS refinement was performed with the 30 S
subunit, 50 S subunit and P and E-site tRNAs treated
as four separate TLS groups. For each subunit, the
librational components are anisotropic (the magni-
tudes of the primary axes are 2.5-and fivefold higher
than that of the second largest axis for the large and
small subunit, respectively) and imply that inherent
intersubunit movement is biased towards ratchet-
like libration (Figure 1(a)—(c)). For the large subunit,
the primary librational axis, around which the
subunit as a rigid group undergoes the largest
anisotropic displacement, nearly coincides with that
of the small subunit (Figure 1(a) and (b)). This main
axis of the large subunit connects the peptidyl
transferase center with proteins L20 and L21 on
the solvent side of the subunit. The primary axis of
the small subunit penetrates the subunit through the
penultimate stem (h44) between nucleotides U1407
and A1492-A1493 in the decoding site®® and
through the cleft formed by proteins S2, S5 and S8
at the solvent side. Thus, the major librational axes
for the two ribosomal subunits pass through their
respective main functional sites. Interestingly, for
both subunits, the libration axes intersect near the
peptidyl-transferase center (PTC). One possible
explanation is that the inherent ribosomal mobility
is tuned to minimize disruption of the conforma-
tion of the PTC during different steps of protein
synthesis, to ensure precise aligment of the riboso-
mal nucleotides forming the PTC during catalysis.
This might be important, for example, to exclude
attack by water of the peptidyltRNA linkage.**
Another possibility is that the structure of the
ribosome is optimized for rotation of the aminoacyl-
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Figure 1. Libration axes and thermal ellipsoids for the 30 S and 50 S ribosomal subunits. P-site tRNA (orange), 16 S
(cyan) and 23 S (grey) rRNAs, and libration axes derived from a 4-TLS group refinement (blue) are shown. (a) Side view,
(b) top view, (c) view from the solvent face of the 30 S subunit showing the location of the principal libration axis derived
from the 4-TLS group refinement (blue) and of the intersubunit ratcheting axis suggested by cryo-EM experiments® (red).
(d) and (e) Thermal ellipsoids derived from the 70 S-TLS group refinement for the large and small ribosomal rRNAs
viewed from the subunit interface. Atomic displacement parameters in this and the following figures are colored
according to the magnitude of the displacements, ramped from blue (smallest) to red (largest). The directional anisotropy
of peripheral regions and the lack of mobility in the central regions suggest an inherent bias for rotation of the ribosomal

subunits in a “ratchet-like” mode.

and peptidyl-tRNAs around the PTC during their
movements before, during and following catalysis.
It should also be taken into account that the PTC
is located near the center of the ribosome, and is
therefore less likely to show large displacements of
the kind that are observed at the extremities of the
ribosome.

The orientations and magnitudes of libration axes
for the P and E-site tRNAs show a striking cor-
relation with the distortions of the tRNAs caused by
their interactions with the ribosome.”"*> The two
longest librational axes of the E-site tRNA are nearly
equal in magnitude (Figure 2(a)). Rotation of the
structure of free tRNA by 4° and 7° consecutively
around the E-tRNA libration reproduces the kink
observed in the E-tRNA structure relative to that of
free tRNA,”' suggesting that the libration axes
reflect the inherent directionality of E-tRNA move-
ments. The librational motion of P-tRNA is highly
anisotropic, and the relative eigenvalues of its libra-
tion tensor are greater than those for the E-tRNA
(Figure 3(a)), consistent with the higher degree of
distortion of the P-tRNA observed in the X-ray
crystal structures.”"* Its primary axis goes through

the D loop and between the A26—-G44 non-canonical
base-pair, making a ~45° angle with the anticodon
stem-loop of P-tRNA; its second libration axis is
orthogonal to the helical axis of the D stem. In-
terestingly, rotation of tRNA by ~10° around the
primary axis followed by ~5° rotation around the
second axis generates the kink in the anticodon arm
centered at the A26-G44 pair which has been
observed in the P, E and A/T states of tRNA.>!>2¢
However, the observed distortion of the D loop,
which is partially unwound only in the P-tRNA,
orienting the acceptor arm towards the A site,
cannot be generated by rotation around libration
axes; this distortion would require rotation around
the third libration axis, whose magnitude is 0. This
may be an indication that treating tRNA as a single
rigid group may be insufficient to account for the
complexity of the distortion of tRNA conformation
in the P site.

The center of libration for both P and E-site tRNAs
is located near the D stem (Figures 2(a) and 3(a)),
which leads to roughly similar distributions of the
relative anisotropic disorder of the atoms. Repre-
sentation of the TLS parameters in terms of atomic
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Figure 2. Libration axes and
thermal ellipsoids for the E-site
tRNA. (a) Libration axes. (b) Ther-
mal ellipsoids for E-site tRNA rep-
resented as a single TLS group in a
4-TLS group refinement of the
ribosome. (c) Thermal ellipsoids
for E-site tRNA represented as 2
TLS groups in a 70-TLS group re-
finement of the ribosome.

anisotropic displacement parameters suggests that  3(b)), consistent with the conclusion that this base-
in the P and E-site tRNAs the A26-G44 base-pairis  pair represents one of the main hinge points of
among the least mobile regions (Figures 2(b) and tRNA distortion.”"?® The most mobile region of
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Figure 3. Libration axes and thermal ellipsoids for the P-site tRNA. (a) Libration axes. (b) Thermal ellipsoids for P-site
tRNA represented as a single TLS group in a 4-TLS group refinement of the ribosome. Direction of translocation is shown
by a red arrow. (c) Thermal ellipsoids for P-site tRNA represented as two TLS groups in a 70-TLS group refinement of the
ribosome.
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tRNA is the elbow, consistent with the fact that this
region of tRNA must travel by more than 50 A
during translocation. Interestingly, anisotropic dis-
placement of the elbow is biased in the direction of
translocation, orthogonal to the plane of the tRNA
(Figures 2(b) and 3(b)).

TLS parameterization of the ribosome
represented by 70 rigid groups

The ribosomal subunits contain features that are
believed to move independently at different stages
of protein synthesis.”®** We have performed TLS
refinement after splitting the ribosome into 70 rigid
groups, represented by ribosomal proteins, tRNAs
and rRNA domains (see Materials and Methods).
The following discussion concerns TLS analysis of
rRNA and tRNA.

Division of the ribosome into 70 groups results in
a TLS solution consistent with the ratchet-like mode
of intersubunit rotation (REF). Both subunits exhibit
dynamic behavior in which their central cores are
less mobile than their peripheral parts (Figure 1(d)

and (e)). The anisotropic displacement of both
subunits is biased toward mutual rotation around
the principal axes obtained from the 4-group TLS
refinement (previous section), which is especially
clear for the small ribosomal RNA (Figure 1(e)). The
overall mean displacement of the 23 S rRNA do-
mains is smaller than that of the 16 S rRNA domains
(Table 1), suggesting that the large subunit is
intrinsically less mobile than the small subunit,
consistent with prior observations.”** However,
there are two regions of 23 S rRNA that exhibit
similar or even higher mobility than the mobile
regions of 16 S rRNA. The most mobile region of
rRNA is the L1 stalk (Table 1) con51stent with cryo-
EM?° and X-ray structures, 21,3032 which show the
L1 stalk in positions that differ by more than 30 A
between different structures. In the ribosome-tRNA
complex, where the L1 stalk interacts with the elbow
of E-site tRNA, the stalk is oriented toward the
middle of the 50 S subunit,?! while in the vacant
ribosome or in the individual large subunit structure
the Ll stalk tilts away from the ribosome into solu-
tion, %! suggesting that its function is to remove

Table 1. Libration tensor eigenvalues for the 3.7 A tRNA™ 2 and 3.8 A tRNA™¢ 2! 70 S ribosome complexes

Eigenvalues Eigenvalues
tRNA"e tRNAMet tRNAP® tRNAMe
23 S TLS group complex20 complex21 16 S TLS group complex20 complex21
Domain I and h26-35 1-810 and 0.098 0.015 Body 1 (h14 and h15-18) 0.204 0.185
2895-2902 0.055 0.052 5-51 and 360-562 0.194 0.088
0.000 0.032 0.000 0.010
0.051° 0.033 0.133 0.094
Domain II excluding h26-35 and 0.128 0.048 Body 2 (h5-14) 52-359 0.065 0.055
h42-44 811-990 and 1164-1270 0.085 0.034 0.011 0.040
0.056 0.067 0.176 0.157
0.089 0.05 0.084 0.084
L11 stalk (h42-44) 991-1163 0.263 0.122 Platform 1 (h19-20 and h24-27) 0.307 0.070
0.512 0.457 563-588 and 756-919 0.394 0.172
0.086 0.058 0.000 0.025
0.287 0.212 0.234 0.089°
0.236 0.127 Platform 2 (h21-23) 589-755 0.101 0.003
Domain III 1271-1646 0.154 0.050 0.253 0.142
0.057 0.099 0.000 0.059
0.149 0.092 0.118 0.068
Domain IV 1647-2010 0.094 0.048 Head 1 (h28-29 and h41-43) 0.334 0.107
0.030 0.085 920-949 and 1232-1396 0.042 0.000
0.000 0.000 0.129 0.213
0.041 0.044 0.168 0.107
Domain V excluding h74-88 0.217 0.045 Beak (h30-34) 950-1063 and 0.431 0.178
2011-2058 and 2448-2627 0.033 0.000 1193-1231 0.562 0.590
0.000 0.059 0.000 0.123
0.083 0.035 0.331 0.297
Domain V excluding h73, h76-78, 0.122 0.000 Head 3 (h35-40) 1064-1192 0.309 0.178
h89-93 2059-2092 and 2197-2447 0.044 0.021 0.019 0.045
0.025 0.101 0.271 0.395
0.064 0.041 0.200 0.206
L1 stalk (h76-78) 2093-2196 0.119 0.085 Penultimate stem and 3’ tail 0.000 0.000
0.373 0.321 (h44-45) 1397-1529 0.082 0.051
0.965 0.863 0.677 0.254
0.486 0.423 0.253 0.102
0.121 0.014
Domain VI 2628-2894 0.067 0.040
0.015 0.144
0.067 0.066
Average for 23 S 0.146 0.111 Average for 16 S 0.190 0.131

2 Three libration tensor eigenvalues are shown for each TLS group. The mean eigenvalues are given in bold.
P The regions of 16 S rRNA that contact the Shine-Dalgarno helix have significantly lower mobilities in the presence of a SD helix, and

are indicated by underlined mean libration values.
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Figure 4. Libration axes for the L1 stalk. (a) Position of the L1 stalk relative to the rest of the ribosome. (b) Stereo view
of the location and relative magnitudes of libration axes for the L1 stalk of the tRNA™ complex (red) and tRNA™®*
complex (yellow) are partially consistent with the movement required to displace the L1 stalk of the tRNA-bound
complex (green) into the position observed in the vacant ribosome® (blue). The relative magnitudes of the libration axes
suggest that an additional anisotropic component may arise from a crystal contact involving the L1 stalk.

the deacylated tRNA from the E-site. Location of
the libration axes outside of the L1 stalk structure
(Figure 4) suggests that its displacement involves
significant movement of most of the L1 stalk, con-
sistent with its observed positions.**"** Rotation
around two major libration axes by ~50° with
subsequent translation is sufficient to transform the
position of the L1 stalk of the tRNA-bound ribosome
into that of vacant ribosome (Figure 4). The lengths
of the libration axes are not equal, most likely ref-
lecting an additional component of L1 stalk mobility
due to contact with the beak of the small subunit of a
symmetry-related ribosome.

Another region of 23 S rRNA demonstrating
significant mean displacement is the L11 stalk. The
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L11 stalk interacts with EF-Tu and EF-G****® and
is therefore implicated in the tRNA-binding and
translocation functions. The largest displacement of
L11 stalk atoms in the tRNA"™ complex (Figure 5) is
in the direction which brings the L11 stalk into the
conformation observed in the vacant ribosome,
supporting the biological relevance of the dynamics
information provided by TLS refinement for this
region.

By examining the atomic anisotropic displace-
ments represented by thermal ellipsoids derived
from TLS tensors, we have found that the tip of h38
(the “A-site finger”) demonstrates anisotropy direc-
ted along the axis of a-helix 3 (amino acid residues
68-84) of small-subunit protein 513, with which it

Figure 5. Anisotropic displacement of the L11 stalk derived from the 70-TLS group refinement. (a) Position of L11
stalk relative to the rest of the ribosome. (b) Differences between L11 stalk positions in the tRNA™® complex (green) and
the vacant ribosome™ (blue) structures when 23 S rRNAs are superimposed. The direction of L11 stalk movement is
consistent with anisotropic displacements obtained by TLS refinement. (c) Thermal ellipsoids.



Ribosome Dynamics

1065

Figure 6. Anisotropic displacement of the A-site finger (h38) derived from the 70-TLS group refinement. (a) Position
of the A-site finger relative to the rest of the ribosome. (b) Location of the A-site finger relative to proteins L5 and S13. (c)
Thermal ellipsoids showing the bias of anisotropic displacement of the tip of the A-site finger along o-helix 3 of protein

S13.

forms intersubunit bridge Bla (Figure 6). Direct
comparison of the location of h38 with that in the
vacant ribosome is not possible because h38 is
disordered in the latter structure. However, riboso-
mal protein L5, which contacts S13 to form bridge
Blb, is displaced anisotropically in the direction of
h38 in the tRNA™® complex.?130 Together, these
observations suggest that movement of the Bla and
Blb bridges may be coupled, although there is no
direct interaction between them.

The most mobile part of the small subunit is its so-
called beak, at the A-site end of the head (Table 1),

(@)

whose anisotropic movements may reflect con-
straints imposed by contact with the L1 stalk of a
symmetry-related ribosome. Its different observed
orientations may thus be explained, at least in part,
by differences in the lattice contacts between ribo-
somes crystallized in different crystal forms (Figure
7). At the underside of the head, helix 31, whose loop
contacts the P-site tRNA anticodon loop via m*G966,
is connected by two single-stranded RNA segments
to the coaxial helix 30-32 arm. The h31 region shows
anisotropic disorder directed between the 30S A and
P sites (Figure 8), suggesting that it may be a mobile

Figure 7. Anisotropic displacement of the tip of the 16 S rRNA beak is likely influenced by crystal contacts.
(a) Position of the beak relative to the rest of the ribosome. (b) Superposition of the tRNAThe complex21 (cyan) structure
with the similar structure of the 2.8 A tRNAMet complex crystallized in a different crystal form? (red). (c) Thermal

ellipsoids derived from the 70-TLS group refinement.
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tRNA-binding element that can follow the move-
ment of tRNA as it translocates from the 30 S A-site to
the P-site. The 3’-minor domain of 16 S rRNA
comprising h44-45 has a primary libration around
an axis oriented almost parallel to the penultimate
stem (h44) and located on its inner face. Rotation of
the domain around this axis suggests that the outer
side of the penultimate stem, which forms several
bridges with the large subunit, moves more than the
inner side. One of these 50 S subunit contacts, bridge
B3, is at or near the axis of intersubunit rotation.””
This unusual anisotropic movement of h44 may be
therefore be related in some way to the mechanics of
translocation.

During the 70-group refinement of the ribosome,
tRNA molecules were split into their anticodon arm
and acceptor arm domains. The relative distribution
of atomic anisotropic disorder overall is similar to
that derived from refinement with tRNAs treated as
single rigid groups (Figures 2 and 3), again placing
A26 and G44 among the least mobile nucleotides
and the elbow as the most disordered region.
Anisotropic displacement of the P-tRNA elbow is
biased in the direction of translocation, while the
E-tRNA elbow does not show a uniform directional
displacement.

Comparison with an independent 3.8 A X-ray
structure of the ribosome

In order to validate the results of TLS refinement of
the tRNA™® complex, TLS parameters were ana-
lyzed for an initiation-like 70 S ribosome_complex
(tRNA™t complex) determined at 3.8 A resolu-
tion.”” The tRNA™** complex contains a tRNA™*" at
the P-site and endogenous tRNAs at the E-site and a
mRNA with an eight base-pair Shine-Dalgarno
sequence. The root-mean-square difference between
the phosphate atoms of the ribosomal RNAs for the
tRNA™ and tRNA™®! ribosomes is 0.9 A.

Figure 8. Anisotropic displace-
ments at the base of the 16 S TRNA
beak suggest that h31 and its con-
necting loops may move between
the 30 S A and P sites. (a) Position of
h31 relative to the rest of 16 S rRNA.
(b) Position of h31 (cyan) relative to
the anticodon stem loops of the P
(orange) and A-site (yellow) tRNAs.
(c) Thermal ellipsoids derived from
the 70-TLS group refinement.

Eigenvalues of TLS libration tensors for the
tRNA™ and tRNA™® complexes were strongly
correlated for 23 S rRNA and for 16 S rRNA
(correlation coefficients =0.95 and 0.72, respectively).
The lower correlation between 16 S rRNAs is likely
due to the difference between the mRNAs, as
discussed below. In contrast, the eigenvalues for
the ribosomal proteins are more weakly correlated
(correlation coefficient=0.30), suggesting that they
are not representative of a general functional
anisotropy for ribosomal proteins. When determined
at resolutions of 3.5 A and lower, amino acid side-
chains of ribosomal proteins are more disordered
than rRNA elements, as can be observed in electron
density maps®' or by comparison of B factors of
known structures solved at similar resolution®';
therefore, TLS formalism may largely reflect coordi-
nate error rather than true functionally related
anisotropic displacements of ribosomal proteins.
Alternatively, poor TLS parameterization of proteins
might be caused by lack of strong restraints (e.g.
covalent connections) between protein rigid groups.
Since ribosomal RNA accounts for approximately
70% of the mass of the ribosome, and its TLS para-
meters are strongly correlated between the tRNA™
and tRNA™¢' complex structures, TLS analysis
based on ribosomal RNA is more likely to be
representative of true anisotropic motions of riboso-
mal subunits and their sub-domains. This suggestion
is also supported by the strong correlation between
TLS-predicted movements and structural differences
observed for the ribosome stalled in different
functional states (Figures 4 and ﬂ\L"/)I)

TLS parameters for the tRNA™®" complex support
the conclusion that the large subunit is generally less
mobile than the small subunit, with the exception of
the L1 and L11 stalks. The L1 stalk and the beak of 16
S rRNA have the highest average mean displace-
ments around their respective librational axes.
The greatest discrepancy in mean displacements
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between the tRNA™® and tRNA™¢ complexes is for
the 30 S subunit neck, platform and 3’-minor
domain. Interestingly, all of these regions include
features that are constrained by formation of the
Shine-Dalgarno (SD) interaction (helix 45 in the 3’
minor domain) or interact with the backbone of the
SD helix (the neck and platform). In the tRNAhe
complex, which contains a short mRNA lacking a
SD sequence,” these sub-domains are signficantly
more mobile (average displacement of 0.193) than
those in the tRNAMet complex (average displace-
ment of 0.091), which contains a Shine-Dalgarno
helix (Table 1). Thus, the SD helix appears to restrain
the mobility of the small subunit sub-domains with
which it interacts. This might play a role in optimal
positioning of the small subunit for interaction with
initiator tRNA during initiation, (for example,
promoting optimal interaction between G1338 and
A1339 with the minor groove of the anticodon
stem®*%%%) as was proposed based on comparison
of the tRNA-containing ribosome complex with
structures of vacant ribosomes and with that
representing an elongation-like complex.**?

Analysis of anisotropic motions for the tRNA™®
and tRNA™" complexes demonstrates that TLS
formalism can be applied at lower resolution and to
large macromolecular complexes, with some limita-
tions. We have shown that for ribosome structures
solved at 3.7-3.8 A, only ribosomal RNA can be used
for interpretation of anisotropic displacements.
Therefore, care must be taken when TLS parameters
are interpreted at such resolution; it is recom-
mended that TLS results be validated against other
biophysical or structural data.

Conclusions

The observed atomic displacements in the 70 S
ribosome complex are not random in nature but are
directed along pathways that often coincide with the
directions of movements that are believed to
accompany the processes of protein synthesis. The
magnitudes of the TLS librations, however, do not
always strictly reflect the functional dynamics of the
ribosome, but are sometimes also influenced by
constraints dictated by the crystallographic environ-
ment. For the most part, the observed anisotropic
motions of tRNA molecules, ribosomal subunits and
their sub-domains are consistent with large-scale
rearrangements that have been detected by X-ray
crystallography,®~°?'%” cryo-EM**° and other
biophysical experiments?.

Materials and Methods

Starting models and diffraction data

The structures of the 3.7 A tRNA™?! and 3.8 A
tRNAM®22 from Thurmus thermophilus ribosomal com-
plexes containing mRNA, P-and E-tRNAs were down-
loaded from the Protein Data Bank*’ (PDB accession codes

20WS8 and 1VSA for the former and 2QNH for the latter).
Their structures were obtained by real-space’’ and
reciprocal-space simulated annealing torsion-angle
dynamics and B-group refinement methods** as described
in Korostelev et al.,?! with the starting models for the
structures of ribosomal proteins L15, L19, L21, 1.28 and
L29 adapted from the recent 2.8 A model of the
ribosome.?® Due to limitations of the 3.7-3.8 A resolution,
grouped isotropic B-factors for amino acids and nucleo-
tides, rather than for individual atoms, are available for
both models. Structure factor amplitudes, experimental
error estimates, and cross-validation information were
downloaded from the PDB for the tRNA"™ and tRNA Mt
70 S ribosomal complexes.

TLS refinement procedure

TLS refinement was carried out in REFMAC 5.2'" and
led to reduction in R/R™ from 0.365/0.369 (tRNA"®
complex) and 0.342/0362 (tRNAMet complex) to 0.348/
0.359 and 0.324/0.352, respectively. Prior to refinement, all
atomic temperature factors were set to a constant value of
60 A% A bulk solvent correction model with the
parameters of the mask optimized to 1.8 A (VDWProb),
1.8 A (IONProb) and 1.1 A (RSHRink), and overall
anisotropic scaling were applied. TLS refinements were
carried out using the amplitude-based maximum like-
lihood function. The refinements converged after three to
five cycles; no significant change in R/R*¢ was observed
when more than three refinement cycles were carried out.
Convergence was also indicatedby the similarities
between TLS tensors resulting from refinements carried
out for three and ten cycles. Each cycle of TLS refinement
was followed by only one to two rounds of positional and
B-factor refinement with damping factors of 0.25 (for
positional and B-factor shifts at each step) in order to
minimize overfitting.

Choice of the number of TLS groups

Each TLS group contributes 20 refinement parameters;
therefore, using up to 100 TLS groups does not signifi-
cantly increase the total number of refinement parameters
for the ribosome, which has nearly 150,000 atoms. We
have tested TLS refinements using 4, 70 and 100 TLS
groups. Since ribosomes consist of two subunits, which
have been shown to move with respect to each other
during translocation,' the two subunits and the two
tRNAs bound to the P and E sites were treated as
individual rigid bodies in 4-group TLS refinements. The
rationale for using 70 TLS groups comes from the
observation that ribosomal proteins, sub-domains of
ribosomal RNA and of tRNAs can move with respect to
each other at different stages of protein synthesis.”**®
Thus, the next “crude” division of the ribosome involved
treating each of the ribosomal proteins (47 proteins are
modeled in each of the 70 S complexes used), 5 S rRNA,
nine sub-domains of 23 S rRNA (Table 1), eight sub-
domains of 16S rRNA (Table 1), anticodon arm (nucleo-
tides 8—48) and acceptor arm (nucleotides 1-7 and 49-76)
domains of tRNAs (for both P and E-site tRNAs) as
individual TLS groups. The designation of the boundaries
of different groups within the ribosomal RNAs was based
on our knowledge of the domain structure of the rRNA.
The regions connecting well-defined sub-domains were
chosen as boundaries and did not include secondary
structure elements such as helices and loops. mRNA was
not included in the TLS refinement of the tRNA™®
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Figure 9. Modeling of isotropic B factors by TLS refinement. Residue-averaged TLS-derived B factors (Bis,, red) and
grouped B factors of the initial 70 S ribosome model (Bgroup, blue) are plotted versus corresponding nucleotides of the 23 S
ribosomal RNA. By, factors resulting from the 4-group refinement (a) are less well correlated with the B, factors from
the initial model than those resulting from the 70-group refinement (b) (correlation coefficients are 0.33 and 0.5,
respectively). The residual B factor after TLS refinement (green) is low and essentially constant, which reflects the stability
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complex since only six nucleotides of mMRNA are modeled.
In the tRNA™" 70 S complex, the 5 region of the
modeled 18 nucleotide mRNA forms the Shine-Dalgarno
helix with the 3’ tail of the small subunit rRNA and
therefore the mRNA was combined with the 3’-terminal
nucleotides (1534-1541) of 16 S rRNA into one group.
Overall, 69 TLS groups were used for the tRNAPhe
complex and 70 groups for the tRNA™' complex; for
simplicity, both refinements are referred to as 70-group
refinements. During the 100-group TLS refinement, 16 S
and 23 S rRNAs were split into finer pieces comprised of
secondary structure elements.

Refinement of 70 TLS groups yielded R/R™® values
that were marginally lower than those obtained by
refinement of 4 TLS groups (0.3478/0.359 versus 0.3486/
0.3599), while TLS refinement with 100 TLS domains was
unstable and led to negative eigenvalues for librational
tensors. Similar crystallographic residuals for the 4 and
70-domain TLS refinements might suggest that modeling
the ribosome as four TLS regions is sufficient to infer
most of the ribosome dynamics information that TLS
refinement can provide. In order to test this hypothesis,
we have analyzed the TLS-derived temperature factors
for 23 S rRNA, which is the largest constituent of the
ribosome. The 23 S rRNA was treated as a single TLS
group (combined with 5 S rRNA and large-subunit
proteins) during the 4-group refinement and was split
into nine sub-domains (Table 1) in the 70-group refine-
ment. Isotropic B factors were calculated as the traces of
the corresponding atomic anisotropic temperature factors
derived from decomposition of the TLS tensors.*’ These
isotropic B factors (B;s,) were averaged for each residue of
23 S rRNA and then compared to the original grouped B-
factors (Bgroup), Which range between 15 and 200. Since
the residual (By.s) resulting from TLS refinement refined
to values lower than 15 (as low as 3 for the-group
refinement and 1 for the 70-group refinement), a scaling
factor was applied to B,es and Bis, so that B, values
range between 15 and 200 and thus are on the same scale
as Bgroup- Comparison of the isotropic B-factors with
grouped B-factors revealed that the 70-group TLS
refinement leads to a significantly better description of
the temperature factors than the 4-group refinement
(Figure 9): the correlation coefficient for the residue-
averaged Bis, With Bgyoyp for the whole 23 S TRNA (2902
nucleotides) is 1.5 times higher for the 70-group refine-
ment than that for the 4-group refinement (0.5 versus
0.33). This suggests that while there is only marginal
improvement in R/Rgee upon splitting of the ribosome
into finer TLS groups, the 70-group TLS analysis provides
a more detailed characterization of the structural dyna-
mics of the ribosome.

Parameterization of 70 TLS groups for the tRNA™® and
tRNA™M® 70 S ribosome structures leads to the following
results. Unlike libration, the translational and screw
tensors have eigenvalues that are approximately equal in
all directions and small in absolute value for the different
rigid groups, yielding average mean-square displace-
ments of less than 0.008 A? (translation) and 0.007
A*degree (screw) for the whole ribosome. The average
mean-square displacement around librational axes is 0.51
degree?, indicating that librational motion has the most
significant contribution to anisotropic disorder of the
ribosomal rigid groups. Eigenvalues of the librational
tensors are positive for all TLS groups, showing that TLS
refinement was stable and that assignment of rigid groups
is physically reasonable.

Atomic anisotropic displacement parameters were
calculated by using TLSANL*® by decomposition of the

TLS tensors. TLSANL was also employed to generate
axes and to calculate eigenvalues for tensors repre-
senting translational, librational and screw motions.
PyMOL* and Rastep® were used for visualization of
atomic models, TLS axes and atomic thermal ellipsoids.
Coordinates for librational axes of ribosomal RNA
regions presented in Table 1 can be downloaded in
PDB formatf.
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