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15N-"H NMR spectroscopy has been used to probe the dynamic
properties of uniformly '>N labeled Escherichia coli ribosomes.
Despite the high molecular weight of the complex (~2.3 MDa),
['H-'5N] heteronuclear single-quantum correlation spectra contain
~100 well resolved resonances, the majority of which arise from
two of the four C-terminal domains of the stalk proteins, L7/L12.
Heteronuclear pulse-field gradient NMR experiments show that
the resonances arise from species with a translational diffusion
constant consistent with that of the intact ribosome. Longitudinal
relaxation time (7;) and T;, >N-spin relaxation measurements
show that the observable domains tumble anisotropically, with an
apparent rotational correlation time significantly longer than that
expected for a free L7/L12 domain but much shorter than expected
for a protein rigidly incorporated within the ribosomal particle. The
relaxation data allow the ribosomally bound C-terminal domains to
be oriented relative to the rotational diffusion tensor. Binding of
elongation factor G to the ribosome results in the disappearance
of the resonances of the L7/L12 domains, indicating a dramatic
reduction in their mobility. This result is in agreement with
cryoelectron microscopy studies showing that the ribosomal stalk
assumes a single rigid orientation upon elongation factor G
binding. As well as providing information about the dynamical
properties of L7/L12, these results demonstrate the utility of
heteronuclear NMR in the study of mobile regions of large biolog-
ical complexes and form the basis for further NMR studies of
functional ribosomal complexes in the context of protein synthesis.

P rotein synthesis in living systems takes place on the ribosome,
a complex macromolecular assembly whose structural and
functional properties are rapidly emerging from a powerful
combination of electron microscopy (EM) and x-ray crystallog-
raphy (1, 2). In Escherichia coli, the ribosome is composed of 54
different proteins and three RNA molecules (23S, 16S, and 5S
rRNA) This 2.3-MDa complex is termed the 70S ribosome and
is made up of two components, the 30S and 50S subunits. The
translation of genetic information into functional proteins in-
volves a number of auxiliary factors, many of which are GTPases,
including IF2, EF-Tu, elongation factor G (EF-G), and RF3 (2).
These molecules bind to overlapping sites on the 50S subunit and
regulate the transition of the ribosome through various states on
the translational pathway. The binding sites are collectively
known as the GTPase-associated region, due to the role of this
region in stimulating the GTPase activity of the auxiliary factors.

The GTPase-associated region (GAR) includes helices 42-44
and 95 (the a-sarcin loop) of 23S RNA, and the proteins L10, L11,
and L7/L12 (1). The latter (L7/L12) is located on the ribosomal
stalk and is unique among the ribosomal proteins, because it is the
only protein present in multiple copies (four proteins per ribosomal
particle). Although atomic details of much of the GAR have been
revealed in the crystal structures of the 50S subunit (3, 4), regions
such as the L7/L12 stalk give only fragmented or weak density in
cryo-EM (5) and x-ray diffraction maps. In the 5.5-A 70S structure
(6) (the most complete structure available for the stalk region), for
example, the density for L10 is absent; only two of the four copies
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of L7/L12 have been identified in this structure (6) and are
tentatively placed at the base of the stalk in a compact conforma-
tion. The remaining two copies of L7/L12 are believed to form the
stalk; their absence in high-resolution structures may result from
the fact that they do not occupy well defined positions within the
individual ribosomes.

The L7/L12 molecules have no apparent contact with rRNA and
are known to undergo conformational changes at different steps of
the translational cycle (7, 8). "H NMR spectroscopy on isolated 50S
and 70S ribosomes has provided evidence for regions of local
motional averaging, revealing several narrow resonances that have
been attributed to L7/L12 (9, 10). "N NMR spectroscopy of
isolated L.7/L.12 proteins shows two apparently independent struc-
tured domains linked by a flexible hinge, with the nuclear Over-
hauser effect patterns indicating an N-terminal domain (NTD)
dimer independent of the respective C-terminal domain (CTD)
(11). Similar studies of a pentameric complex (the four copies of
L7/L12 along with L10) show that the binding of L.10 to the NTD
of L7/L12 causes the disappearance of the resonances of the latter
(12). The implied flexibility of L'7/L12 and possible significance of
this dynamic behavior for ribosomal function make detailed study
of this region of the complex of interest.

We describe here a heteronuclear NMR investigation of intact
ribosomal particles that permits the analysis of the structure and
dynamics of bound L7/L12 proteins and points the way to future
NMR studies of ribosomal structure and function.

Materials and Methods

Preparation of E. coli Ribosomes. Ribosomal particles were prepared
from E. coli MREG60O cells (CDN, Tallinn, Estonia) grown in
minimal medium containing "NH4CI. Further preparation details,
quality controls, and concentration measurements of ribosomal
particles are described in Supporting Text, which is published as
supporting information on the PNAS web site, as is the preparation
of EF-G.

Sample Preparation and NMR Spectroscopy. Characterization of NMR
samples. The concentration of 70S ribosomes in samples used for the
NMR experiments was 15-25 uM, that of the 50S subunit was
25-40 uM, and that of the 30S was 15-35 uM. Unless otherwise
stated, samples were made up in buffer solutions containing 10 mM
KHPO,, 100 mM KCl, and 10 mM magnesium acetate, pH 7.5, with
10% D,0O. Samples were generally used for no more than 12 h,
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Fig. 1. ['H-">N] HSQC spectra of uniformly >N

- labeled E. coli ribosomes. Spectra of (A) intact 70S;

o . (B) 50S; (C) 30S ribosomes; and (D) overlay of spec-
tra of the 50S and 30S subunits, acquired at 750

L1414 = L1414 MHz in 10 mM KCI/10 mM MgCl>/10 mM KHPO,,
15 pH 7.2, 303 K. Peaks in B are labeled according to
N(ppm) the assignments of isolated L7/L12 protein, be-
L 120 (120 cause the chemical shift values are essentially iden-
tical [the differences are less than = 0.02 ('H) and
126 126 +0.1(">N) ppm (11)]. Crosspeaks likely to originate
from A39, V40, and A41 in the interdomain hinge
are labeled with an asterisk. The deviations of the
L132 L1132

chemical shifts of these signals from those of iso-
lated L7/L12 are greater than for other labeled
peaks, and multiple resonances are assigned for
these residues in the isolated protein.

8.0 9.0

because some deterioration in spectral quality was evident after
16-24 h. Control heteronuclear single-quantum correlation spectra
(HSQCs) were recorded before and after long accumulations to
ascertain sample integrity.

NMR experiments used to measure diffusion rates, as well as

I5N-spin relaxation experiments and fast-HSQC (13) experiments,
were performed at 298 K on a 600 MHz Bruker (Karlsruhe,
Germany) DRX spectrometer equipped with a (‘H/!'3C/N) cryo-
probe with a single-axis pulsed-field gradient capability. ['H-°N]
HSQC experiments were additionally recorded at 750 and 700 MHz
(Bruker Avance) by using conventional TXI probes. ['H, N]
correlated spectra were collected with 2,048 (#2) and 80-100 (#;)
complex points with 16—40 scans per ¢, increment unless otherwise
stated.
Pulsed-field gradient-diffusion measurements. These experiments (14)
were performed by using a modification of the published hetero-
nuclear multiple quantum correlation-type pulse sequence (15).
Pulse lengths and delays were kept constant, and z-gradient pulses
were incremented in each series of experiments from 5% to 90% of
their maximum value (the maximum z-gradient was 50 G/cm) in
tailored steps. Further details are available in Supporting Text.

Experiments were carried out with >N labeled 70S and 50S
ribosomes and with selectively SN labeled low-molecular weight
proteins, carbonic anhydrase (CA) (=30 kDa) and the regulatory
domains of calcium-dependent protein kinase (=~20 kDa), for
calibration of the relationship of the diffusion coefficient, D, with
the molecular weight, M. 2D diffusion spectra were typically
collected with 120-160 scans per ¢; increment.
5N relaxation experiments. Longitudinal N spin relaxation rates
(Ry) were measured by using a standard pulse sequence (16), and
transverse relaxation rates (R,) were extracted from R, (17, 18)
experiments modified to incorporate a WATERGATE (19). Ex-
perimental details are described in Supporting Text.

Data sets were processed by using XWINNMR (Bruker), FELIX2000
(Accelrys, San Diego), NMRPIPE, and NMRDRAW (20), and peak

analysis was performed by using NMRVIEW (21), MATLAB (Math-
Works, Natick, MA), and KALEIDAGRAPH (Synergy Software,
Reading, PA).

Results

HSQC Spectra of the Ribosome and Ribosomal Subunits. The ['H-5N]
HSQC spectrum of PN labeled E. coli 70S ribosomes is shown in
Fig. 14. Approximately 100 well resolved amide crosspeaks are
observed, despite the fact that the overall rotational correlation
time of an intact complex of the size of the ribosome is expected to
be ~1,000 ns. Such a value of the correlation time would give rise
to NMR linewidths in excess of 1,000 Hz and hence to unresolvable
resonances. Because the ribosome contains ~7,500-aa residues, the
appearance of a set of narrow well resolved signals indicates that
they stem from a small region or regions of the structure with
substantial motion independent of that of the ribosome itself.

Similar HSQC experiments carried out on the 50S and 30S
subunits (Fig. 1 B and C) show that the majority (=~80) of the
crosspeaks in the 70S ribosome spectrum overlay closely with
signals from the 50S subunit, whereas the remaining (=~20) cross-
peaks correlate closely with resonances in the spectrum of the 30S
subunit (Fig. 1 C and D). The crosspeaks that are attributable to
residues in the 30S subunit have limited dispersion and are largely
located in the central region of the amide spectrum in a manner
characteristic of disordered regions of proteins (Fig. 1C); by con-
trast, the crosspeaks from the 50S subunit are typical of those of a
highly structured protein. Examination of the HSQC spectra in
more detail indicates that the large majority of the observable
resonances from the 50S correspond to those reported for the
interdomain hinge and the CTD (residues 43-120) of free L7/L12
(11) (Fig. 1B). This finding is consistent with the appearance of
several narrow resonances that were attributed to these proteins in
the 1D 'H NMR spectrum of the ribosome (9) and indicates that
at least one of the four copies of L7/L12 has substantial motional
freedom within the ribosomal complex.
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To ensure that the resonances observed in the HSQC spectrum
originate from L7/L12 proteins incorporated into the ribosomal
structure and not from any fragmented or dissociated species, the
ribosomes were purified by using a sucrose gradient before and
after recording the NMR spectra. The sucrose gradient profile
indicated that no detectable changes in the composition of the
particles occurred during the time used to record the NMR spectra.
Furthermore, 2D gel electrophoresis confirmed that L7/L12 co-
sedimented with the ribosome, showing that they were tightly
bound. 1D gel electrophoresis of the sample supernatants after
centrifugation to pellet the ribosomal particles showed no detect-
able quantities of free L7/L12 either before or after recording the
spectra. These experiments indicate that the maximum free con-
centration of L7/L12 present in the NMR sample must have been
<0.2 uM (4 pmol/20 ul), which would not be detectable in the
HSQC experiments. As an additional control, the activity of the 70S
ribosomes sedimented after the experiment was measured by using
a Poly(Phe) synthesis assay; <10% of their activity was lost over the
course (1-12 h) of the NMR experiments (see Supporting Text).
Because Poly(Phe) synthesis depends on the presence on the
ribosome of L7/L12, the large majority of the ribosomes must
retain their complete integrity during the experiments.

Analysis of the Resonances Observed for L7/L12. The linewidths of
the L7/L12 resonances are inconsistent with the correlation times
expected for the overall tumbling of these particles. To probe the
origin of the narrow lines observed in HSQC spectra of 50S and 70S
ribosomes, the translational diffusion properties of the species
giving rise to the observed resonances were examined by using
pulsed-field gradient experiments as described in Materials and
Methods. Approximately 25 well resolved resonances of L7/L12 in
the 50S and 70S ribosomal particles were analyzed from data sets
(collected for two independent samples in each case) with four
gradient strengths between 2.5 and 45 G/cm. To obtain absolute
values for molecular masses, N labeled samples of proteins known
to be monomeric in solution, CA and calcium-dependent protein
kinase were used to calibrate the gradient strength by using the
same pulse sequence. Unlabeled bovine pancreatic tryptic inhibitor
and BSA were also used as calibrants by using a homonuclear
version of the same pulse sequence. To eliminate the effects of the
increased viscosity of the solutions containing ribosomes on the
translational diffusion coefficient, D7, the diffusion properties of
CA (25 pM) added to a sample of the 50S ribosome were measured.

The relative diffusion constants obtained from these experiments
are shown in Fig. 2. It is clear that L7/L.12 in the ribosomal particles
diffuses much more slowly than either of the isolated monomeric
proteins. Although the errors in the diffusion constants are large
because of the small diffusion constants, the diffusion constants are
clearly indicative of particles in excess of 1 MDa. The resonances
observed in the HSQC spectra therefore arise from L7/L.12 mol-
ecules attached to the ribosomes.

The peaks observed in the HSQC spectra of the 70S particle and
the 50S subunit overlay well with those reported for the isolated
L7/L12 proteins, and the chemical shift and nuclear Overhauser
effect pattern analysis of the latter (11) can be extended to residues
43-120 of the ribosomally bound proteins. The highly structured
region, residues 54-120, is consistent with the compact structure of
three B-strands and three a-helices reported previously (22). Res-
idues 42-53 appear to adopt highly disordered conformations
consistent with their location in the linker region between the NTD
and the CTD. No resonances of the N-terminal residues 1-38 are
detectable, indicating that this region of the protein is not under-
going fast motional averaging.

Fast HSQC experiments were used to investigate the number of
copies of the L7/L12 domain. These experiments yield H,N cross-
peaks that can be integrated readily because nonuniform signal
losses that result from saturation transfer from water are reduced
(see also Supporting Text). Initially, these experiments were per-
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Relative Diffusion Coefficient

CDPK CA-1

CA-2 508 70S

Fig. 2. Pulsed-field gradient-NMR characterization of the intact ribosome.
Relative diffusion coefficients of the 70S and 50S ribosomes and of the small
monomeric proteins calcium-dependent protein kinase and CA. The data for
CA-2 show the reduced diffusion resulting from CA being added to a solution
containing the 50S subunit (CA-1 corresponds to measurements with the
isolated protein). Assuming constant densities and spherical particles, then
M, /M, = (Dy/D1)3 (where My and M, are the molecular masses, and Dy and D;
are the diffusion coefficients of proteins 1 and 2, respectively). These values
provide an estimate of the apparent molecular mass for the ribosomal parti-
cles in excess of 1 MDa.

formed on a 50 uM sample of a small soluble protein N labeled
titin-127. Approximately 40 well resolved peaks were integrated and
showed remarkably uniform integrals (the standard deviation was
10%). The experiment was then carried out on a sample of the 50S
subunit (19.1 pM) containing N labeled titin (41.4 puM), and
repeated an additional three times. Analysis of the L7/L12 reso-
nances of the hinge region (residues 43-51) in the fast HSQC
experiment indicates that the intensities of the visible L7/L12 peak
correspond to 1.9 = 0.5 molecules per ribosome particle. Compar-
ison of the integrals of the resonances of the structured part of
L7/L12 (residues 52-120) with the signals of titin indicates, how-
ever, that the visible intensity corresponds to 1.1 * 0.3 L7/L12
molecules per ribosomal particle. We conclude that a minimum of
one and maximum of two of the four copies of the L7/L12 CTD
experience the fast dynamical averaging necessary to give narrow
resonances in the HSQC spectrum of the ribosome.

Although the relaxation rates (described below) of the hinge and
the structured regions of the observable L7/L12 proteins differ
significantly (average 7, of 80 ms vs. 40 ms, respectively) as a result
of their different dynamical properties, this phenomenon is unlikely
to account for the differing peak integrals (see Supporting Text). It
is possible that one of the CTD regions experiences an exchange
contribution to its 75 relaxation, for example from interactions with
other regions of the ribosome, giving rise to broadening of one of
the sets of resonances of the CTD but not of those from the
associated more flexible hinge region (see below). Regardless of the
origins of the differing intensities, however, we can conclude that at
least two copies of L7/L.12 are constrained within the main body of
the ribosome, a result that is in line with the electron densities for
two L7/L12 copies in the x-ray structure of the 70S (6), but that
significant regions of at least two copies of the CTD are undergoing
extensive independent motion.

Interaction of the Ribosome with EF-G. The region of the ribosome
in which the L7/L12 proteins are located undergoes substantial
conformational changes during the various stages of the elongation
cycle (23-26). We therefore investigated the effects on the NMR
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T, (ms)

1 Fig. 3. '>N-spin relaxation properties of
ribosomal L7/L12. (A) Ty and (B) T, relax-
ation times of L7/L12 incorporated in the
50S subunit. T> values are derived from the
4 R1, experiments, as detailed in Supporting
Text. Average errors, 8% and 12%, for the
Ty and T, relaxation times, respectively, are
relatively large through low S/N ratios re-
sulting from the need to minimize accumu-
lation times to avoid sample degradation

(see text). Residues removed by the R1/R;
filter (see Results) are marked x at the bot-

T, (ms)

tom. (C) Values of the apparent rotational
correlation time 7, measured from the re-
laxation times. Errors in 71, values are
4 ~=*1.4 ns, based on the average errors in
the Ty and T, values given above; error bars
" for 7, have, however, been omitted for
clarity. Average mm values for the a-helices
are indicated with thick lines and their
. standard deviations as thin lines above and
below each helical region. (D) Order pa-
rameters, S2 (based on an average 7, of
13.6 ns). Values for residues 90, 100, 106,

spectra of the presence of added EF-G. A series of spectra were
obtained with differing molecular equivalent (mol. eq.) of EF-G
added to the 70S. The spectra show that increases in the concen-
tration of EF-G give rise to a progressive reduction in the intensities
of the L7/L12 peaks. At EF-G levels above 0.1 mol. eq. only the
intense resonances of the amino acids in the hinge region (res.
45-50) of L7/L12 are visible. At the highest concentrations of EF-G
(4 mol. eq.) no L7/L12 signals could be observed (in both the
presence and absence of fusidic acid). This reduction in the
intensities of residues in the structured region of the CTD at
substoichiometric concentrations of EF-G may result from further
line-broadening of the type described in the previous paragraph
that results from exchange between the mobile state of the L.7/L.12
molecules and an immobilized state as a result of the interaction of
the CTD with the ribosomally associated EF-G. That the linker and
CTD disappear at different stoichiometric ratios is consistent with
the differing dynamical behavior of the linker and the structured
regions of the CTD that is evident in the NMR spectra of the
ribosome in the absence of EF-G (see above). These results are
consistent with the previous '"H NMR study where narrow signals
attributed to the side chains of residues in L7/L12 disappeared
when EF-G was added (10). The experiments therefore suggest that
the interaction of the ribosome with EF-G causes a loss of the rapid
independent motion of L7/L12 that is present in the absence of
EF-G.

Dynamics of the L7/L12 Proteins on the Ribosome. 13N spin relaxation
parameters of proteins contain information about the overall
rotational correlation time (7,) and the amplitude of internal
motions (S?) of N-HN vectors. In addition, if tumbling is anisotropic,
the relaxation data also contain information about the orientation
of each N-HN vector relative to the long axis of the diffusion tensor.
To explore the motional behavior of L7/L12, Ry and R;, *N-spin
relaxation rates were measured for the L7/L12 resonances ob-
served in the spectra of 50S subunits. The relatively sharp peaks in
the ['H-'>N] HSQC spectrum of the 50S subunit (Fig. 1B) suggest
that the CTD of L7/L12 tumbles almost independently of the
ribosome. The relaxation data were analyzed assuming that the
CTD of L7/L12 diffuses with its own apparent rotational correla-
tion time (7). R rates were extracted from the R;, measurements
(as described in Supporting Text). The measured longitudinal re-
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and 107 are omitted, because they are af-
fected by conformational exchange.

100 120

laxation time (7') and transverse relaxation time (7%) values for 71
L7/1L12 residues are shown in Figs. 3 4 and B.

A reliable estimate of the overall rotational correlation time, 75,
is required for the further analysis of the relaxation data; we
estimated the apparent overall rotational correlation time, 7, from
the ratio of the R, and R; relaxation rates (16, 27). Because this
estimate is only valid if the internal motion is not coupled to the
overall tumbling, it is necessary to identify any residues that are
affected by internal motions, slower than ~200 ps, and remove
them from the analysis. A filtering method was used to exclude
L7/L12 residues experiencing such slow motions by selecting
residues with R; and/or R, values that deviate significantly from the
average values (28); data for 16 residues were excluded on this basis
(Fig. 3). The apparent rotational correlation times, 7, for the 57
remaining residues, calculated from their Ry and R; rates, are shown
in Fig. 3C.

When the overall rotational correlation time, , is longer than
~06 ns, as is the case here, the R, relaxation rate is to a first
approximation independent of the internal rotational correlation
time 7;. The apparent R, relaxation rate thus depends primarily on
T, the order parameter S%, and the conformational exchange rate,
Rex (27, 29). When Rex = 0, R, is proportional to the product of S?
and , (27); the order parameter can then be estimated from the
mh and R, data alone. In Fig. 3D, the S?values for L7/L.12 calculated
in this way, using a =, of 13.6 ns (the average of the values shown
in Fig. 3C), are shown for all residues. Residues in the linker region
(43-51) display low S? values, (average 0.35 = 0.04), implying a high
degree of internal flexibility. Residues 52-120, however, have an
average S? of 0.75 = 0.1, a value characteristic of highly structured
protein domains (30).

The 1, values (Fig. 3C) show significant variation along the
protein sequence, suggesting that the tumbling of L7/L12 is
anisotropic. From the maximum and minimum values of m,
Tm(max) = 16.2 = 0.1 ns and Tiy(miny = 12.5 = 0.2 ns (the average
and the standard deviation of the five residues with the longest
and shortest 1, values, respectively), the apparent rotational
anisotropy ([27i(max)/ Tm(min)] —1) was calculated (27) tobe 1.6 *+
0.1. This can be compared with the rotational anisotropy of 1.4
estimated (31), from the x-ray structure of an isolated CTD (res
52-120) of L7/L12 (22).

The 7, value for a given N-HN vector in a molecule with a small

Christodoulou et al.



degree of anisotropy depends on the angle ¢ between the relative
orientation of the N-HN vector and the principal axis of the
diffusion tensor (27) (see Supporting Text). Further analysis can be
carried out by recognizing also that all N-HN vectors in an a-helix
are parallel (within =15°) to the helical axis. Therefore, the N-HN
vectors in a rigid a-helix will have similar 7, values, and the average
value can be used to define the angle ¢ that each a-helix makes
relative to the principal axis of the diffusion tensor. The average
values of ¢ (and in parentheses, ) for each a-helix in L7/L12
calculated in this way are: helix I, 53°+14° (13.6 = 0.7 ns); helix II,
53°%10° (13.6 = 0.6 ns); and helix I11I, 23°+23° (15.4 = 0.8 ns). To
examine whether these angles define a unique preferred orientation
of L7/L12 relative to the ribosome a grid search method was used;
a database of angles defining each orientation of the L7/L12 CTD
and the angles of the a-helices relative to the diffusion tensor was
created, and systematically analyzed (further details in Supporting
Text). A single unique value of the orientation tensor was found,
where the helical angles are 66°, 63°, and 32° for helix I, II, and III,
respectively (Fig. 44). These values are within the error margins of
the helical angles derived from experiment and are therefore
consistent with the average orientation of the CTD of L7/L12
bound to the ribosome.

For a free molecule of known structure, the inertia tensor is a
good estimate of the diffusion tensor, and the orientations of the
helices relative to the diffusion tensor can therefore be estimated.
For the isolated CTD of L7/L12, the helical angles relative to the
diffusion tensor are 59° (helix I), 70° (helix II), and 39° (helix III).
Comparing these orientations with the helical orientations of the
ribosome-bound CTD, we find that the diffusion tensor of the
isolated CTD has to be rotated by 18°, 30°, and 44° (around the x,
¥, and z axes, respectively) to align it with the diffusion tensor of the
ribosomally bound CTD. That the orientation of the diffusion
tensor differs from that of the free molecule implies that the
ribosome imposes a preferred orientation on the CTD of L7/L12.
The relative orientations of helices I-III can therefore be used to
model possible locations of the CTD of L7/L12 into the structure
of the 50S from Thermus thermophilus (6) (Fig. 4B).

Discussion

The results we describe in this paper demonstrate the ability of
NMR spectroscopy to provide detailed insights into the structure
and dynamics of mobile regions of very large macromolecular
systems. Of the 100 resonances observable in the HSQC spectrum
of the 70S ribosome, =20 are from residues in the 30S subunit and
are likely to originate from unstructured regions of the S1 protein
(9). The remaining 80 or so crosspeaks observed from the 50S
subunit have been shown to arise from residues 43-120 of L7/L12
as they have chemical shifts that are essentially identical to those
reported for the isolated protein (11). The pulsed-field gradient
experiments confirm that, despite the high degree of motional
freedom that must be present to generate narrow NMR signals, the
resonances observed from L7/L12 correspond to molecules at-
tached to the main body of the ribosome particle.

5N relaxation experiments have yielded a 7}, of 13.6 ns for the
CTD of the protein, a value significantly longer than the correlation
time of 4 ns predicted by hydrodynamic calculations for an isolated
L7/1L12 CTD but much shorter than the 1,000 ns anticipated for the
intact ribosomal particle. This indicates that L7/L12 tumbles
largely, but not completely, independently of the ribosomal body.
The L7/L12 proteins are crucial for accurate translation of mRNA
(32), and many biophysical studies of L7/L12 have been carried out
to probe the mode of action of these molecules (33). The CTD of
L7/L12 has been shown by fluorescence studies (34, 35) to be
flexible; such motion is thought to enable L7/L12 to interact with
the diverse set of auxiliary translation factors that bind at the base
of the stalk and guide the ribosome through the translational cycle
(36). Indeed, very recent evidence strongly suggests that the CTD
of L7/1L12 is responsible for elongation-factor Tu (EF-Tu) function
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Fig. 4. Representation of the orientation of L7/L12 on the ribosome. (A)
Orientation of the CTD of an L7/L12 protein derived from rotational anisot-
ropy analysis of relaxation data. L7/L12 is positioned within the cone in an
extended conformation [modified version of Protein Data Bank (PDB) 7ctf,
with the hinge residues (43-51) modeled as a random coil]. Helical angle
orientations are 66°, 63°, and 32° for helices |, Il, and Ill, respectively, relative
to the y axis and the long axis of the diffusion tensor. (B) The hinge and CTD
regions of L7/L12 (residues 43-120), modeled into the structure of the 50S
subunit from T. thermophilus [(6) PDB 7giy] with L11 (in orange indicating the
base of the stalk), rRNA (cyan), and the remaining ribosomal proteins (dark
blue). L7/L12 is drawn in various colors and positioned in six orientations
representing a full rotation around the principal axis (gray line) as seen in A.
In this model, the cone representing the possible range of orientations of
L7/L12 is placed in an arbitrary position similar to that of the ribosomal stalk,
although the precise orientation of the CTD of L7/L12 relative to the ribo-
somal body is unknown.

(37). The NTD (residues 1-36) of L7/L12 mediates the dimer
interaction and anchors the protein, via L10, to the slow-tumbling
ribosomal body (38). In accord with this conclusion, no resonances
of the NTD domain can be observed in the NMR spectra.

Two of the four L7/L12 molecules have been tentatively placed
by model building [using the structure of isolated L7/L12 (39)] in
the base of the stalk of the ribosome in a compact conformation (6),
in agreement with a range of biophysical data, most notably that
from immuno-EM (40) and cryo-EM experiments (7). This posi-
tioning is in line with our intensity analysis, which indicates that
resonances of two of the copies of L7/L12 are not observable,
consistent with their incorporation into the ribosomal structure.
Moreover, ribosomes reconstituted with only one L7/L12 dimer
appeared stalkless (41), and fluorescence anisotropy measurements
have indicated that two copies of the CTD are independently
mobile on the ribosome (34); the extended and mobile conforma-
tion of these domains, constituting the ribosomal stalk, is the likely
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form of L7/L12 from which we observe resonances. Our intensity
measurements suggest it is possible that resonances of one of the
two mobile CTDs (but not its linker region) are broadened relative
to the other, a result that suggests that at least one CTD interacts,
at least transiently, with the body of the ribosome. Alternatively,
relaxation effects, including, for example, exchange between one or
more sites with restricted motion, could reduce the observable
intensities of all but the resonances of the more flexible linker
region. This possibility is consistent with EM studies where, in
conjunction with nanogold labeling, the two flexible CTDs of
L7/L12 have been shown to reside in three further locations on
empty ribosomes (7).

Consistent with cryo-EM studies that show that the ribosomal
stalk assumes an elongated and well defined conformation upon
EF-G binding (24, 25), the L7/L12 resonances disappear upon
addition of EF-G, indicating that the high degree of mobility in the
unbound state has been lost. It has been shown (25) that EF-G binds
to regions close to the L'7/L12 stalk [the binding positions overlap
well with those for EF-Tu (42)] and in the pretranslocation GTP-
bound state, EF-G causes a splitting of the stalk into two subdo-
mains. In the GDP-bound state and in the tRNA-bound form (43),
the L7/L12 stalk is observed in a well extended conformation. The
absence of an extended stalk in cryo-EM reconstructions of empty
ribosomes is likely to be a result of its high flexibility. Thus, in
structural studies of the stalk, highly complementary information
can be obtained from cryo-EM and NMR.

The relaxation analysis described in this paper enables the
anisotropy of the tumbling of the mobile CTD to be defined and
hence allows us to define its average orientation relative to the long
axis of the ribosome, as shown in Fig. 44. The anisotropy is revealed
by the variations in the apparent , values for different regions of
the CTD and further shows that the diffusion tensor of ribosomally
bound L7/L12 differs from that of free L7/L12. This, in turn,
indicates that the CTD has, on average, a preferred orientation
relative to the ribosomal body, where the terminal a-helix and the
three B-strands are parallel to the hinge that attaches the CTD to
the NTD and hence to the body of the ribosome (Fig. 44). The N
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relaxation data also yield order parameters (S?) for fast-timescale
(picosecond) motions of the CTDs. The hinge between the two
L7/L12 domains, residues 43-51, has very low-order parameters (S?
= (0.35, i.e., a very high degree of internal flexibility), whereas
residues 52-120, resulting from the CTD of the protein, have an
average S? of 0.75, characteristic of a highly structured protein. This
result confirms that the hinge region (residues 43-51) serves as the
flexible linker that allows the CTD to sample various positions on
the ribosome, thereby potentially propagating conformational
changes that occur at the base of the stalk to distant regions of the
ribosome. The cryo-EM studies described above have shown the
interactions of EF-G with the L7/L12 stalk (24-26); it is likely that
the flexibility of the CTD of L7/L12 allows it to bind to EF-G as
well as to other proteins at the base of the stalk, L10 (44), and L11
(44, 45), which are also thought to interact with the translation
factors.

The ability to observe and characterize mobile regions of proteins
is one of the major strengths of NMR spectroscopy. We have
recently used cryo-EM to observe stalled ribosomes in which
nascent chains are visible at least in outline, both within the tunnel
and on the outside of the ribosomal particle (46). The success of the
present study in characterizing the mobility of ribosomally bound
L7/1L12 suggests that the dynamic nature of nascent chains could,
in principle, be accessible to NMR studies. Such observations are
likely to contribute very significantly to an understanding of the
nature of the various steps involved in cotranslational folding.
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