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Summary — Crystals of ribosomes, their complexes with components of protein biosynthesis, their natural, mutated and modified
subunits, have been subjected to X-ray and neutron crystallographic analyses. Electron miscroscopy and 3-dimensional image recon-
struction, supported by biochemistry, genetic, functional and organo-metallic studies were employed for facilitating phasing of the
crystallographic data. For example, a monofunctional multi heavy-atom cluster (undecagold) was designed for covalent and quantita-
tive binding to ribosomes. The modified particles were crystallized isomorphously with the native ones. Their difference-Patterson
maps contain indications for the usefulness of these derivatives for subsequent phasing. Models of the ribosome and its large subunit
were reconstiucted from tilt series of 2-dimensional sheets. The comparison of the various reconstructed images enabled an initial
assessment of the reliability of these models and led to tentative assignments of several functional features. These include the presu-
med sites for binding mRNA and for codon-anticodon interactions, the path taken by the nascent protein chain and the mode for
tRNA binding to ribosomes. These assignments assisted in the design of biologically meaningful crystal systems. The reconstructed
models are being used to identify structural features in initial density maps derived from X-ray and neutron diffraction data.
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Introduction Another sub-group consists of crystals of 508
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To support the X-ray crystallographic analysis,
other diffraction methods were employed. These
include 3-dimensional image reconstruction from
electron micrographs of tilt series of 2-dimensional
sheets and neutron crystallography. Results of these
studies are described in this paper.

We believe that the prospect of elucidating the
molecular structure of the ribosome hinges on the
interplay between thesc methods and their correlation
with biochemical, functional, genetic and organo-
metallic studies. This topic is also discussed below.

Electron microscopy as a supporting tool for crys-
tallography

The large size of ribosomal particles, which is an
obstacle for crystallographic studies, permits investi-
gation by electron miscroscopy as well as the usage of
the electron microscope as a diagnostic tool. We first
benefitted from the possibility to follow the initial
steps of crystal growth and to detect the tendency for
crystallization of native and modified particles. In this
manner we obtained results rather rapidly, in contrast
to the long time needed for the growth of visible 3-
dimensional crystals. In later stages, models recon-
structed from the diffraction patterns of tilt sets of 2-
dimensional sheets are being used for tentative
phasing of the crystallographic data at low resolution.

Several limitations are common to image recon-
struction and visualization of single particles by elec-
tron microscopy. These arise from the difficulties of
preserving biological specimens in the microscope
vacuum, from uncontrolled shrinkage, from radiation
damage, from the influence of the staining procedure
on the resulting model and from the uncertainties in
choosing the contouring level which defines the
envelope of the investigated particle.

However, there are fundamental differences
between structure analyses of isolated particles and of
2-dimensional ordered sheets. Whereas visualization
of isolated particles is rather subjective, the recon-
struction from crystalline materials (such as ordered 2-
dimensional sheets) is based on diffraction data and
thus is inherently of a more objective character. In
addition, isolated particles tend to lie on the grids used
for electron microscopy in a few preferred orienta-
tions. As a result of the contacts of the particles with
the flat grids, their projected views are likely to be
distorted. In contrast, particles within the crystalline
sheets are held together by interparticle contacts.
These contacts construct a network which stabilizes
the conformation of the particles and decreases, or
even eliminates, the influence of the flat surfaces of
the grids.

_ The advantages of 3-dimensional image reconstruc-
tion from tilt series of ordered 2-dimensional sheets of
ribosomal particles can be demonstrated in the cases

of whole ribosomes from chick embryo [10] and B stea-
rothermophilus [11] as well as of S0S ribosomal
subunits from the latter [12]. For both, the reconstructed
models show key features which could not be detected
otherwise. Unfortunately, even the models obtained
by image reconstruction from 2-dimensional sheets
suffer from several uncertainties, the reasons for
which are inherent in the method. These are addressed
in some detail below.

Another information source are positively stained
embedded thin sections of 3-dimensional crystals.
Investigated by electron-microscopy, these sections
may facilitate the location of the particles within the
crystals even in the early stages of growth. Further-
more, in preferred situations, they can be used for 3-
dimensional image reconstruction at low resolution.
However, whereas 2-dimensional sheets can be
stained negatively and/or positively, thin sections of
embedded crystals must be positively stained. There-
fore, when reconstructed, they may yield information
about the distribution of selected internal components
which interact with the positive stain (eg rRNA with
uranyl acetate). The interpretation of the images is
hampered by uncertainty as to the factors governing
the stain distribution within the particle, with a
somewhat undefined chemical nature.

Three-dimensional image-reconstruction studies on
positively stained thin sections of 3-dimensional
crystals of large ribosomal subunits from B stearo-
thermophilus indicate that most of the ribosomal RNA
is located in 2 domains in the core of the particle [13],
whereas the proteins are located closer to the surface.
This is in agreement with results obtained from un-
stained 2-dimensional sheets of ribosomes from
chicken and lizard, which show that rRNA-rich
regions are concentrated in the interior of the
ribosomes as well as in the interface area between the
large and small subunits [10].

Assessment of the reliability of the reconstructed
models

Approximate models of the 70S ribosome and its 50S
subunit from B stearothermophilus were reconstructed
at low resolution, namely 47 A [11] and 28 A respect-
ively [12]. Despite their low resolution, the compari-
son of the various reconstructed images provided a
tool for initial assessment of the reliability of these
models as well as for a tentative assignment of several
functional features [1, 2, 14].

We examined the degree of fit between models
obtained by different reconstructions. We compared
the shapes of a few images of 70S ribosome and of the
S0S subunit as well as the reconstructed images for
the latter at 2 different resolution limits (fig 1).
Despite the variations in details of the different re-
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constructions, there are significant similarities in
overall shapes and in the specific features of these
particles.

We also compared the shapes of the whole
ribosome with its large subunit [1, 14]. The part of the
ribosome which was associated with the 50S subunit
was found to be rather similar to the unbound particle
(fig 1c). The differences, observed mainly in
2 regions, may reflect conformational changes oc-
curring upon association of the subunits, or are a
consequence of the low resolution of the reconstruc-
tions.

As mentioned above, reconstructed models suffer
from several uncertainties which are inherent in the
method. A major part of these uncertainties is due to
the unknown amount of the shrinkage in the electron
microscope vacuum and to the subjectivity in the
choice of the level of contouring. It is noteworthy that
for negatively stained sheets the resulting models are
being defined as regions of stain-rejection.

Another source of uncertainty is due to the fact that
the reconstructions are performed using diffraction
data of 2-dimensional sheets. Being monolayers, their
periodic order is expressed only in 2-dimensions.
Thus, the structural elements along the length and the
width of these sheets can be directly determined,
whereas the depth of the monolayer (the so-called
c axis) has to be interpolated. Placed on electron
microscopy grids, they can be viewed only in projec-
tion, and the contribution of the third dimension to

the diffraction pattern is estimated from tilt-sets of
the electron-microscopy grids. The limitation in the
tilt angle leads to large ‘missing cones’ in the dif-
fraction data-sets in the direction perpendicular to
the plane of the sheet. These in turn cause defor-
mation of the reconstructed images. Hence, it is
generally assumed that the determination of the depth
as well as the structural elements along the ¢ axis
may bear a mistake of up to a third of the thickness of
the reconstructed model.

To partially account for the shrinkage, we compared
the dimensions of the unit cell of the 2-dimensional
sheets of the 70S ribosome with the corresponding
vectors in the cell of the S0S subunits. A reasonable
fit between these 2 was obtained when the 70S
particle was expanded by 10% along the a axis, and
that of the S0S particle by 8% along the b axis of each
respective unit cell [14]. In this manner we could
account for the relative non-isotropic shrinkage of
the sheets of the 50S subunits and the 70S ribo-
somes.

The extent of these expansions is lower than
commonly observed in electron microscopy. Hence,
we assumed that these corrections do not take account
of the entire shrinkage of the ribosomal particles
within their 2-dimensional sheets. More objective
and complete assessment became possible when data
from X-ray and neutron crystallographic exper-
iments became available. These studies are described
below.

Fig 1. Superposition of 2 independent reconstructions of (a),
structed at 30 A resolution. (c), The outline of the reconstructed

the 70S ribosome at 50 A; and (b), 2 50S particles recon-
models of the 708 ribosome (in lines) and of the 508 ribosomal

subunit (as a net). (S) and (L) indicate the small (30S) and the large (50S) subunits, respectively. (G) marks the groove rich in
RNA in the small subunit. (T) shows the cleft and the entrarce to the tunnel and (E) shows the exit site. (C1) and (C2) !ndgcate
regions of extra density in the models of the 50S subunit and the 70S ribosome, respectively. The curved arrows indicate

possible directions for a cooperative movement at these regions.



882 M Eisenstein et al

Fig 2. The 70S ribosome represented by 3 000 group scat-
terers, each accounts for approximately 45 non-hydrogen
atoms.

Approaches for phasing at low resolution

Electron density maps, the basis for the determination
of 3-dimensional structures, are constructed by
Fourier summation of all the reflections which appear
in the diffraction pattern of any crystalline compound.
Each reflection is a wave characterized by its direc-
tion, amplitude and phase. The directions and ampli-
tudes can be measured, whereas phases cannot be
directly determined.

For the determination of the low resolution phases
we are exploiting the reconstructed models in 2 ways.
They serve as starting objects for rotation and transla-
tion searches, using the X-ray crystallographic data, as
well as for pattern-analysis of the density maps
derived from X-ray and neutron diffraction data.

In this study we report preliminary results obtained
by using the reconstructed models of the 70S
ribosomes and the 50S subunits of B stearothermo-
philus for systematic searches for the most probable
packing arrangements in 3-dimensional crystals of
70S ribosomes from T thermophilus [8] and 50S sub-
units of H marismortui [3]. The usage of the recon-
structed images of ribosomal particles of one bacterial
source together with the data obtained from crystals of
ribosomal particles from 2 other sources was based on
the assumption that the gross structures of ribosomes
from different sources are rather similar at medium
resolution.

The 70S ribosome

Attempts for packing the reconstructed model of the
70S ribosomes in its crystallographic unit cell showed
that a further increase of the volume of the models
produced reasonable interparticle nets. Thus, we have
expanded the plana dimensions of the image of the
708 particle (plane of fig 2) by 18-20%, and the third
dimension by = 30%. These larger particles are, with-
in the experimental errors, of dimensions similar to
those determined by other physical methods [15, 16}].

The expanded envelope of the 70S ribosome was
used for the construction of a pseudo-macromolecule
containing a large number of ‘group scaiterers’. These
scatterers were initially positioned on the grid points
of the portion of the reconstructed density map, which
was assigned to the ribosome. To avoid non-realistic
inernal regularities the positions of these scatterers
were randomized. Each one was moved within a
rectangular box of dimensions equal to the inter-grid
distances. The magnitude and the direction of the
displacement were determined using a uniform distri-
bution random number generator [17]. The resulting
model contained 8 900 scatterers, each representing
about 15 non-hydrogen atoms.

The pseudo-macromolecule was employed in real-
and reciprocal-space molecular replacement pro-
cedures using the packages ULTIMA [18], MERLOT
[19], and X-PLOR [20] together with the low resolu-
tion (50 A) X-ray crystallographic data. These efforts
yielded several distinct packing arrangements with R
factors of around 40-53%. To improve the starting
phases, these arrangements are currently being subjected
to rigid-body refinement and solvent flattening pro-
cedures.

The 50S subunit
Low resolution crystallographic data

A similar approach was employed for investigating
the packing modes of the S0S subunits from H maris-
mortui. Although these crystals diffract X-rays to
relatively high resolution, 3.2 A [3], we began our
search with very low resolution terms, initially up to
50 A and then to 24 A.

Neutron diffraction studies

Single crystal neutron diffraction is a technique which
facilitates the elucidation of selective structural
elements by contrast variation. It is based on the fact
that the interactions of neutrons with atoms do not
depend on their atomic numbers. Thus, atoms with
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similar atomic numbers may diffract neutrons according
to very different scattering cross-sections. An appro-
priate example is the hydrogen whose diffracting
power is radically different from that of deuterium.

Since ribosomes are composed of 2 distinctly dif-
ferent chemical entities, proteins and RNA, it is
possible to match the contrast (ie the diffracting
power) of either of them with that of the solvent with-
in the crystals by changing the relative concentrations
of D,0 and H,O [21]. Diffraction is measured at a
series of contrasts, and information about the internal
distribution of the different components can be obtained.
Apart from its intrinsic interest, in principle this infor-
mation can be used for the determination of the phases
[22-24].

The main factor which determines the feasibility of
neutron crystallography is the average intensity of the
reflections. In general the signals obtained by the dif-
fraction of neutrons are rather weak and necessitate
long measuring periods. Here we report our initial
attempts in this field.

Neutron diffraction data were collected up to 30 A
resolution from crystals of 50S ribosomal subunits
from H marismortui. Recently developed ab initio
methods were employed for phasing these data [25].
Phase sets were generated from normalized structure
factors. These sets were selected by a sorting pro-
cedure (M Roth and E Pebay-Peyroula, in prepar-

ation). The resulting map was relatively clean, and
contained several gross features (fig 3). A thorough
examination of this map showed that these features
are of a shape similar to that obtained by image
reconstruction of the same ribosomal subunit from B
stearothermophilus [12], but with slightly larger
dimensions. A proper fit between the map and the
reconstructed model of the 50S subunits was obtained
when the model was increased by a magnitude similar
to that needed for the 70S ribosome. The need for
model expansion was substantiated in this case.

The reasonable agreement between the image
reconstruction, the X-ray and the neutron diffraction
encouraged further investigations. Currently we are
engaged in studies which aim to confirm the neutron
and X-ray diffraction models by using new phasing
techniques. We attempt to apply to these data the ab
intio phasing method [26] which is based on entropy
maximization and maximum likelihood tests. Comple-
mentary experiments in a variety of relative D,O/H,0O
should also yield valuable information.

Is the tunnel a universal feature?
The existence of an internal tunnel within the large

ribosomal subunit was suggested more than 2 decades
ago as a result of several biochemical experiments

Fig 3. Two views of the density map resulting from the neutron diffraction measurements of crystals of 50S subunits from
H marismortui, phase by ab initio direct methods. 2012 reflections were measured, of which 425 are unique, containing 210 of
intensities higher than 3 sigma with an Rsym = 9%. A model of the reconstructed 50S particle of B stearothermophilus is
superimposed on the map. A single contour map is shown in (a) and a double one in (b). The arrow points to the low density

region which could be assigned as the tunnel.
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Fig 4. A physical model of the 50S subunit from B stearo-
thermophilus as obtained by image reconstruction. The
ribbons pass through the main and the side chains [1, 2, 12].

which showed that the ribosome protects the newly
synthesized protein chains [27, 28]. More recent bio-
chemical experiments confirm this suggestion [29-
36].

Due to experimental constraints, the tunnel could
be revealed only recently. It was first observed in re-
constructed images of 80S ribosomes packed in 2-
dimensional arrays, as a narrow elongated region of
low density. This region originates at the subunit’s
interface and passes through the large ribosomal sub-
unit to a point close to the membrane attachment site
[10]. By using the same method, image-recon-
struction, we could detect a similar tunnel in 708 ribo-
somes and 50S ribosomal subunits from B stearother-
mophilus (fig 4) and [11, 12]. Now for the first time, a
low density region which resembles the tunnel in
dimensions and coincides with its location, was ob-
served in the map obtained from the neutron diffrac-
tion data.

These results provide indications for the univer-
sality of the inner-ribosomal tunnel. As mentioned
above, it has so far been observed in eukaryotic ribo-
somes as well as in ribosomes of 2 radically different
bacteria: B stearothermophilus, a mild thermophile,
classified as eubacteria, and H marismortui, an
extreme halophile, classified as archaebacteria.

The possible allocation of the excretion tunnel stimu-
lated a series of experiments aiming at investigating
the nature of this path. Recent experiments indicate
that ribosomes protect natural proteins more
efficiently than artificial homopolypeptides [33] and
that, on average, homopolymers choose a path which
is different to that of naturally occurring proteins [34].

It is conceivable that the same amino acid appears
at the N-terminal of all natural proteins because it
possesses a special affinity for the entrance of the
tunnel. Using an artificial mRNA which codes for arti-
ficial proteins or homopolypeptides which do not start
with natural N-terminus, leads to the production of
protein chains which lack this affinity. Hence, in the
initial stages of the biosynthetic process, a significant
part of these polypeptides may not be fixed in space.

Only when the growing chain finds its way into the
tunnel does the process of protein biosynthesis con-
tinue. This may explain why only 40-60% of any
given population of ribosomes are active in protein
biosynthesis, whereas almost all of them bind tRNA
[37] and why there is a marked difference between
the behavior of short and long segments of newly
synthesized polylysine or polyphenylalanine [34].

Genetic, biochemical and metallo-organic methods
employed for quantitative and specific labeling of
ribosomes

The most common method for phasing the diffraction
data of macromolecules is that of multiple isomorphous
replacement (MIR). This method is based on the
attachment of heavy atoms to specific sites on the
macromolecules. For this aim, due to the large size of
the ribosomes, it is essential to use clusters with a core
of several heavy metal atoms linked directly to one
another. Such clusters comprise systems of particu-
larly high electron density [38].

To obtain specific binding, we have designed a mono-
functional reagent of an undecagold cluster (M, =
6200). This was covalently and quantitatively bound
to free specific sulfhydryl groups on the surface of
the ribosome or to isolated ribosomal components
which were subsequently incorporated into depleted
ribosomal cores [9].

Mutation with thiostrepton led to the growth of B stea-
rothermophilus with ribosomes lacking one ribosomal
protein BL.11. The monofunctional undecagold cluster
was bound quantitatively to the isolated protein, and
the modified protein was subsequently incorporated
into the mutated core to form labelled 50S subunits.
The cluster-labelled 50S subunits were crystallized in
2-dimensional sheets and in 3-dimensional crystals,
isomorphous with the native ones [9).

Crystallographic data have been collected from
crystals of native particles, from the mutated and from
the gold-derivatized subunits. The resulting difference
Patterson maps contain features which can be associated
with the heavy atom cluster.

These studies show that it is possible to label ribo-
somes by specific covalent binding of heavy-atom
clusters without introducing major changes in their
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crystallizability, integrity, conformation and biologi-
cal activity. Hence, the attachment of heavy-metal
clusters to isolated ribosomal components, followed
by reconstitution of the modified compound into the
core particles, provides a useful tool for phase deter-
mination.

Extending these procedures to ribosomes from H ma-
rismortui and T thermophilus met with considerable
difficulties. However, in a related experiment it was
shown that protein L12 from Methanococal vanniellii
was detached and incorporated into cores of ribo-
somes of H marismortui missing the homologous
protein [39].

The tentative assignments on the reconstructed
models influenced the design of crystallizable com-
plexes, mimicking ribosomes at defined functional
states

A natural consequence of the assignment of the ribo-
somal features was the crystallization of biologically
meaningful complexes. We first crystallized 50S sub-
units with a tRNA molecule and a short polypeptide
fragment [1, 5, 36]. Although not yet ripe for crystal-
lographic studies, the very fact that we could co-
crystallize ribosomal particles with short segments of
the nascent chain opens new possibilities for the
design of interesting systems.

Later on we designed and crystallized complexes
of whole 70S ribosomes, mimicking protein biosyn-
thesis. We assumed that the intersubunit free space
contributes to the internal flexibility of the ribosome,
manifesting itself by allowing for the dynamics in-
volved in the process of biosynthesis of proteins, as
well as in the poor resolution of the crystals of 70S
ribosomes. Thus, based on our tentative functional
assignments (fig 5), we have designed a series of com-
plexes, each of which mimics a stage in protein
biosynthesis and contains ribosomes in which the
motional freedom is limited. For preliminary assess-
ment of the suitability of such complexes we selected
one composed of ribosomes together with a chain of
35 uridines (as mRNA) and 2 molecules of phe-tRNA-
(phe). The crystals of this complex grow readily and
diffract to 15 A, compared to those of isolated 70S
ribosomes which grow with difficulty and diffract
only to 20-24 A [6, 40].

High resolution data obtained from isolated ribo-
somal components should aid phasing

Despite extensive efforts, so far only a few isolated
ribosomal components could be crystallized, and only
a few of them were subjected to crystallographic

analysis which matured in a detailed molecular struc-
ture. This may indicate that the intraparticle inter-
actions contribute significantly to the stabilization of
the conformation of the whole assembled ribosome.
Furthermore, it may show that many ribosomal com-
ponents lose their in situ conformation when they are
detached from their supporting environment.

Hence, we attempted to purify in situ complexes of
ribosomal components with a defined composition,
high stability and relatively low molecular weights.
Assuming that they maintain their natural confor-
mation, we hope that they will yield well-ordered
crystals. The isolation of such a complex from H ma-
rismortui (HL8 with 23S RNA) is in progress.

Conclusions

Structural studies provide static information, but at the
same time may lead to the design of subsequent
functional and dynamic experiments. We have shown
that merging results from X-ray and neutron crystallo-
graphy, electron microscopy and image reconstruction

Fig 5. The reconstructed model of the 70S ribosome into
which a molecule of tRNA was ‘model-built’, so that its
anticodon loop is in the proximity of the mRNA (M) which
passes through the groove (G) in the 308 subunit and the
CCA end points toward the entrance of the tunnel T (1, 14].
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together with information concerning the function as
well as the genetic, chemical and physical properties
of ribosomes, enabled the construction of sophisticated
tools for overcoming some of the limitations of tra-
ditional structural approaches.
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