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The intricate and accurate process of biosynthesis of
protein molecules occurs in a similar manner on ribo-
somes of all organisms. Ribosomes consist of two sub-
units that associate upon initiation of protein biosyn-
thesis. Each subunit is a structurally defined assembly
of proteins and RNA chains with a characteristic
sedimentation coefficient (e.g., 30S and 50S for the
small and the large ribosomal subunits from bacteria).
During the last two decades a vast amount of informa-
tion has been accumulated about the function and the
chemical, biological, and genetic properties of ribo-
somes (for review, see Chambliss et al. 1979; Wittmann
1982, 1983; Hardesty and Kramer 1986). This knowl-
edge has shed light on the entire process of protein
biosynthesis, although the understanding of the de-
tailed mechanism of this process is still severely limited
by the lack of a molecular model.

As objects for crystallographic studies, ribosomal
particles are of enormous size, with no internal sym-
metry. Furthermore, they are unstable and flexible.
Therefore, even the first necessary step of these
studies, namely crystallization, seemed, until recently,
to be a formidable task. Despite that, a systematic
exploration of crystallization ¢onditions supported by
development of innovative'éxperimental techniques for
fine control of the volume of the crystallization drops,
as well as for sophisticated seeding (Yonath et al.
1982a; Yonath and Wittmann 1987a,b), led to repro-
ducible production of crystals of intact ribosomal par-
ticles.

Bacterial ribosomes were chosen because they are
well characterized biochemically, they can be prepared
in high purity and large amounts, and they provide a
system that is independent of in vivo events. Thus, the
natural capacity of eukaryotic ribosomes to form two-
dimensional sheets, stuck to cell membranes (e.g.,
Milligan and Unwin 1986), has been extended by us to
a higher degree of organization, expressed in vitro. As
a result, three-dimensional crystals and two-dimension-
al sheets of intact ribosomal particles from Escherichia
coli, Bacillus stearothermophilus, Thermus ther-
mophilus, and Halobacterium marismortui have been
obtained (Table 1 and Yonath et al. 1980, 1982b,
1983a,b, 1984, 1986a,b,c, 1987; Wittmann et al. 1982;
Yonath 1984; Shevack et al. 1985; Wittmann and

Cold Spring Harbor Symposia on Quantitative Biology, Volume LII. © 1987 Cold Spring Harbor Laboratory 0-87969-054-2/87 $1.00

Yonath 1985; Piefke et al. 1986; Shoham et al. 1986,
Makowski et al. 1987; Yonath and Wittmann
1987a,b,c). Currently, crystals grow from virtually
every preparation of large ribosomal particles from B.
stearothermophilus and H. marismortui, but, because
of the intricate nature of the particles, the exact condi-
tions for the growth of well-ordered and large crystals
must still be slightly varied for each ribosomal prepa-
ration. Moreover, the quality of the crystals depends,
in a manner not yet fully characterized, on the proce-
dure used in preparing the particles and on the bacterial
strain. There is a strong correlation between crystal-
lizability and biological activity of all our crystallization
systems. So far, inactive ribosomal particles could not
be crystallized. Moreover, in spite of the natural ten-
dency of ribosomes to disintegrate, all crystallized par-
ticles retain their biological activity, even for several
months, in contrast to the short lifetime of isolated
ribosomes in solution. This property accords well with
the hypothesis that when external conditions (e.g.,
hibernation) demand prolonged storage of potentially
active ribosomes in living organisms, temporary
periodic organization occurs in vivo.

Synchrotron radiation provides the most intense,
well-collimated X-ray beam. It is essential for crystal-
lographic data collection from crystals of ribosomal
particles due to their large unit cell dimensions (Table
1), their fragility, and their sensitivity. Until recently,
all our crystallographic studies, including the assess-
ment of the quality of the crystals and the determina-
tion of the resolution limits and the unit-cell parame-
ters, had to be carried out solely with synchrotron
radiation. The newly developed method of crystallo-
graphic data collection at cryotemperature (Hope
1985) paved the way for conducting preliminary experi-
ments with less powerful X-ray sources, such as rotat-
ing anodes.

Phase information is essential for maturation of crys-
tallographic studies. We are currently attempting to
determine phases by both conventional and novel
heavy-atom techniques. A great advantage for the pro-
duction of heavy-atom derivatives is the large variety of
ribosomal components and the wide spectrum of ma-
terials that interact specifically with these components
(e.g., antibiotics; for review, see Nierhaus and Witt-
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Table 1. Packing Parameters of Two- and Three-dimensional Crystals of
Ribosomal Particles

Cell Dimensions, (A)
determined by

Crystal
Source form electron microscopy X-ray crystallography
708 E. coli A* 340 x 340 x 593; 120°; P6
708 Bacillus
stearothermophilus 2D, AS" 200 X 440; 93°
508 Halobacterium 1, p* 310 % 350; 105°
marismortui 2,P 148 X 186; 95° 147 x 181; 97°
3, P 170 x 180; 75° 214 X 300 x 550; €222,
S0S Bacillus 1, A 130 x 254; 95°
stearothermophilus 2, A 156 X 288; 97°
3,A 260 x 288; 105°
4, A 405 x 405 X 256; 120°
5, A 213 x 235 x 315; 120°
6, A 330 % 670 % 850; 90° 360 X 680 X 920; P2,2,2,
2D, A 145 x 311; 108°; P2
2D, AS* 148 x 360; 109°; P1

*Crystals are grown by vapor diffusion from alcohols or their mixtures (A), polyethylene
glycol (P), or by mixing with ammonium sulfate {AS).

®All forms, unless marked 2D, are three-dimensional crystals. 2D = two-dimensional sheets.

“Same form and parameters for crystals of the large ribosomal subunits of - L11 mutant of

the same source.

mann 1980). In favorable cases, derivatives can be used
for an unambiguous localization of specific ribosomal
components. Results of electron microscopy may also
contribute toward phase determination. The model of
the particle under study, obtained at medium resolu-
tion by three-dimensional image reconstruction of two-
dimensional sheets, could be placed in the crystallo-
graphic unit cell using crystal-packing information de-
rived from the electron micrographs of thin sections of
the investigated crystal {Leonard et al. 1982). This,
together with information obtained from crystallo-
graphic studies of isolated individual ribosomal compo-
nents at high resolution (Leijonmarck et al. 1980; Ap-
pelt et al. 1981; Wilson et al. 1986), can be used for
iterative phase deteésmination by molecular replace-
ment methods, assuming that the conformations of
crystallized isolated components are similar to their
conformations within the ribosome.

EXPERIMENTAL PROCEDURES

Ribosomes and their subunits were prepared and
their integrity and activity were checked as described
(Arad et al. 1987b; Yonath and Wittmann 1987a). Pro-
cedures for the production of three-dimensional crys-
tals and two-dimensional sheets, the crystallographic
data collection, and the three-dimensional image re-
construction are described in detail (Yonath et al.
1982a, 1986¢c; Arad et al. 1984, 1987b; Piefke et al.
1986; Makowski et al. 1987; Yonath and Wittmann
1987a,b,c). All crystallographic studies reported here
have been performed using synchrotron radiation, at
4°C and —180°C (Hope 1985).

Radioactive N-ethylmaleimide was reacted with
ribosomal particles to determine the accessibility of

sulfhydryl groups of ribosomal proteins of the 50S sub-
units from B. stearothermophilus and H. marismortui.
For the latter, this procedure was also used to locate
these groups, since the sequence of only a few proteins
from this source is known.

A pold cluster and its radioactive derivative were
prepared following basically a known procedure (Bart-
lett et al. 1978). Functional groups were attached to the
gold clusters for covalent binding to ribosomal particles
through accessible sulfhydryl groups (S. Weinstein and
W. Jahn, in prep.). The extent of binding of the gold =
cluster was determined by measuring the radicactivity
associated with the 50S particles, as well as by neutron
activation (performed at Soreq Nuclear Research
Laboratories, Israel). The proteins that bind N-ethyl-
maleimide were identified by locating the radioactivity

‘on a two-dimensional gel electropherogram of the

ribosomal proteins.

RESULTS AND DISCUSSION

Three-dimensional Image Reconstruction

The large size of ribosomal particles, which is an
obstacle for crystallographic studies, permits their di-
rect investigation by electron microscopy. Thus, in the
case of intact ribosomal particles, a combination of
X-ray crystallography with electron microscopy and
three-dimensional image reconstruction should be pos-
sible and is expected to provide a powerful tool for our
studies. Using electron microscopy, the initial steps of
crystallization can be detected and the tendency of
crystallization of native and modified particles can be
followed rather quickly, in contrast to the long time



THREE-DIMENSIONAL ARCHITECTURE OF RIBOSOMAL PARTICLES 731

needed for the growth of large three-dimensional crys-
tals. Results from electron microscopy can also be used
to locate and orient the particles within the crystallo-
graphic unit cells, and models obtained by three-dimen-
sional image reconstruction may facilitate extraction of
phase information. Thus, structure determination by
three-dimensional image reconstruction from two-
dimensional sheets is justified not only in its own right,
but also because of its expected contribution to the
determination of phases needed for crystallographic
analysis. Therefore, we have pursued, side by side,
X-ray crystallography using three-dimensional crystals
and three-dimensional image reconstruction from two-
dimensional sheets.

We have developed two procedures for the growth of
two-dimensional sheets of ribosomal particles: (1) in
hanging drops from alcohols (AL) (Arad et al. 1984);
and (2) on flat surfaces using mixtures of salts and
alcohols (ST) (Piefke et al. 1986; Arad et al. 1987 and
in prep.; Yonath et al. 1987). These sheets were nega-
tively stained with either gold-thioglucose or uranyl
acetate and used for three-dimensional image recon-
struction studies.

Gold-thioglucose is an inert stain and is expected to
reveal the outer contour of the particles. Additional
information may be obtained from sheets stained with
uranyl acetate. This stain is chemically reactive; thus
along with its ability to elucidate the external contour
of the particle, it may interact with the negatively
charged components of the ribosomal particles (most
likely the rRNA). The extent of this interaction is
somewhat irregular, since it depends on the accessibili-
ty of the appropriate components and may be in-
fluenced by irregularities of the electron microscopy
grid. In general, the resolution and the quality of sheets
that have been negatively stained by uranyl acetate are
lower than those of sheets stained by gold-thioglucose.
In favorable cases the influence of the staining proce-
dure is minimal. An example may be the tunnel of the
large ribosomal subunits (see below). It is resolved in
all reconstructions of the two-dimensional sheets of 50S
subunits from B. stearothermophilus, independent of
the staining material (Yonath et al. 1987), as well as in
the reconstructed model of the unstained sheets from
chick embryos (Milligan and Unwin 1986).

The two-dimensional sheets of 70S particles from
B. stearothermophilus. These are built of dimers,
packed in relatively small unit cells: 190 £ 15 x 420 =
15 A, y=107° = 3° (Fig. 1). Optical diffraction patterns
of electron micrographs of negatively stained
specimens with uranyl acetate and of cross-linked
sheets stained with gold-thioglucose extend to 40 A and
47 A, respectively.

Eleven reconstructions of sheets from three different
preparations have been performed. The resulting
model of the ribosomal particle (Fig. 1) has average
dimensions similar to those determined by other
physical methods (Wittmann 1983). On the basis of the
known molecular weight of the 70S particle (2.3 X 10°)

and of the volume obtained from the three-dimensional
image reconstruction, the calculated density of the par-
ticle is 1.3-1.4 g/cm’ and the V,, for a hypothetical

crystal of the thickness of the sheets (about 200 A)is

2.6-2.7 A’/ dalton.

Several features were revealed by the analysis (Fig.
1) of models derived from the gold-thioglucose-stained
sheets. The two ribosomal subunits are arranged
around an empty space of a volume of 4 X 10° * 2 x 10°
A’ This space is large enough to accommodate most of
the components of protein biosynthesis. There are vari-
ations in the size of this space as revealed in different
reconstructions. This may result from sheets, built of
ribosomes that may carry some components of protein
biosynthesis, such as tRNA or fractions of mRNA.

Because only a small fraction of the particles in the
drop actually consists of two-dimensional sheets, they
could not be separated from the rest of the drop.
Therefore, we tested the migration profile on sucrose
gradients of the ribosomal particles in the crystallizing
drops. It was found that particles subjected to crystalli-
zation conditions comigrate with standard particles.

The two ribosomal subunits are fairly separated.
Only the two ends of the small subunit are in contact
with the large subunit. The sum of the contact areas is
400-800 A’ The overall shapes of both subunits have
been compared with models that have previously been
suggested for these particles. There is a similarity be-
tween the model of the small subunit obtained by vi-
sualization of single particles (Wittmann 1983) and that
revealed by our studies. Isolated 30S particles seem to
be wider than the reconstructed ones within the 70S
particles. This may be a consequence of the contact of
the isolated particles with the flat electron microscope
grid. In contrast, particles within the crystalline sheets
are held together by their interactions with the 508
particles as well as by interparticle crystalline forces.
These construct a network that may stabilize the con-
formation of the particles and decrease, or even elimi-
nate, the influence of the flatness of the grids. The
portion of the reconstructed 70S particle that we as-
signed as the large subunit may be correlated to the
image of this subunit as revealed in our previous studies
(Fig. 2 and Yonath et al. 1987), both at28 A (the actual
resolution of the studies) and at 55 A.

Reconstruction of models of 70S :ribosomes from
sheets stained with uranyl acetate led to a model that
shows the features described above, as well as regions
where uranyl acetate, acting as a positive stain, was
incorporated into the particle. This may indicate that in
these regions the RNA is concentrated and/or easily
exposed to the stain. Such regions could be located on
the surface of the large subunit where it faces the
internal empty space. Penetration of uranyl acetate to
the region assigned as “collar’s ridge” on the small
subunits was also detected. In both cases, the staining
of these areas with uranyl acetate may stem either from
the existence of exposed rRNA regions, as previously
found (Milligan and Unwin 1986), or from the presence
of mRNA and tRNA in these locations.
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The model for the 50S subunits. This was recon-
structed at 30 A resolution. Two-dimensional sheets of
these particles from B. stearothermophilus have been
obtained from three different preparations using both
above mentioned procedures. In all cases the sheets
consist of small unit cells (e.g., 145 =10 x 311 + 20 A,
v=108 = 3° for the AL sheets). These cell dimensions
are close to those of forms 1 and 2 of three-dimensional
crystals of the same particles (Table 1 and Yonath
1984). Both AL and ST are well ordered, and optical
diffraction patterns of electron micrographs of nega-
tively stained specimens extend to 30 A and 28 A,
respectively. In both cases each unit cell contains two
particles with dimensions similar to those obtained by
other methods (for reviews, see Chambliss et al. 1979;
Wittmann 1982, 1983; Hardesty and Kramer 1986).
Based on the known molecular weight of this particle
(1.6 x 10° daltons), and on the thickness of the sheets
(160-170 A), as determined by the three-dimensional
image reconstruction studies, the calculated density of
a 508 particle is 1.3-1.4 g/cm’, and the V,, for a hypo-
thetical crystal is 2.6-2.7 A% dalton. Both are in good
agreement with values tabulated by Matthews (1968)
and calculated for three-dimensional crystals of 50S
subunits from H. marismortui (Makowski et al. 1987),
as well as for other large nucleoprotein structures
(Hogle 1982; Richmond et al. 1984).

Interparticle contacts within the sheets are clearly
revealed in our three-dimensional map (Fig. 2). The
best-defined contact area is 5-12 A in diameter, com-
patible with the regular intermolecular interactions
found in crystals of proteins or nucleic acids. As these
dimensions are beyond the resolution of our studies,
the nature of these contacts cannot be identified.

The main features revealed by our analysis are shown
in Figure 2. The particle has a concave surface that
consists of several protrusions 25-30 A in diameter, the
approximate size of globular proteins of molecular
weights typical of many ribosomal proteins. A long arm
is located on one side-of the particle (bottom of the
particle shown in Fig. 2). Several projecting arms, two
of which are longer than the others, are arranged ra-
dially around the other edge (upper side of the particle
shown in Fig. 2), near the presumed interface with
the 30S subunit (Fig. 1). A narrow elongated cleft is
formed between the projecting arms and turns into a
tunnel of a diameter of up to 25 A and a length of
100-120 A. This tunnel is present in all reconstructions
of the ST sheets, independent of the staining material,
as well as in reconstructed 80S ribosomes from chick
embryos (Milligan and Unwin 1986). In every recon-
structed particle there is a region of low density that
branches off the tunnel to form a Y (or V) shape, and
terminates on the other side of the particle (Fig. 2). As
yet, we cannot determine the exact nature of this re-
gion. It may be a loosely packed protein region, but in
some reconstructed models the density of the branch is
so low that it appears as a branch of the main tunnel.

The functional significance of the tunnel is still to be
determined. Originating at the presumed site for actual

protein biosynthesis and terminating on the other end
of the particle, and being of a diameter large enough to
accommodate even the largest amino acids, this tunnel
appears to provide the path taken by the nascent poly-
peptide chain. Furthermore, this tunnel is of a length
that could accommodate and protect from proteolytic
enzymes a peptide of about 40 amino acids in an exten-
ded conformation (Malkin and Rich 1967; Blobel and
Sabatini 1970; Smith et al. 1978). It remains to be seen
whether the tunnel terminates at a location compatible
with that assigned by immunoelectron microscropy as
the exit site for the growing polypeptide chain (Ber-
nabeau and Lake 1982).

We have also reconstructed a model using a selected
subset of diffraction data at lower resolution (55 A). At
this resolution the particle is almost spherical and
shows only two thick and short arms instead of the
elongated arms resolved in the 30 A resolution studies.
This accords well with the shape of the portion of the
reconstructed model (at 47 A) of the 70S particle as-
signed as the 50S subunit (Fig. 1), as well as with
models derived from electron microscopy studies of
single particles. It should be mentioned that the tunnel
is clearly resolved in the low-resolution reconstructed
model of the 50S particle, whereas in the 70S recon-
structed particle there are only some indications for its
existence. Thus, a portion of the tunnel could be de-
tected in a section through the particle (Fig. 1). As
mentioned above, the 70S particles were harvested
while active, and it is feasible that nascent protein
chains are still attached to a part of them. It is conceiv-
able that the tunnel is only partially resolved due to this
and/or to the intrinsic low resolution of this recon-
struction.

Several models for 50S ribosomal subunits were sug-
gested previously, based on electron microscopic vis-
ualization and averaging of single particles. Our model
is more similar to those that have no flat surfaces and to
those in which the projecting arms are arranged ra-
dially. It can be positioned so that its projected view
resembles the usual image seen when single particles
are investigated by electron microscopy (Fig. 1e). In
addition, there are a few filtered images of two-dimen-
sional sheets tilted by certain angles, which show the
same shape and include the characteristic features that
have been visualized by electron microscopy of single
particles (Fig. 3). At the same time, there are some
discrepancies in the nature of the gross structural fea-
tures between our model and the others, which, as in
the case of the 708 particles, probably stem from the
basic differences between visualization of isolated par-
ticles in projection and the inherently more objective
character of structure analysis by diffraction methods.

As mentioned above, the resolution of the sheets
stained with uranyl acetate is somewhat lower (32-35
A) than that of the sheets stained with gold-thioglu-
cose. Consequently, the reconstructed model shows
less detail. However, the essential features—the con-
cave shape, the tunnel, and the projecting arms—are
resolved. Comparison of this model with that obtained
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When PArs was:

The ligands of the gold cluster

o

p——""

AS

PAr;:

CH,CH,OH or NH,

NR: N

COCH, or NHCOCH,

p/\ NHCOCH,

P —®\ NHCOCH,

the NH, groups were derivatized for binding
to SH - groups

Figure 7. (a) Postulated molecular structure of Au,,(CN),(P[C{H,-p-CH,NR},), based on the crystal structure of Au,,L,(P[p-
FCH,],), (Bellon et al. 1972). (b) Semi-schematic presentation of Au,,(CN),(P[C.H,-p-CH,NR],), depicting the gold core of
8.2 A diameter and the arrangement of the ligands around it (Wall et al. 1982).

maleimide. For H. marismortui most of the radioac-
tivity was associated with one protein. Second,the gold
cluster described above was prepared such that it could
be bound to accessible —B# groups. Since this cluster
is rather bulky, its accessibility was increased by the
insertion of spacers, differing in length, to the cluster as
well as to the free —SH groups on the ribosomal
particles. Radioactive '*C-labeling of this cluster as
well as neutron activation analysis enabled us to de-
termine the extent of the association of the cluster with
the particles. The results of both analytical methods
show that a spacer of minimum length of about 10 A
between the —SH group of a ribosomal protein and the
N atom on the cluster is needed for significant binding.
Furthermore, the extent of binding depends also on the
structure of the spacer (S. Weinstein and W. Jahn, in
prep.). Preliminary experiments indicate that the prod-
ucts of the derivatization reaction with 50S particles
could be crystallized.

In parallel, a mutant of B. stearothermophilus that
lacks protein L11 was obtained by growing cells in the
presence of thiostrepton at 60°C. The 50S mutated
ribosomal subunits crystallize in two and three dimen-
sions under the same conditions as, and are isomor-

phous to, those obtained from the 50S ribosomal sub-
units of the wild type (Yonath et al. 1986a). This shows
that L11, the missing protein, is not involved in crystal
forces in the native crystals (in contrast, removal of
protein L12 prevents crystallization). As mentioned
above, N-ethylmaleimide binds to the —SH group of
protein L11 on the ribosome particle. Furthermore,
this binding does not reduce the activity and does not
interfere with the crystallizability of the modified parti-
cles. Thus, modifying L11 with heavy-atom clusters is
not expected to interfere with crystal packing and iso-
morphism. These observations open a new route for
the preparation of specifically bound heavy atoms, by
attaching clusters to the isolated protein, followed by
reconstitution of the modified compound into the mu-
tated particles.

Since protein L11 is believed to be nearly globular
(Giri et al. 1984), its location may be determined in a
Patterson electron density map with coefficients of
|F(wild)|-|F(mutant)|, and may serve, by itself, as a
super large heavy-atom derivative. At preliminary
stages of structure determination, this approach may
provide phase information and reveal the location of
the missing protein.
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CONCLUDING REMARKS

We have demonstrated here that diffraction methods
can be employed for the determination of the three-
dimensional structure of intact ribosomal particles. We
expect that our studies, supported by biophysical,
biochemical, and genetic knowledge, will yield a reli-
able model for the ribosome and lead to the under-
standing of the molecular mechanism of protein biosyn-
thesis.
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