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S u m m a r y  - A better understanding of the molecular mechanism of protein biosynthesis still awaits a 
reliable model for the ribosomal particle. We describe here the application of a diffraction technique, namely 
three-dimensional image reconstruction from two-dimensional sheets of 70S ribosomes from Bacillus stea- 
rothermophilus at 47 ~ resolution. The three-dimensional model ol~tained by these studies shows clearly 
the two subunits, the contact points between them, an empty space large enough to accommodate the com- 
ponents of protein biosynthesis, the location of regions rich in RNA and a possible binding site for mRNA. 
The tunnel within the 50S particle which may provide the path taken by the nascent polypeptide chain in 
partially resolved. 
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Pour mie1:x comprendre le mdcanisme moldculaire de la biosynthbse protdique il est encore ndcessaire de 
ddvelopper un modbie solide de la particule ribosomale. 

Nous prdsentons ici l'application d'une technique de diffraction, c'est-~-dire la reconstruction de l'image 
trois dimensions des strates ~ deux dimensions des ribosomes 70S du Bacillus stearothermophilus d'une 

rdsolution de 47 ~.  
Le modble ~ trois dimensions obtenu par ces recherches montre clairement les deux sous-unit6s, les points 

de contact entre elles, un endroit vide mais assez large ~ accommoder les composants de la biosynthbse 
prot6ique, la position des endroits riches en A R N  et un lieu d'interaction possible de mARN.  Le tunnel 
dl travers la particule 50S qui pourrait fournir le c.hemin pris par la chafne polypeptidique croissante est 
partiellement visible. 

ribosomes 70S / Bacillus stearothermophilus / reconstruction de rimage ~ trois dimensions 

I n t r o d u c t i o n  

The key role of ribosomes in protein biosynthesis 
stimulated us to initiate structural studies by dif- 
fraction method. We have developed an in vitro 

crystallization procedure for intact ribosomal par- 
ticles from bacterial sources. Three-dimensional 
crystals of the large ribosomal subunits from Halo- 
bacterium marismortui [1 ] and Bacillus stearother- 
mophilus [2-5] diffracting X-rays to 5.5 ~, and 
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13 X, respectively, were obtained. From the latter 
species it was also possible to grow two types of  
well ordered two-dimensional crystalline sheets" 
using alcohols [6], and salt mixtures (T. Arad, J. 
Piefke et al., submitted). Attemps to grow perio- 
dically packed objects from whole ribosomes resul- 
ted in the growth of  micro three-dimensional 
crystals of  ribosomes from E. coil [7] and two- 
dimensional sheets of  ribosomes f rom B. stearo- 
thermophilus [8]. Both systems are very well pac- 
ked, but until recently these objects have been too 
small for the application of diffraction studies at 
reasonable resolution. 

Our newly developed method (T. Arad, J. Piefke 
et al., submitted) for growth of  two-dimensional 
sheets using mixtures of  salts and alcohols have 
recently been improved, and currently we are able 
to produce large sheets of  the 50S subunits and the 
70S ribosomes f rom B. stearothermophilus. These 
have been proved to be suitable for three- 
dimensional image reconstruction studies. Such stu- 
dies, performed on the sheets of  the 50S subunits 
at 30 ~ resolution have already revealed a tunnel 
which spans these particles and may  provide the 
path of  the growing nascent polypeptide chain [9]. 

Here we describe the results of  three-dimensional 
image reconstruction studies on two-dimensional 
sheets of  70S ribosomes from B. stearothermophi- 
lus negatively stained by gold-thioglucose as well 
as by uranyl acetate. Although the resolution limit 
of  these sheets is not as high as that  of  the sheets 
from the 50S subunits, the resulting model shows 
interesting f e a t u r e g  gll~h fig fl w i d e  q ~ p a r a t i c m  ho t -  

ween the two subunits and the location of RNA rich 
regions. There is also evidence for the existence of  
a tunnel similar to that which has been detected in 
the reconst ruct ion  of  the large r ibosomal  
subunits [9]. 

cal diffractograms were used for the determination of unit 
cell dimensions and resolution limits. Areas for three- 
dimensional image reconstruction were chosen by the cri- 
teria of the highest resolution and sharpest reflections in 
the optical diffraction patterns. 

Three-dimensional image reconstruction 
Images were recorded at a dose of about l0 electrons/ 
.~2 of the specimens tilted at angles up to _+60 °, at 
intervals of 5 ° , with respect to the incident electron beam. 
A typical tilt series contained 23 images of which the first, 
middle and last images were untilted. This was essential 
for establishing that the specimen was not severely dama- 
ged by the electron beam during recording of the tilt 
series. No differences have been detected between the dif- 
fraction patterns of the untilted views taken at all stages 
of the experiment. The images were analyzed by stan- 
dard methods [10], as described previously [11]. Orde- 
red areas in the images were selected by optical diffraction 
and scanned with an Optronics-1000 microdensitometer 
with a 25 micron raster, corresponding to 9 ~ at the 
specimen. All computational steps were carried out on 
a VAX 11/780. For Fourier transforms, optical densi- 
ties of arrays (512 x 512) were used, and reciprocal latti- 
ces were fitted to the calculated diffraction patterns. 
Amplitudes and phases were extracted from peaks of at 
least two-standard deviations above background. Ima- 
ges of untilted sheets were used for the initial data in the 
three-dimensional analysis. The data were combined with 
a comparison range in z* of 0.0016/~-l. The average 
phase error for each image based on a cumulative com- 
parison of individual phases was 20-30 ° . Each lattice 
line was sampled at regular intervals of 1/300 /~,/-1 
along smooth curves fitted manually to the experimen- 
tal values to provide terms for the Fourier synthesis. 
Terms along the 0,0 lattice line were not included. Fou- 
rier synthesis of i30-300 terms yielded the three- 
dimensional maps. For each reconstruction we have used 
2 -4  complete tilt series obtained from two-dimensional 
sheets. Two of these tilt series were perpendicular to each 
other. 20-25 crystallographically independent lattice lines 
were extrac~.,~d for each reconstruction. 

Materials and methods 

Production of  two-dimensional sheets 
Ribosomes were prepared and their integrity was chec- 
ked as described (T. Arad, J. Piefke et al., submitted). 

Two-dimensional sheets have been grown and applied 
to electron microscope grids as described (T. Arad, J. 
Piefke et al., submitted) and [8]. Crystallization mixtu- 
res (7-10 ~l) were applied to the plastic side of carbon- 
coated nitrocellulose grids. These were consequently 
either stained for 10 s with 1% (w/v) uranyl acetate or 
cross-linked with 1% glutaraldehyde for 5 min and stai- 
ned with 1% gold-thioglucose. Excess liquid was then 
removed by blotting off. The grids were examined with 
a 400T Phillips electron microscope, operating at 80 kV, 
at an electron optical magnification of x 28 000. Opti- 

Presentation of  the model 
The three-dime-'.sianal maps were contoured either on a 
Textronics terminal (using the EMBL contour package) 
or displayed on a Vector General screen. Contour level 
for the particle boundary was chosen to be that at which 
the interparticle contacts could be resolved. For real-time 
display we used the computer program FRODO [12] com- 
bined with GHC650 (written by G.H. Cohen, NIH) for 
Fourier synthesis, and FRODOMAP (written by J.L. 
Bhat, NIH). 

Results and discussion 

The two-dimensional sheets of  70S particles from 
Bacillus stearothermophilus consist of  relatively 
small unit cells" 190+ 15 x420+_ 15 ~,, 7'= 107 ° +3  ° 
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(Fig. 1). Optical diffraction patterns of electron 
micrographs of negatively stained specimens with 
uranyl acetate extend to 40 ~ at best. Attempts to 
stain the sheets with gold-thioglucose resulted in 
their destruction. Therefore, they have been cross- 
linked with about 1070 glutaraldehyde prior to stai- 
ning. This procedure caused a loss of internal order, 

Fig. 1. Image of a two-dimensional sheet ( x 281300) of 70S par° 
tides from B. stearothermophilus stained by uranyl acetate, and 
an optical diffraction pattern from a single crystalline domain 
containing about 20 x 10 unit cells. 

and negatively stained crosslinked sheets (with gold- 
thioglucose) diffracted to 47 A resolution. 

Each unit cell in the sheets consists of two parti- 
cles with dimensions similar to those obtained by 
other methods [13]. Dimers have also been found 
within the non-crystallized material in the vicinity 
of the ordered sheets. Thus, they may represent the 
building units of the sheets. Nevertheless, three- 
dimensional image reconstructions were carried out 
assuming p l symmetry. It was found that in all 
reconstructions, the two particles in the unit cell are 
clearly resolved and show the same essential 
features. 

We have investigated sheets from three different 
preparations of ribosomes. Because only a small 
fraction of the particles in the drop actually con- 
sists of two-dimensional sheets we could not sepa- 
rate them 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 crystalliza- 
tion conditions comigrate with standard particles 
(data not shown). 

We have performed eleven reconstructions and 
investigated 22 independently reconstructed parti- 
cles. The resulting model of the ribosomal particle 
(Fig. 4, ~j has average dimensions similar to those 
determined by other physical methods [13]. The 
reconstructed volume (2.8 x 106 ~)) corresponds 
to about 90°7o of the whole particle. On the basis 

Fig. 2. Computer graphic display of the outline of the reconstructed model of the 70S ribosomal subunits at 47 ~ resolution, obtai- 
ned from cross-linked sheets, stained with gold-thioglucose. Bar length = 20 A. The contact areas between the large (50S) and the 
small (30S) subunits are marked. 
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of the known molecular weight of the 70S parti- 
cles (2.3 x 106) and of the volume obtained from 
the three-dimensional image reconstruction, the cal- 
culated density of the particle is 1.3-1.4 g/cm 3, 
and the I" m for a hypothetical crystal of a thick- 
ness of the sheets (about 200 ,g,) is 2.6-2.7 ,~3/Da. 
These values are in good agreement with those tabu- 
lated by Matthews [14] and calculated for other 
large nucleoprotein structures [15, 16]. 

Several features were revealed by the analysis 
(Fig. 2) of the gold-thioglucose stained sheets. The 
two ribosomal subunits are arranged around an 
empty space of volume of up to 4 x 10s_+ 2 x 105 
o 3 A.  This space is of dimensions which are large 
enough to accommodate most of the components 
of protein biosynthesis. There are variations in the 
size of this space as revealed in different recons- 
tructions. This may result from sheets, built of ribo- 
somes which carry some components of protein 
biosynthesis, such as tRNA or fractions of mRNA. 

Since the ribosomes were harvested in the early 
log phase (T. Arad, J. Piefke et al., submitted) and 
since no attempts were made to remove the nascent 
polypeptide chain, the tunnel which provides the 
path for this chain [9] may be partially filled. In 
fact, compared to the case of the 50S particles, here 
the tunnel is only partizdly resolved, and evidence 
for its existence has been obtained by investigating 
sections through reconstructed particles (Fig. 3). 

The two ribosomal subunits are fairly separated. 
Only the two ends of the small subunit are in con- 
tact with the large one. The sum of the contact areas 
is 400-800 ~2. The overall shapes of both subu- 

Fig. 3. A section of  20 ,~, thickness of  the middle of  the recons- 
tructed particle. The two subunits are resolved, and part of  the 
tunnel (T) can be seen. 

nits have been compared with models which have 
previously been suggested for these particles. In 
general, there is a similarity between the model of 
the small subunit obtained by visualization of sin- 
gle particles [13] and that revealed by our studies. 
The main differences zre in the relative length and 
thickness. Isolated 30S particles seem to be shorter 
and wider than the reconstructed ones within the 
70S particles. This may be a consequence of the 
contact of the isolated particles with the flat elec- 
tron microscope grids. In contrast, particles within 
the crystalline sheets are held together by their inte- 
ractions with the 50S particles as well as by inter- 
particle crystalline forces. These construct a network 
which may stabilize the conformation of the parti- 
cles and decrease, or even eliminate, the influence 
of the flatness of the grids. The portion of the 
reconstructed 70S particle which we assigned as the 
large subunit, may be correlated to the image of 
this subunit as revealed in our previous studies 
(Fig. 4 and [9]) both at 28 ~, (the actual resolution 
of the studies) and at 55 ~. 

We have also reconstructed models from sheets 
stained with uranyl acetate. The arrays used for 
these studies were large, stable in the electron beam 
and well ordered. Unlike gold-thioglucose, which 
is a truly negative stain, uranyl acetate functions 
also as a positive stain since it may interact with 
selected portions of the object. In the case of ribo- 
somes the most likely candidates are RNA chains. 
The interaction of uranyl acetate with the particles 
depends on the accessibility of RNA regions. Never- 
theless, in our reconstructed models derived by stai- 
ning with uranyl acetate the essential features of the 
models obtained from sheets stained with gold- 
thioglucose are resolved. Moreover, in the recons- 
tructions obtained from sheets stained with the lat- 
ter we could detect 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. Regions which were stained by uranyl ace- 
tate could be located on the large subunits in their 
surface area which 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 exis- 
tence of exposed rRNA regions, as previously 
found [17] or from the presence of mRNA and 
tRNA in these locations. 

Assignment of the known functional domains of 
the ribosomal subunits to the various structural fea- 
tures of our model still awaits further investiga- 
tions. We hope that we shall be able to locate 
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Fig. 4. Computer graphic display of the outline of the reconstructed model of the 50S ribosomal subunits [9]. 

specific sites on a more detailed model in the fore- 
seeable future. 
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ned by uranyl acetate. Areas of substantial interaction with the 
stain are marked by (UA). 
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