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Abstract

Neutron diffraction data were collected to 30 A resolution from crystals of the large ribosomal sub-
unit from Haloarcula marismortui. Intending to match the solvent density with that of the ribosomal
proteins or the ribosomal RNA, these crystals were immersed either in their normal or in a deuter-
ated stabilization solution. Preliminary density maps were constructed from the observed neutron
diffraction amplitudes, phased by direct methods. The main features of both maps were observed at
approximately the same locations, but show different shapes. The map constructed from the data
collected from the crystal kept at its regular stabilization solution, which should show mainly the
ribosomal RNA, contains features which are comparable in size to that expected for the large ribo-
somal subunit, whereas that constructed at 100% D,0 is more fragmented. Superposition of these
two maps on a map constructed from low-resolution X-ray data phased in a similar way showed sim-
ilar packing motifs, thus provided preliminary information about the separation between the regions
rich in rRNA and those rich in r-proteins which could be detected at the current resolution limits.

Introduction

Ribosomes are the universal cell organelles facilitating the translation of the genetic code
into proteins. They are giant nucleoproteins, made of two subunits which associate upon
the initiation of the translation process and dissociate at its termination. A typical bacter-
ial ribosome contains more than a quarter of a million atoms and is of a molecular weight
of 2.3 million daltons. It sediments with a coefficient of 70S. About two thirds of the ribo-
some is rRNA, composed of 3 chains of a total of about 4500 nucleotides. The other third
contains r-proteins, the number of which depends on the bacterial source and varies
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between 58 for eubacteria and 73 for the halophilic ribosomes. The large ribosomal subunit
from Haloarcula marismortui, the subject of the studies presented here, is of molecular
weight of 1.45 million daltons, contains two rRNA chains of more than 3000 nucleotides
and over 42 proteins, the sequences of which are currently being determined (1).

For a better understanding of the molecular mechanism and the dynamical aspects of pro-
tein biosynthesis, molecular models are a prerequisite. To this end, X-ray and neutron
crystallographic analysis are being carried out using crystals of functionally active, intact,
modified or complexed ribosomal particles from halophilic and thermophilic bacteria (2),
diffracting best to 2.9 A resolution (3). The diffraction data of these crystals are either
measured by X-rays at cryo temperature using intense synchrotron radiation facilities, or
subjected to neutron diffraction studies at ambient temperatures.

Our X-ray crystallographic studies have been described elsewhere (e.g. 3-7). In this man-
uscript we present the current status of the neutron diffraction studies, using the crystals
of the 508 subunits of H. marismortui (3), focusing on specific problems in data collec-
tion, evaluation and integration, and highlighting the structural results.

Neutron diffraction and the principles of contrast variation

Single crystal neutron diffraction combined with contrast variation is a technique which
may facilitate the elucidation of selective structural elements (see, for instance, 8-14). It
is based on the non-linear correspondence between the amplitude of the neutron scatter-
ing factors (F) and the atomic numbers (Z). Thus, atoms with similar atomic numbers may
diffract neutrons according to very different scattering cross-sections. The most striking
example is the hydrogen whose diffracting power is radically different from that of the
deuterium. In structural studies on crystals of complex macromolecules, such as nucleo-
protein assemblies, the different scaling lengths of the H and the D atoms is being exploit-
ed for matching the densities of the proteins or the nucleic acids with that of the solvent.

By varying the D,O content in the crystal, the scattering length densities of the three crys-
tal components (proteins, RNA and solvent) are changed, and therefore the contrast of the
RNA and the proteins in respect to that of the solvent is modified (15). Depending on the
resolution of the data and the level of intra-penetration of the two components, informa-
tion about their internal distribution may be obtained.

At non-deuterated solutions the contrast between the rRNA and the solvent is higher than
that of the proteins, whereas the situation is reversed for the proteins at 100% D,0.
Therefore the maps constructed from neutron diffraction data collected at these two
extremes should be complementary. For equilibrating the crystals with the different
deuterated solutions, they are soaked in the deuterated solutions of the desired composi-
tions, and the diffraction is measured at a series of contrasts.

Since ribosomes are composed of two distinctly different chemical entities, r-proteins and
rRNA, they should be appropriate candidates for such studies. The crystals of ribosomal
particles, like most of the crystals of large biological molecules, contain large amounts of
solvent. Thus, assuming that around 50% of the volume of the crystals of the ribosomal
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subunits from H. marismortui is solvent, the volume fraction occupied by the rRNA and
the r-proteins are estimated to be around 33% and 17% respectively. The solvent con-
tributes significantly to the diffracted intensities, particularly at small angles of diffraction.
This effect might considerably hamper attempts at low-resolution phasing, but at the same
time may increase the chances for obtaining some structural information utilizing con-
trast-variation.

On the distribution of the rRNA and the proteins within the ribosome

Although more than two decades ago Sir F. Crick suggested that the original ribosome was
made entirely of RNA, until recently it was assumed that the catalytic activities of the
ribosome are carried out solely by proteins, and the rRNA molecules have a more passive
role in transferring genetic information, or in providing the scaffold for the ribosome.
Consequently, the common belief was that the RNA is concentrated mainly in the center
of the particle, whereas most of the proteins are distributed on the surface. In many
instances this hypothesis led to premature and somewhat misleading interpretations of
results obtained by several biophysical methods, such as light scattering and electron
microscopy, which because of their inherent nature tend to show apparent internal con-
densation of material. Thus, for over three decades ribosomal particles were reported as
having a core of rRNA and a surface made of r-proteins (16-20).

However, the demonstration of the catalytic abilities of RNA in several biological sys-
tems, the accumulation of data showing substantial conservation in some rRNA regions,
the possibility to target naturally exposed single strand rRNA regions by DNA oligomers,
and the recent site-directed-mutagenesis experiments which uncovered specific roles,
stimulated the design of experiments challenging the above dogma (21-28). These showed
unequivocally that most of the ribosomal functions, such as the GTPase and the peptidyl
transferase activities, are being carried out solely, or in part, by the ribosomal RNA, and
therefore a substantial part of the RNA must be exposed on the surface and cannot be
buried in the core of the ribosome.

Nevertheless, it is conceivable that part of the rRNA is clustered in distinct locations.
Similarly, the observations that several r-proteins form in situ complexes in eubacteria (29),
eukaryotes (30) and archeabacteria (1, 7, 31) indicate their partial clustering. Therefore it
may be possible to determine the approximate locations of some of the ribosomal proteins
and rRNA domains performing single crystal neutron diffraction experiments at different
contrasts. Clearly, more detail is expected with the increase in resolution.

The collection of neutron diffraction data

Low-resolution neutron diffraction data were collected at the Institute Laue-Langevin
(ILL, Grenoble, France) using the high flux reactor on DB21 diffractometer at 7.5 A
wavelength. Two data sets were recorded: the first from crystals containing hydrogenated
solvent (called here 0% D,0), the second from a crystal in which the labile hydrogen
atoms of the solvent were exchanged by deuterium (called here 100% D,0O). For obtain-
ing the latter, the crystal was soaked in a 100% deuterated solvent for three weeks in order
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to deuterate most of the exchangeable hydrogens involved in N-H or O-H bonds within
the ribosomal particle.

The main factor which determines the feasibility of neutron crystallography is the average
intensity of the reflections. The signals obtained by the diffraction of neutrons are rather
weak and dictate long measuring periods which are feasible because the neutron beam is
not destructive. Thus, because of the relative small size of the ribosomal crystals and their
large unit cell dimensions, for obtaining data to 30 A resolution from the 100% D,O crys-
tals, they had to be exposed for three weeks. The situation at 0% D,0 was more acute,
since under these conditions the signal to noise ratio is weaker due to the incoherent scat-
tering from hydrogen atoms. Therefore five weeks were needed for the collection of a 40
A resolution data set. The statistics of the diffraction data are summarized in table L.

Phase determination in ribosomal crystallography

Density maps, the basis for the determination of three-dimensional structures, are con-
structed by Fourier summation of the structure factors derived from the reflections which
appear in the diffraction pattern. Each reflection is a wave characterized by its direction,
amplitude and phase. The directions and amplitudes can be measured, whereas phases
cannot be directly determined. Therefore the assignment of phases to the observed struc-
ture factor amplitude is the most crucial, albeit the most complicated and unpredictable
step in structure determination, even when the object is an average-size protein. For ribo-
somal crystals, the magnitude and the complexity of this step is greatly enhanced.

Neutron diffraction studies are being performed either on unknown structures, in order to
reveal the internal density distribution of multi components particles, using contrast vari-
ation, or on structures which have been determined crystallographically, in order to reveal
features which cannot be otherwise studied, such as the locations of the hydrogen atoms
or of detergent domains in membrane proteins. For the latter cases, the phase information
is usually available from the X-ray measurements, whereas for the determination of the
phases of unknown structures, procedures similar to those used in X-ray crystallography
have to be employed.

Table I Isomorphous replacement
Data statistics are given to a resolution of 30 A. For computing data j5 the most commonly

completeness, reflections with intensities larger then one and three sig- used method for the deter-
mas were shown (the latter in brackets). Crystal symmetry: C2221. . . h
Unit cell constants: 214, 300, 580 A (neutron data collected at ambient ool (hephasesiol

temperature) and 213, 300, 570+- 4 A (X-rays data collected at cryo unknown - structures  of
temperature). macromolecules by X-ray

crystallography. It ex-

Data statistics 100% D,0 0% D,0 X-ray ploits the changes in the
Total number of reflections 2021 1008 5892 :
Unique reflections 439 294 442 SUUCHIE: JaoioH amplk
Rsym 10% 13% 5.4% tgdes caused by the addi-
Completeness tion of heavy atom com-
neutrons at 200-40 A 94 (84)% 74 (44)% pounds to the native crys-
neutrons at 40-30 A 86 (58)% 43 (15)% tals. The usage of this

X-ray at 173-30 A 85% method requires almost
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quantitative attachment of the heavy atoms at a limited number of sites within the unit cell,
while keeping the crystal structure isomorphous to that of the native molecule. When only
one derivative can be obtained, the Single Isomorphous Replacement (SIR) procedure,
which yields ambiguous phasing, is used. More reliable phases are obtained when more than
one heavy atom derivative is measured. Then the Multiple Isomorphous Replacement pro-
cedure (MIR) is being employed. For cases where the derivatized macromolecule contains
a heavy atom which resonates with X-ray beam of a wavelength close to its absorption edge
in a way which removes the symmetry between the reflections related by inversion, an alter-
native method, MAD (Multiple wave-length Anomalous Diffraction) is becoming increas-
ingly fashionable. Providing the signal of the differences of the amplitudes of the corre-
sponding terms can be determined accurately, a single derivative, exposed at several wave-
lengths may provide sufficient information for phase determination.

For proteins of average size, useful heavy atom derivatives consist of one or two heavy
atoms. Clearly, because of the large size of the ribosome, compact and dense materials of
a proportionally larger number of electrons, such as multi-metal salts (e.g. polyheteroan-
ions or coordination compounds), or dense metal clusters (i.e. an undecagold) which can
be directly bound to the particle prior to crystallization, should be more suitable. Most
recently several such compounds were shown to be of adequate phasing power for pre-
liminary low and intermediate resolution phasing of X-ray diffraction of ribosomal crys-
tals (1, 7, 32).

The procedures for phase determination of the X-ray diffraction from crystals of small
molecules are much simpler. Here the phases are routinely obtained by ab initio compu-
tational methods, exploiting the relationships between the dominant reflections (33).
Naturally, a considerable effort has been devoted for the extension of these methods
towards structure determination of macromolecules, especially for complicated systems,
such as the ribosome, for which the suitability of the isomorphous replacement method
was doubtful. Consequently, some of these approaches were extended and further devel-
oped for phasing the low-resolution data collected from ribosomal crystals (34). Several
examples from the large range of approaches exploited in the context of low-resolution
phasing of the ribosomal reflections are summarized below.

For suggesting the packing motifs and for detecting some envelope features of the large
ribosomal subunit from Thermus thermophilus at about 80 A resolution, entropy maxi-
mization with log-likelihood gain as a phase-set discriminator (35) was used (36, 37). The
results of these studies were later supported by those obtained by the few-atom method
(38) and by low-resolution molecular replacement studies (39), using the approximate
model of this particle, which was obtained by three-dimensional image reconstruction
from electron micrographs of tilt series of crystalline monolayers (40). The positions of
the center-of-mass in the unit cell were also supported by the results of ultra low-resolu-
tion R-factor searches at various solvent contrasts (36, 41) and by the application of an
extension of traditional direct methods combined with ellipsoidal modelling (42, 43).
Molecular replacement studies with this model have also been performed on other crystal
forms (44, 45). In addition, a new approach, combining elements of traditional direct
methods, envelope refinement, maximum-entropy filtering, likelihood ranking, cross-val-
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idation and cluster analysis, aiming at phasing at resolution up to 30 A, is being developed
(46). So far it has been applied to T50S and led to results that agree well with the previ-
ous ones (34).

Attempt at phasing the neutron diffraction data

While conducting the studies reported here, no phase information was available for the X-
ray amplitudes collected from the crystals of H50S. Therefore an advanced version of the
traditional Direct Methods (described in 34 and 42) was used for phasing at low-resolu-
tion. For selecting the most probable phase set, a new application was developed (42).
This procedure was first tested on model cases and then applied to four different data sets
independently collected from crystals of H50S: two sets of neutron diffraction data, col-
lected from the crystals immersed in 100% and 0% D,0, and two collected with X-rays
from two native crystals. As the DM treated two X-ray diffraction sets led to almost the
same center-of-mass positions, namely with a distance of 6 A between them (43), only one
was chosen for the comparative studies described below.

The first step in the phasing procedure is the location of the positions of the center-of-
mass of the particles. For this step, the observed structure factors were normalized by
spherical averaging (47). The so obtained E-normalized structure factors with an E values
larger than 1 were phased by DM, using the program MITHRIL (48). A large number of
phase sets were generated, of which the “best” was selected by a sorting procedure, based
on specific statistical criteria (42), which score the differences between the E-values
obtained by the E-normalization of the observed structure factors and the E-values calcu-
lated by representing the particle as an ideal point located at the center-of-mass, accord-
ing to their R-factors, correlations, sum of least squares and packing considerations.

The center-of-mass is obtained by peak search in the E-map. For the three data sets, name-
ly those collected by neutrons at 0% and 100% D,0, as well as for those collected by X-
rays from native crystals, the selected centers of mass were computed and refined against
the low-resolution normalized observed structure factors. Table II shows the refined val-
ues of the coordinates of the centers of mass for the three cases. As seen, the x and z coor-
dinates are rather similar in the three maps. The discrepancies between the values (maxi-
mum 32 A) can be justified by the resolution limits of the data (40 A).

Table II
The positions of the centers of mass and ellipsoid parameters for . )
three independent maps constructed with phases determined by phasing procedure consists
direct methods, using neutron diffraction data of crystals immersed of phase refinement and
in 0% and 100% D20, and from *30 A data collected by X-rays modification. First, the
(43). For comparison, **the position determined from the Harker phases of those very low-

The second step in the

peaks in the X-ray E-Patterson map, are also listed. resolution structure fac-
X = tors, which were not deter-
Data set Center-of-mass (A)  Radii (A) mined by MITHRIL since
K, B¥ R the E-values of the reflec-

Neutron 0% D ,0 62.0 18.9 97.1 63.6 82.6 899
Neutron 100% D,0  75.2 15.2 90.1 69.7 98.5 67.0 tions were smaller than 1,
X-ray data* 70.8 47.6 101.8 59.5 89.0 93.5 are calculated by assuming

X-ray E-Patterson** 71 26 89 that the particle is reduced




sity map calculated by Fourier synthesis with the 0% D,O neutron diffraction data. In the center, a feature which was inter-
preted as the ri mal particle with its nearest neighbors. is clearly delineated with respect to the solvent. Two levels of density are shown. The
lower contouring level was chosen to enclose 30% of the volume of the lattice (according to the following assumption: the volume of the entire
particle corresponds to about 45-50% of the unit cell, and 2/3 of the particle is rRNA). This contour level corresponds to 0.5 sigma (i.e. 0.5 rms
of the deviations of map density). As a consequence of the nature of the contrast at 0% D,O. the features seen in this map should reveal the parts
of the particle which are rich in rRNA.b. The superposition of two density maps. In green: resulting from the 0% D,0 neutron diffraction data.
In red. that constructed from very low-resolution (173-27 A) X-ray data, phased by DM. using the same procedure employed for the neutron
sets. Despite the slight translation between the two centers, the gross shape similarities of these two images are evident.

¢. Stereo view of the superposition of the two density maps. In green: the map constructed from the 0% D,O neutron diffraction data. In red: the map constructed
from the 100% D;O neutron diffraction data. As explained above, at 100% D, the contrast between the r-proteins and the solvent is higher than that of the
TRNA, whereas at 0% D,O the contrast of the rRNA is the highest. The contour levels were chosen according to similar considerations taken for (a). However,
as the 100% D,O map is more noisy than that constructed from the 0% D,0, to limit the contribution of noise to the features believed to represent the particle.
the map was contoured at a level comesponding to 1.4 sigma (i.e. 1.4 rms of the deviations of the map density). The volume enclosed within the contoured
regions was found to correspond to 10% of the unit cell, which is somewhat lower than the that expected for the proteins within the unit cell (15-17% ).
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to a point located at the position of the center-of-mass. Then, all phases are modified in
order to take into account the influence of the particle form factor on the structure factors.
At the present state of the development of this method, the form factor is calculated
assuming the particle is an ellipsoid. The initial values of the ellipsoid parameters (mean
radius and anisotropy along the crystallographic axes) were obtained from packing con-
siderations and from the shape of the peak at the origin in the Patterson map (42). These
values were refined using data up to 80 A resolution, and phase modifications were then
applied to phases up to 40 A resolution. In the final stage the phases were refined and
extended using the solvent flattening procedure (42).

Comparisons with other attempts at low-resolution phasing

It is noteworthy that the so obtained positions of the ND determined centers of mass are
almost identical to that found in the 80 A MIR phased data (7), to that derived from Harker
sections of the E-Patterson X-ray map (49) and that obtained by ME combined with LAPS
(34), a procedure which was also applied independently to an X-ray solvent contrast series
(50). Furthermore, the Harker sections of the 0% D20 map overlapped with those found
for the X-ray data, and although the E-Patterson map of the 100% D0 is rather noisy, sig-
nificant peaks could be found in similar locations, with the largest deviation of 25 A
between them.

In addition, the different phase sets were exposed to correlation comparisons, for which a
reciprocal-space correlation function, which monitors the similarities within the phase
sets (34), was used. For the 80 A resolution data, a reasonable correlation was found
between the phases calculated for the two neutron diffraction sets and those obtained for
the X-ray data by maximum entropy (34). Thus, the highest correlations values are 69%
and 44% for the 100% and 0% D,0, respectively.

The preliminary neutron diffraction density maps

It was found that the structure factors extracted from the 0% and 100% D,O 40 A resolu-
tion data sets are not proportional to each other, therefore scaling between them reveals
significant non-linear differences, indicating large density fluctuations inside the particles.
It is conceivable that these fluctuations result from the coexistence of r-proteins and rRNA
within the particle. This situation is somewhat analogous to isomorphous replacement
experiments, as in both cases one deals with two isomorphous lattices containing “non-
isomorphic™ parts, resulting either from the addition of heavy atoms, or from the internal
density fluctuations combined with changes in contrast with respect to the solvent.

The 40 A 0% and 100% D,0 neutron diffraction density maps are shown in Fig. 1. As
seen, both are relatively clean, and several dominant features could be identified in them.
A thorough examination of the 0% D,0O map shows that its main feature is of a size which
accords with that expected for this particle, thus may grossly indicate its envelope. As
seen, this feature and its symmetry related ones are located in general positions, thus rul-
ing out artefacts which may be enhanced by symmetry operations. The map constructed
from the X-ray data with phases derived by the same phasing algorithm used for phasing
the neutron data (43), shows significant similarity to that constructed from the neutron 0%
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D,0 data (Fig. 1). This is not surprising since for both maps the highest contrast between
the particle and the solvent is due to the rRNA, the major constituent of the ribosome.

The 100% D,0 density map which should show predominantly the locations of the ribo-
somal proteins is quite different from the 0% D,0 and the X-ray map, as instead of com-
pact and rather continuous features, it shows a few isolated density regions distributed
around common centers of mass, as expected.

The comparison of 0% and 100% D,0 maps reveals some complementarity between the
density domains. Thus, several contacts between the two envelopes could be identified in
some parts of the maps and density overlap in others (Fig. 1). In this way, locations for
several separate internal domains of rRNA and of r-protein could be suggested, a result
consistent with the fact that the isomorphous difference between the two contrasts was
found to be as high as 72%. Since there is also some overlap between the features
observed in the two maps, it is conceivable that besides the distinct rRNA and r-protein
regions, most of the rRNA and the r-proteins are intricately mixed, so that their borders
cannot be resolved at 40 A resolution.

For further verification of the interpretation of the neutron diffraction maps, the model of
the large ribosomal subunit from B. stearothermophilus, reconstructed from tilt series of
negatively stained monolayers of this particle, viewed by electron microscopy (40) was
successfully superimposed on the main feature of the 0% D,0O neutron map. The usage of
the reconstructed images of ribosomal particles of one bacterial source together with the
data obtained from crystals of ribosomal particles from other sources was based on the
assumption that the gross structures of ribosomes from different sources are rather simi-
lar at low-resolution.

Even in our earlier studies, when only the 0% D,0 map was available, a careful investi-
gation of this map enabled the detection of a tunnel in the halophilic 50S ribosomal sub-
unit (44), similar to that found in the reconstructed model of the same subunit (40) and in
the whole ribosome (51) from Bacillus stearothermophilus. The existence of an internal
tunnel within the large ribosomal subunit was suggested more than two decades ago as a
result of several biochemical experiments which showed that the ribosome masks the
newly synthesized protein chains (52, 53). It was first observed in reconstructed images
of 808 ribosomes packed in two-dimensional arrays, as a narrow elongated region of low
density (54). More recent biochemical and structural experiments confirmed this assign-
ment (reviewed in 2 and 55) and led to the production of improved crystals of complexes
of ribosomes mimicking defined stages in protein biosynthesis (56) as well as the chemi-
cal studies, focused on the progression of nascent chains, the results of which could be
modeled (57, 58).

Conclusions and prospects

In this article we have shown that low-resolution preliminary maps could be constructed
from neutron diffraction data phased by direct methods. These maps may be partially
interpreted by merging results from neutron diffraction contrast variation, X-ray crystal-
lography, electron microscopy and image reconstruction.
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