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Abstract

Crystals, diffracting best to around 3 AÊ , have been
grown from intact large and small ribosomal subunits.
The bright synchrotron radiation necessary for the
collection of the higher-resolution X-ray diffraction data
introduces signi®cant decay even at cryo temperatures.
Nevertheless, owing to the reasonable isomorphism of
the recently improved crystals of the small ribosomal
subunits, reliable phases have been extracted at medium
resolution (5±6 AÊ ) and an interpretable ®ve-derivative
MIR map has been constructed. For the crystals of the
large subunits, however, the situation is more compli-
cated because at higher resolution (2.7±7 AÊ ) they suffer
from substantial radiation sensitivity, a low level of
isomorphism, instability of the longest unit-cell axis and
nonisotropic mosaicity. The 8 AÊ MIR map, constructed
to gain insight into this unusual system, may provide
feasible reasoning for the odd combination of the
properties of these crystals as well as hints for future
improvement. Parallel efforts, in which electron-micros-

copy-reconstructed images are being exploited for
molecular-replacement studies, are also discussed.

1. Introduction

The translation of the genetic code into polypeptide
chains is a fundamental life process. In rapidly growing
bacterial cells, the biosynthetic machinery constitutes
about half of the dry weight of the cell and the biosyn-
thetic process consumes up to 80% of the cell's energy.
This intricate and essential process is performed by
more than a hundred components, among which is the
ribosome, the universal cellular organelle mediating the
translation step of the biosynthetic process by catalyzing
the sequential polymerization of amino acids according
to the blueprint encoded in the mRNA. These giant
nucleoprotein complexes (MW 2.3 MDa in prokaryotes
and 4.5 MDa in mammals) are built of two independent
subunits of unequal size, which associate on the initia-
tion of protein biosynthesis. Each of the two ribosomal
subunits carries different functional tasks and displays
different structural properties. The large subunit cata-
lyzes the formation of the peptide bond and provides the
path along which the nascent protein progresses. The
small subunit contains the site for the initiation of the
translation step, facilitates the decoding of the genetic
information and creates the features required for the in
vivo selection mechanism. In prokaryotes, the molecular
weights of the two ribosomal subunits are 1.45 and
0.85 MDa. About 1=3 of the mass of the prokaryotic
ribosomes comprise 58±73 different proteins (21 in the
small subunit and 37±52 in the large one, depending on
its source). The other 2=3 are three chains of rRNA, of a
total of about 4500 nucleotides (approximately 3000 and
1500 in the large and the small subunits, respectively).

Crystals have been grown from ribosomes, their
complexes mimicking de®ned stages in protein
biosynthesis, their natural, mutated, selectively depleted
and chemically modi®ed subunits (Berkovitch-Yellin et
al., 1992). Far beyond the initial expectations, two of

² The person who has made a signi®cant contribution to these studies.

From its embryonic stages, ribosomal crystallography
can be described as a series of barrier crossings, often
associated with sharp turning points, requiring concep-
tual revisions and leading to unexpected developments.
Nevertheless, Ada Yonath, together with her co-workers
in Rehovot, Hamburg and Berlin, pioneered advanced
procedures (e.g. cryo biocrystallography) and removed
most of the obstacles. Consequently, electron-density
maps at close to molecular resolution are currently
emerging. Also, her starting model, proposed over a
decade ago and creating serious doubts, as it contained
internal features like tunnels and voids not detected
previously, are now commonly accepted together with her
interpretation. It is gratifying to see the increasing number
of worldwide groups who are joining this area and willing
to repeat her experiments.



these crystal forms, of the large subunit from Haloarcula
marismortui (H50S) and of the small subunit from
Thermus thermophilus (T30S), diffract currently to
around 3 AÊ (Figs. 1 and 2, Table 1). Though this reso-
lution range seems to be inferior to what is obtained
from crystals of other large macromolecular complexes,
for ribosomal crystals it should be considered rather

high in view of their enormous size, which does not
contain any internal symmetry and the high level of their
complexity.

It was found that the ribosomes are tough subjects for
crystallographic analysis, primarily because they are
composed of readily degradable RNA along with
proteins which may be loosely held. Table 1 shows that,
in contrast to the common observations, the high reso-
lution obtained from the ribosomal crystals is not
necessarily linked to diffraction of high quality. On the
contrary, the crystal type diffracting to the highest
resolution (H50S) yields the most problematic diffrac-
tion data. The efforts towards the elucidation of the
structure of the ribosome and the problems (solved as
well as unsolved) encountered over the years are the
subjects of this article.

2. Radiation decay at cryo temperatures

The large unit-cell dimensions, the extremely weak
diffraction power and the shape of the crystals (very thin
plates or needles) dictate absolute dependence on
synchrotron radiation. We pioneered crystallographic
measurements at cryo temperatures because of the
extreme radiation sensitivity of these crystals. Using
moderate-intensity SR facilities, ¯ash-frozen ribosomal
crystals can be irradiated at 85±95 K with no observable
damage for periods suf®cient for the collection of an
entire data set at 6±9 AÊ (in exceptional cases even at
5 AÊ ) from individual crystals (Hope et al., 1989).
However, when evaluating these data it was observed

Fig. 1. Diffraction patterns (0.5� rotation) obtained within 20 s at the
microfocus beamline (ID13) at ESRF from a crystal of H50S soaked
in solution with 0.5 mM of W30. (a) The ®rst pattern; (b) after 3.5�

rotation.

Fig. 2. A 1� rotation diffraction pattern obtained from a treated crystal
of the small subunit from Thermus thermophilus (T30S) obtained at
ID2/ESRF.
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that, even in some cases for which the decay was not
manifested in resolution loss, prominent damage was
observed at the outer resolution shells. This `hidden'
decay is detectable in the data quality which becomes

poorer with the progression of the irradiation and is
expressed in lower signal/noise ratios (e.g. from the
original 9±10 to 2±3), higher Rmerge values (e.g. from 0.06
to 0.17), ¯uctuations in the intraframe scaling factors

Table 1. The quality of the ribosomal crystals

T70S, T50S, T30S are the whole ribosome from Thermus thermophilus and its two subunits; H50S is the large subunit from Haloarcula
marismortui

Source Cell parameters (AÊ ) Resolution (AÊ )² Isomorphism³
Beam
sensitivity§ Spot shape} Mosaicity²²

Crystal shape
and rigidity³³

T70S§§ 524 � 524 � 306
P41212

12/15 OK U}} OK High OK

T30S 407 � 407 � 170
P41212

3.5/3.9 OK High OK Rather high Thin, soft

T50S 495 � 495 � 196
P41212

8.7/9.5 OK U}} OK OK OK

H50S 211 � 300 � 567
C2221

2.7/3.2 Hardly any Very high Deformed, elongated,
nonuniform

Very high Problematic

² The highest detectable/useful resolution. `Useful' means 75% completeness (or higher) in the last shell. ³ Isomorphism refers to native
crystals grown from the same preparation. An OK indicates reasonable isomorphism for above 50% of the crystals. Very bad: less than 10% of the
crystals are isomorphous (de®ned by cell dimensions and/or the distribution of the average �F=F values vs resolution). § Beam sensitivity at
cryo temperature, using a bright synchrotron-radiation beam. } An OK spot shape means that the re¯ections have a de®ned shape which
corresponds to the shape of the crystals and to the cross section of the beam. Elongated and unde®ned shape indicates, in addition to these
properties, a high chance for interpenetration. ²² An OK corresponds to 0.2±0.5� mosaic spread. Very high may reach up to 3�. ³³ An OK
means crystals of fairly isotropic dimensions which, when handled carefully, do not develop severe deformations. Problematic means extremely
thin crystals, built from readily sliding layers, which, even upon extremely careful handling, may suffer from resolution loss and
fragmentation. §§ A complex of T70S ribosomes, two phe-tRNAphe molecules and an oligomer of 35 uridines (as mRNA). The crystals of
the pure T70S ribosome pack in the same crystal form but diffract only to 18/14 AÊ }} Unknown or not well determined, since these crystals do
not diffract to the resolution showing fast decay.

Fig. 3. (a) A stack of three sections, 3.3 AÊ apart, of the current 12 AÊ MIR map of H50S (211 � 300 � 567 AÊ , C2221), showing the compact packing
regions (around z � 1=4 and 3=4) as well as the lonely contact area along the z axis [between the green particle and its symmetry-related (by
twofold axis) noncolored one at z � 1=2, around the twofold axis]. For clarity, two unit cells are shown along the Y direction (horizontal) and
the density assigned to the four asymmetric particles (� two close neighbors) were painted red, blue, pink and green. The dense areas at the
interface between the red and the blue particles represent the position of the most occupied heavy-atom sites. (b) The same map contoured at a
higher level, in order to emphasize the solvent areas. (c) A part of the map oriented so that the entrance to the main ribosomal internal tunnel
(Yonath et al., 1987) is seen. (d) The Ta6Br14 difference-Patterson map of H50S, including the data of the 7.5±12.5 AÊ resolution shell. The
corresponding Harker peaks are shown by arrows. Experimental details: over 11 000 re¯ections were measured, and a total of 15 heavy-atom
sites of the three derivatives (Ta6Br14, W12 and W17; Table 2) were included. The positioning of the heavy-atom sites was performed by a
combination of difference-Patterson and Fourier methods, based on the major position of Ta6Br14, found to be stable and consistent in all
resolution ranges up to 6.5 AÊ (right). Each heavy-atom position was cross-veri®ed and re®ned by MLPHARE with maximum likelihood. Since
the contribution of the two W clusters was negligible beyond 10 AÊ , their scattering curve could be approximated by spherical averages of their
corresponding radii (W18 � 10 AÊ and W12 � 8±9 AÊ ). The Ta6Br14, however, was treated as in Knablein et al. (1997) owing to its potential for
the higher-resolution shells. Mean FOM: 0.32 (0.57 for centric); Rcullis: 0.76±0.97; phasing power: 0.98±1.15. The map was solvent ¯attened: one
cycle, assuming 54% solvent.
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between successive frames and frequent changes in the
unit-cell dimensions.

It was ®rmly established that bright synchrotron
radiation is essential for resolving the higher-resolution
terms (above 6 AÊ ). However, this high brightness (e.g.
stations ID2 and ID13 at ESRF, ID19 at APS or F1 at
CHESS) causes substantial radiation damage within a
period suf®cient for the collection of a few frames, hence
dictating the construction of complete sets by merging
data collected from several crystals. Coupled with the
low level of isomorphism of the H50S crystals, this
introduces extreme dif®culties in the construction of
complete data sets and in the interpretation of differ-
ence Patterson maps. Attempts at including the addition
of various free-radical absorbers and/or at further
cooling to He-stream temperatures (15±20 K) during
data collection have so far made no signi®cant
improvement. Therefore, the crystals are irradiated part
by part, using an X-ray beam of a cross section smaller
than the crystal.

Experience showed that to obtain quality data from
the higher-resolution shells extreme care in the pre-
freezing treatment is required. In order to accommodate
the delicate properties of the ribosomal crystals, namely
the anisotropic morphology (at least one very thin
edge), their notable softness and high bendability, pro-
cedures were developed for careful mounting of the
crystals in a protective miniature double-layer thin glass
spatula and for plunging the mounted spatula into liquid
propane at its melting temperature (Hope et al., 1989).
The justi®cation for using these rather complicated
procedures was obtained ®ve years later, when it was
found that loop-mounted ribosomal crystals (Teng et al.,
1994) tend to ¯oat on the surface of the solvent bubble
caught by the loop, bend around its concave shape and
typically display lower resolution and a higher level of
nonisomorphism.

3. Resolution versus diffraction quality

All crystals obtained so far from 70S ribosomes are
characterized by their low resolution, 20±24 AÊ

(Trakhanov et al., 1987; Berkovitch-Yellin et al., 1992),
which probably stems from the inherent conformational
heterogeneity of their preparations as they are extracted
directly from cells during their growth phase. Based on
this assumption, a complex mimicking a functional stage
was designed and crystallized. Although this complex is
rather unspeci®c [containing a short poly(U) chain and
two charged tRNAphe molecules], it led to a marked
increase of the resolution, to 14±17 AÊ (Table 2 and
Hansen et al., 1990). Further improvement is expected
from crystals of ribosomes programmed with mRNA
chains of selected sequences, providing such complexes
can remain stable throughout the crystallization period.

18 crystal forms have been grown from large ribo-
somal subunits, three of which were found to be suitable

for crystallographic analysis at various levels of detail.
Among these, the crystals of the large ribosomal sub-
units from Haloarcula marismortui (H50S) have been
the target of the most extensive crystallographic
analysis, since they diffract to almost atomic resolution,
2.5±2.7 AÊ , and display reasonable mosaic spread (von
BoÈ hlen et al., 1991). However, though data collected
carefully at intermediate resolution led to MIR phasing
(Fig. 3), it was found that the undesired properties of
this crystal form (Table 1) become more problematic
and less tolerable with the increase of resolution. For
instance, at the higher-resolution ranges, the crystal
decay is expressed not only by loss of resolution, which
can be monitored visually, but also in an invisible, albeit
substantial, growth of the longest unit-cell axis (Fig. 4).
It is conceivable that each of the encountered problems
could have been tolerated if they appeared in isolation.
But the combination of severe nonisomorphism, high
radiation sensitivity, nonstable cell constants, nonuni-
form mosaic spread, uneven re¯ection shape and high
fragility, led in many cases to extreme dif®culties even in
the mere production of reliable data sets, let alone the
construction and the interpretation of high-resolution
difference Patterson maps.

It should be mentioned that in each preparation there
are some crystals that lead to diffraction of reasonable
mosaic spread (0.1±0.2�), nondeformed spot shape and
no additional patterns (resulting from layer sliding).
However, the level of isomorphism is very low even
between these crystals and experience showed that the
probability of detecting such crystals decreases with the
increase of resolution (from 3±4% for those diffracting
to 6±7 AÊ to 1±2% yielding high-quality diffraction to
higher limits, 2.7±3.3 AÊ ).

The 10±12 AÊ map presented in Fig. 3 and its extended
8 AÊ version, which shows a higher connectivity and can
be partially interpreted (to be published), are based
primarily on the contribution of a strong derivative,
Ta6Br14. This derivative led to a well de®ned, and thus
readily interpretable, difference Patterson map at 6.5 AÊ

(Fig. 3) and consequently to the positioning of the sites
of two other derivatives, W12 and W17 (Table 2).
Noteworthy is the fact that the Ta6Br14-derivatized
crystals diffract well to resolution much higher than the
limits currently set by us, owing to the above described
obstacles.

Interestingly, as expected, two prominent features of
the large ribosomal subunit, the surface proteins L1 and
L12, are poorly de®ned in the MIR map of H50S (Fig.
3). This is the consequence of an additional complication
in studies of crystalline halophilic materials in ribo-
somes, for which the stabilization solution (3M KCl; von
BoÈ hlen et al., 1991) is of electron density extremely close
to that of `average proteins', namely 0.38 electrons per
AÊ 3 [calculated from the values given by Anderson &
HovmoÈ ller (1998)]. Thus, at the medium-low resolution
limits of current crystallographic studies, the limited
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contrast of the ribosomal proteins causes their outline to
merge with the solvent. The clarity at which the same
features can be seen in the map phased by combined
MR and SIRAS methods (Ban et al., 1998) indicates the
domination of phases, determined directly or according
to the selectivity of molecular-replacement results ob-
tained by using a model of arti®cially uniform density,
although it is composed of over 66% RNA and only
34% proteins. Even at this resolution range, this MIR
map may shed light on the odd combination of the
properties of H50S. Thus, the potential high resolution
obtained from the H50S crystals, 2.7 AÊ , may be
accounted for by the extensive interparticle contacts
which are concentrated in parts of the unit cell. At the
same time, only one relatively small region, surrounded
by a sizable volume of solvent with dimensions which
may reach over 200 AÊ in their longest direction, is
involved in contacts between the two halves of the unit
cell along the very long c-axis (567 AÊ ) direction. This
rather unusual packing arrangement may be the reason
for the low isomorphism of this crystal form, for the
problematic morphology (plates reaching up to
0.5 � 0.5 mm with a typical thickness of a few microm-
etres in the direction of the c axis), for the layer struc-
ture of the crystals, for the high tendency of these layers
to slide relative to each other (causing multilattice
diffraction patterns), for the changes in the c axis which
are introduced by irradiation (Fig. 4), and for the
readiness of the penetration of very large clusters (e.g.
W30, W18 etc., see Table 2) into the crystals. Finally,
although still uncertain, it seems that the lonely contact
network is made by two symmetry-related particles via
their 5S RNA regions (Levin et al., 1998) and that a large
part of the contacts can be interpreted as RNA chains

which form rather loose interparticle contacts, presum-
ably mediated by the solvent. Hence, the in¯uence of
Mg and Cd ions on the rigidity of the crystals and their
thickness may also be understood.

It should be mentioned that a similar packing
arrangement was obtained independently by molecular
replacement, exploiting the image reconstructed from
T50S (Levin et al., 1998). However, although this solu-
tion has reasonable scores (i.e. 93% correlation with R
factor of 27% for the region > 60 AÊ and 48% correlation
with R factor 42% for the region 30±90 AÊ ), it is
comparable to several other solutions. The use of the
envelope of a ribosomal particle from one bacterium for
determining the packing diagram of crystals grown from
the same particle but from a different source is based on
the assumption that at low resolution the gross struc-
tural features of prokaryotic ribosomes are rather
similar. However, at higher resolution, the validity of
such studies is questionable and the loss of scores with
the advance of resolution may be accounted for by the
difference between T50S and H50S (the latter contains
12±14 additional proteins), as well as the quality of the
model.

Three packing arrangements have already been
suggested for H50S crystals. The ®rst was based on MIR
and anomalous phase information, initially determined
at 15 AÊ (SchluÈ nzen et al., 1995). The second (Roth et al.,
1996) and the third (Ban et al., 1998), published during
the reviewing stage of this manuscript, seem to be rather
similar not only in their packing scheme but also in the
way they were obtained. Thus, they originated from
30 AÊ non-MIR information, i.e. direct methods and
molecular replacement, respectively, and so far could be
validated only to low-resolution limits (i.e. 12±15 AÊ ).

Apart from the general concern regarding the domi-
nation of the phases determined by molecular replace-
ment or similar procedures, relying solely on phase

Fig. 4. The `¯uctuating' c axis. Data were collected sequentially from a
crystal of the large ribosomal subunit (H50S) from Haloarcula
marismortui (diffraction patterns shown in Fig. 1). The crystal size
was 400 � 380 � 8 mm and the beam cross section 100 � 100 mm.
The initial resolution was higher than 3.2 AÊ (at the edge of the
MAR detector). The loss of resolution was monitored by eye
inspection and when it reached 6±7 AÊ (points I, II, III) the crystal
was translated to a new position (except for the position marked IV,
at which the resolution limit was 9.5 AÊ ). The region that was
exposed last suffered from the decay of its neighbor even before it
was exposed. As can be seen, the crystal decay was accompanied by
an increase of the c axis, from 564 to 572 AÊ .

Table 2. Metal clusters

R � CH2CH2CONH2; R0 � CH2CH2CONHCH2CH2CONH2;
bu � butyl; ph � phenyl.

PIP � (diethyleneamine)diiododiplatinum(II)
TAMM � tetrakis[(acetoxymercurio)methane]
WAC � W3O2 � 3{(acetate) � 6H2O} �CFSO3

Ta6Cl14

Ta6Br14 � 2H2O
Nb6Cl14

Ir4(CO)8R02R0 0²
C22H280N24O38P7Au11²
W12Rh � CS5HxSiW11O39RhIIICH3COO(H)²

W30 � K14(NaP5W30O110) � 31H2O
W12 � K5H(PW12O40) � nH2O
W18 � (NH4)6(P2W18O62) � 14H2O
W17Co � CoWLi17 � Cs7[P2W17O61Co(NC5H5)] � nH2O
BuSnW17 � K7[(buSn)(P2W17O61)] � nH2O
PhSnW15 � K5H4[(phSn)3(P2W15O59)] � nH2O
BuSnW15 � K5H4[(buSn)3(P2W15O59)] � nH2O
Na16[(O3PCH2PO3)4W12O36] � nH2O

² Can be used for covalent binding.

A. YONATH et al. 949



information originating from very low resolution infor-
mation may be rather misleading. Thus, the use of
procedures developed for systems possessing an exten-
sive level of internal noncrystallographic symmetry
and/or for the use of heavy-atom derivatives showing
(potentially or in reality) phasing power extending near-
molecular resolution (Jack et al., 1975), is not always
justi®ed. This is so especially when the non-MIR infor-
mation leads to the use of heavy-atom sites that were
determined mainly by difference-Fourier methods and
possess phasing power extending only to low resolution
(i.e. 10±14 AÊ ). Thus, at these resolution ranges the
contribution to the structure factors of the noncrystal-
line material (the solvent) may reach the same order of
magnitude as the contribution of the crystalline ma-
terial. Therefore, using low-resolution phases for the
location of heavy-atom sites by difference-Fourier
methods might be strongly in¯uenced by the solvent
contribution, particularly in cases of heavy-atom clusters
which possess phasing power extending only to low
resolution. Consequently, the chances that the so
determined heavy-atom sites may indeed represent
changes in the solvent contribution are nonnegligible,
even when they display acceptable phasing statistics (e.g.
SchluÈ nzen et al., 1995).

This risk is especially high for the combination of
ribosomal crystals with multi-tungsten clusters. In recent
studies, it was found that signi®cant amounts of W
clusters, in quantities much higher than those directly
incorporated in the phasing procedure (i.e. detected in
difference-Patterson or Fourier maps), remain within
the crystal environment even after applying an extensive
washing procedure (12 times during 40±50 h). Thus, the
amount of W atoms found in the washed crystals by
inductively coupled plasma mass spectrometry as well as
by atomic emission spectrometry is equivalent to 18±20
clusters of W30 or to 25±27 clusters of W18 per ribo-
somal particle. Such large amounts of `¯oating' W
clusters are suf®cient to generate measurable anomalous
signals by contributing to the structure factors, as well as
to introduce subtle nonisomorphism, which may not be
detected as such in routinely treated diffraction data. It
therefore remains to be seen whether the bases for these
three structures (SchluÈ nzen et al., 1995; Roth et al., 1996;
Ban et al., 1998), i.e. the signals produced by these
clusters at 12±15 AÊ were a consequence of real deriva-
tization or of inherent or induced nonisomorphism or of
the mere modi®cation of the density of the crystal
solvent.

In contrast to the marked tendency of large ribosomal
subunits to crystallize, only one crystal form has beem
obtained so far from the small ribosomal subunit
(Trakhanov et al., 1987; Yonath et al., 1988). For almost
a decade, this crystal form (T30S) yielded satisfactory
data only to 12±15 AÊ (SchluÈ nzen et al., 1995), although
re¯ections were observed up to 7.3 AÊ . The low internal
order of the crystals of the small ribosomal subunits was

correlated with their marked instability, which reaches a
higher level than that observed for the large subunits.
For example, by exposing 70S ribosomes to a potent
proteolytic mixture, the 50S subunits remained intact,
whereas the 30S subunits were completely digested.
Similarly, large differences in the integrity of the two
subunits were observed while attempting the crystal-
lization of functionally active 70S ribosomes, con-
structed from puri®ed subunits. Thus, the crystals
obtained from these preparations were shown to consist
only of 50S subunits (Berkovitch-Yellin et al., 1992). This
indicates that the self-af®nity of the large subunits
overcame their interactions with the small subunits to
produce 70S particles not engaged in protein biosyn-
thesis. Noteworthy is the fact that, at the end of this one
week experiment, the supernatant of the crystallization
drop did not contain intact small subunits but their
proteins and their fragmented RNA chain. Thus, while
the large subunits crystallized, the small ones deterio-
rated to their individual components.

Subtle modi®cations in the procedures of bacterial
growth and crystal treatment led recently to useful
diffraction to about 3.5 AÊ with reasonable, though far
from perfect, isomorphism and reproducibility (Table 1).
Large, medium-size and smaller metal compounds are
being exploited for MIR and MAD phasing, leading
typically to multisite binding which imposes extensive
cross-veri®cations. This approach led to suf®cient
phasing power up to 6±6.3 AÊ resolution (limits currently
dictated by the derivatized crystals) and allowed the
construction of an interpretable electron-density map
(to be published).

4. Facilitating speci®c derivatization

Single heavy-atom compounds yielded useful high-
resolution phases for several large complexes. Among
these are the viruses (e.g. Jack et al., 1975, Rossmann,
1995), the 371K ATPase (Abrahams et al., 1994) and the
250K tRNAphe synthetase and its complex with its
cognate tRNA (Goldgur et al., 1997). Compounds of
three or four heavy atoms such as TAMM and PIP
(Table 2) were the key for phasing the data of the 260K
nucleosome-core particle (Luger et al., 1997). Owing to
the enormous size of the ribosome and the lack of
internal symmetry, for generating accurately measured
signals at low and medium resolution, advantage may be
taken of compact and dense compounds containing
several metals. In contrast to the availability of nu-
merous single-atom agents, there are only a few stable
water-soluble polymetallic compounds that may be
suitable for derivatization. Examples are hetero-
polyanions or multicoordination compounds for soaking
experiments and monofunctional reagents of dense
metal clusters designed for covalent binding at speci®c
sites [Thygesen et al. (1996) and Table 2].
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With the increase of resolution of the ribosomal
crystals, middle-size compounds were found useful.

Among these is Ta6Cl14, a compound that has recently
become rather popular in macromolecular crystal-
lography as it was shown to phase at different resolution
ranges over a wide pH range (e.g. Schneider & Lind-
quist, 1994; Knablein et al., 1997). In contrast, TAMM,
which proved suitable for phasing data from crystals of
rather large particles, such as the photosynthetic reac-
tion center (Deisenhofer et al., 1984), the nucleosome-
core particle (Luger et al., 1997), an iodotype±anti-
iodotype complex (Bentley et al., 1990) and glutathione
transferase (Reinemer et al., 1991), could not be
exploited in ribosomal crystallography either because of
low solubility (H50S) or because it introduces severe
nonisomorphism (T30S and T50S). The situation with
PIP, which was also used for phasing in some of the
studies mentioned above (e.g. Luger et al., 1997), is
unclear. It obviously did not introduce substantial
nonisomorphism, but at the same time its phasing power
was found to be lower than that obtained from smaller
compounds, showing presumably that it decomposes in
an uncontrolled fashion during the course of the
experiment.

In order to obtain a high occupancy of the heavy
atoms, their quantitative attachment to predetermined
sites prior to crystallization should be advantageous.
The feasibility of phasing by speci®cally bound heavy
atoms prior to the crystallization has been proven for
the nucleosome-core particle at 2.8 AÊ (Luger et al.,
1997) and for B50S at low resolution (Bartels et al.,
1995). This approach requires complicated and time-
consuming procedures but is bound to yield indis-

Fig. 5. The packing diagram of the whole ribosome (T70S), assembled
by positioning the 23 AÊ electron-microscopical model in the
crystallographic unit cell according to the most prominent result
of the molecular-replacement search (crystallographic data were
collected to 10 AÊ resolution).

Fig. 6. The packing diagram of the large ribosomal subunit (T50S) assembled by positioning the 16 AÊ electron microscopical reconstructed image
(Levin et al., 1998) in the crystallographic unit cell according to the most prominent result of the molecular-replacement search. Structure-
factor amplitudes and phases were calculated to 10 AÊ by back transformation. One asymmetric unit, which corresponds to one image, is marked
in pink. (a) The map calculated from the amplitude and the phases of the model up to 10 AÊ resolution. The green patches on top of the model
are parts of the neighboring particles. (b) The same map together with that constructed from the crystallographic amplitudes and the model
phases (in cyan). The cyan patches that coincide with the green are of the neighboring particles. The `only cyan' patches indicate differences in
the structure between the observed and the calculated particles. (c) The 10 AÊ map constructed from Fobs and calculated (model) phases. [Up to
11 000 unique re¯ections (to 9 AÊ resolution) were collected from a native and Ta6Br14 derivatized crystals (measured at BW6/DESY at four
wavelengths). Six heavy-atom sites were extracted from anomalous difference-Patterson maps (highest FOM � 0.7188, Rcullis � 0.75, phasing
power � 1.56)].

A. YONATH et al. 951



pensable information not only for phasing but also at
later stages of map interpretation. Examples of such
materials are the clusters of undecatungsten (Wei et al.,
1998), undecagold and tetrairidium (Jahn, 1989a,b)
(Table 2).

The studies on the structure of the nucleosome-core
particle are illuminating. This particle consists of about
150 base pairs of DNA wrapped around an internal core
composed of an octamer made of two copies of four
histones. Since the ®ne characteristics of the structure of
each individual nucleosome core is dictated by the
sequence of the incorporated DNA (which varies as a
function of its position on the genome), the crystals
obtained from naturally occurring nucleosome-core
particles exhibited structural variability and diffracted
only to 7 AÊ (Richmond et al., 1984). To introduce
uniformity, a semiarti®cial nucleosome-core particle was
designed, consisting of genetically produced histones
together with a fragment of 146 base pairs, synthesized
with a de®ned sequence. In addition to the provision of
a homogenous population, the use of recombinant
nucleosome cores facilitated the insertion of exposed
cysteines at selected sites on the surface of the histone
proteins.

This elegant and logical approach cannot be fully
adopted for the derivatization of the ribosomes, since
so far all the totally reconstructed ribosomal particles
did not yield well diffracting crystals. This was rather
unexpected since it is known that functionally active
ribosomes can be reconstituted in vitro from isolated
ribosomal components. It is conceivable that the in vitro
assembly pathways lead to slight deviations from the
natural conformation, suf®cient to prohibit quality
crystallization, because the conditions under which the
reconstitution is performed in vitro are dramatically
different from the physiological events (e.g. 1.5 h for in
vitro reconstitution versus the in vivo 3 min). Therefore,
binding heavy atoms to the ribosomes prior to their
crystallization is limited either to available sites on the
native particles or to the genetic creation of potential
binding sites on selected ribosomal proteins that can be
quantitatively and reversibly detached from the ribo-
some under mild conditions (Sagi et al., 1995).

Phasing by MAD should eliminate the dependence on
isomorphism, providing all the data can be collected
from a single crystal. Owing to the severe radiation
decay of the ribosomal crystals, this requirement cannot
be ful®lled, but it is anticipated that even partial high-
resolution phase information obtained from individual
crystals should be more useful than that expected to be
obtained from difference maps. The suitability of this
method for ribosomal crystallography is currently being
assessed and a word of caution is due, since the antici-
pated anomalous signals may be of the same order of
magnitude as the changes in structure factors induced by
the crystals' decay. MAD studies exploiting selenium
gained recently a lot of popularity in protein crystal-

lography. For obtaining selenated halophilic ribosomal
particles, a methionine-dependent strain was con-
structed (M. Mevarech, private communication). The
50S subunits of this strain yield crystals that may be of
higher quality than those grown from the problematic
H50S wild-type. The exact numbers of methionines in
T30S and H50S are still to be determined, since only
some of the sequences of the ribosomal proteins from
these sources are known. Their estimated numbers (25
and 55, respectively) may not be suf®cient to provide
measurable signals, therefore efforts are being made
to increase their amounts by genetic techniques
(Franceschi et al., 1993).

5. The interplay between microscopy and
crystallography

In order to elucidate the packing arrangements of the
ribosomal crystal forms that diffract to low resolution
(T70S and T50S, see Table 1), molecular-replacement
searches have been performed. Initially, the models
reconstructed from electron micrographs of tilt series of
negatively stained crystalline arrays (Yonath et al., 1987;
Arad et al., 1987) were exploited. Recently, these studies
were extended to higher resolution, bene®ting from the
impressive quantum jump in single-particle imaging by
cryo electron microscopy (Stark et al., 1995; Frank et al.,
1995), which yielded images resembling the common
views observed by traditional electron microscopy and
contain the features revealed in the lower-resolution
reconstructed images from crystalline arrays.

Particles of the same preparations that yielded the
best T50S and T70S crystals (Table 1) have been
subjected to reconstruction at 16 and 23 AÊ resolution,
respectively (Levin et al., 1998). The molecular-re-
placement package AMoRe (Navaza, 1994) was chosen
since it facilitates low-resolution work as it reads in
models presented as density maps, a convenient feature
when using electron-microscopy-reconstructed images.
In both cases, a unique outstanding solution was
obtained, showing no collisions or short contacts, with
Rmerge (I) of 41 and 45% and correlations of 75 and 72%,
respectively (Figs. 5 and 6). An examination of the
relations between the packing arrangement and the
positions of the two most prominent Ta6Br14 sites
determined by SIRAS from data collected at four
wavelengths showed that one of them is located between
two T50S particles and the second in a small nest within
the T50S particle (Fig. 7). Parallel studies, exploiting a
24 AÊ reconstructed image of T30S (Levin et al., 1998),
led to a reasonable agreement with data collected from
the 10 AÊ diffracting crystals (Levin et al., 1998).

The anticipated (and encountered) immense dif®cul-
ties in the determination of the structure of intact
ribosomal particles led to parallel approaches, per-
formed elsewhere, focusing on isolated ribosomal
components. The substitution of the E. coli ribosome,
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which used to be the favorable research object, by the
more robust thermophilic particles, the employment
of genetic techniques and the introduction of three-
dimensional NMR spectroscopy, resulted in recent
major progress in the determination of the molecular
structures of isolated ribosomal proteins (for reviews,
see Liljas & Al-Karadaghi, 1997; Hosaka et al., 1997;
Wimberly et al., 1997) as well as RNA fragments (Betzel
et al., 1994; Puglisi et al., 1997; Dallas & Moore, 1997;
Correll et al., 1997).

The relatively high level of detail of the reconstructed
images tempted the ®tting of ribosomal components of
which the structures have been determined in isolation
(e.g. Malhotra et al., 1998) or those that can be
approximated to known structures, such as double-
stranded rRNA (Mueller & Brimacombe, 1997). An
exercise to assess the feasibility of this approach, aiming
at the ®tting of the coordinates of a ribosomal protein
TL1 (Nikonov et al., 1996) into the electron-density map
of large ribosomal subunits of the same organism (T50S)
obtained by molecular replacement at 16 AÊ (Levin et al.,
1998), led to two alarming ®ndings. The ®rst is connected
to the fact that a number of reasonable possibilities were
obtained when the coordinates of the protein were
manually placed in several orientations within the
region assigned to be in the proximity of protein L1
by immuno electron microscopy. The second relates
to a rather primitive molecular search, performed
throughout the ribosomal particle, that revealed addi-
tional positions into which the same structure could be
®tted equally well, indicating that currently unambigu-
ous positioning of ribosomal components is still not
possible. These studies also con®rm the observation that
protein L1 contains a popular RNA binding motif,
detected in several ribosomal proteins (Nikonov et al.,
1996; Liljas & Al-Karadaghi, 1997). Additional uncer-
tainties associated with such placements are due to the
open questions concerning the validity of the confor-
mations of ribosomal components determined in isola-
tion to represent the in situ situation, since within the
ribosome the individual components may be highly
in¯uenced by their proximity to other r-proteins or
rRNA. An example is the isolated protein S15, which
shows signi®cant conformational variability between its
structure in solution (determined by NMR) and in the
crystal (Clemons et al., 1998).

6. Some comparisons

A straightforward comparison between ribosomes and
other macromolecular complexes of a size similar to (or
larger than) that of the ribosome indicates that the size
is a poor measure for the level of sophistication needed
for structure determination. Indeed, the studies on
viruses established that the readiness for structure
determination is size independent and that signi®cant
structural irregularities can be overcome by focusing

only on the ordered part of the particle (i.e. neglecting
the internal nucleic acids for the bene®t of accurate
determination of the structure of the coat proteins). In
fact, the globular viruses, despite their enormous size,
provide attractive crystallographic systems primarily
because their surfaces are composed of readily packed
proteins and because they posses extensive internal
symmetry. Interestingly, the majority of the large
macromolecular complexes so far subjected to structural
analysis are composed mainly or solely of proteins (e.g.
Deisenhofer et al., 1984; Abrahams et al., 1994; Knablein
et al., 1997; Xu et al., 1997). Studies on the viruses and on
the nucleosome (Luger et al., 1997) show that a homo-
genous surface with de®ned and stable structural el-
ements is the clue for ef®cient structure determination,
no matter if this surface is composed on proteins or
DNA. Combining these naive, albeit realistic, guidelines
with the enormous size of the ribosomes and the
extensive surface exposure of degradable RNA indi-
cates that the ribosomes belong to a rather problematic
group.

It is conceivable that the natural tendency of the
ribosomes to deteriorate is one of the main sources for
the severe complications in their structure determina-
tion. This is probably connected with the high content of
surface RNA, prone to nucleolytic digestion. Intuitively,
one may assume that the higher the extent of RNA
fragmentation, the lower the quality of the resulting
crystals. However, careful studies showed that although
there may be an upper threshold for the number of
breaks that can be tolerated by the crystallization
process, as long as the crystallized particles are func-
tionally active, a direct correlation between the quality
of the crystals and the number of breaks in the rRNA
could not be established.

7. Conclusions and prospectives

The increasing sophistication in instrumentation and in
computational techniques and the implementation of
powerful genetic techniques should provide the means
to add the ribosomes to the list of complexes for which
the structures have been solved. As shown, despite the
long list of serious problems, the way to structure
determination has been paved for the small subunit and
is progressing for the large one. Thus, the quest for high-
resolution structure under the conditions dictated by
severe nonisomorphism, extreme radiation sensitivity
and no internal symmetry may soon be reached.

8. Abbreviations

70S, 50S, 30S: the whole ribosome and its two subunits
from prokaryotes. A letter as a pre®x to the ribosomal
particles or ribosomal proteins represents the bacterial
source (e.g. E stands for E. coli; T for Thermus ther-
mophilus; H for Haloarcula marismortui). tRNA, rRNA
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and mRNA stand for transfer, ribosomal and messenger
RNA, respectively. r-proteins are ribosomal proteins, of
which the names are composed of L or S (showing that
this protein is of the large or small subunit) and a
running number, according to the position of this
protein on the two-dimensional gels. MIR: multiple
isomorphous replacement. SIRAS: single isomorphous
replacement with anomalous scattering. MAD: multiple
anomalous dispersion. SR: synchrotron radiation. MR:
molecular replacement.
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