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Abstract. Heteropolytungstates play a dual role in ribosomal crystallography. Beside
generating phases, one of them, was found to be extremely
useful in inducing post crystallization rearrangements. These led to a significant
increase in the internal order of crystals of the small ribosomal subunits from Thermus
thermophilus, manifested in a dramatic extension of the resolution of their diffraction
patterns, from the initial 7-9 A to 3 A. The current 3.3 A electron density map of this
particle, constructed using phases obtained from this W cluster together with other metal
compounds, shows the recognizable overall morphology of the small ribosomal subunit.
Over 96% of the nucleotides were traced and the fold of all proteins was determined
fully or partially. Specific sites were determined independently by covalently bound
heavy atom clusters, among them the surface of two proteins and a functional center, the
gate for mRNA binding. All tungsten-cluster sites detected in this map are located in
close proximity to the proteins of the particle, in positions that may have an influence on
the stability and the rigidity of this rather flexible ribosomal subunit.
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1. Introduction

Ribosomes are the universal intracellular molecular machines that are responsible for
one of the most fundamental life processes, the translation of the genetic code into
proteins. They are giant nucleoprotein organelles built of two independent subunits of
unequal size which associate upon the initiation of protein biosynthesis. In bacteria their
molecular weight is about 2.3 mega dalton and they are comprised of RNA and proteins
at a 2:1 ratio. The small subunit (called 30S for eukaryotic ribosomes, according to its
sedimentation coefficient), is of molecular weight of 0.85 mega dalton and consists of
20-21 proteins and one RNA chain of about 1500 nucleotides (called 16S RNA). It
offers the site for the initiation and the progression of the biosynthetic process and
facilitates the decoding of the genetic information. The large subunit (50S) catalyzes the
formation of the peptide bond and provides the path for the progression of the nascent
proteins. It is of molecular weight of about 1.45 mega dalton and contains two RNA
chains (called 23S and 5S RNA) of a total of about 3000 nucleotides and 36-50 different
proteins, depending on the source.

Crystals have been obtained from several ribosomal particles, diffracting best to around
3 A, among them the small and the large ribosomal subunits from 7. thermophilus,
called T30S and T50S (Yonath et al., 1998; Bashan et al., 2000) and of the large
ribosomal subunit from Haloarcula marismortui, H5S0S (von Bohlen et al., 1991).
However, the bright synchrotron radiation that is essential for resolving the higher
resolution terms, namely at the 3-5 A shell, causes rapid radiation damage within a
period sufficient for the collection of only small fractions of the data (about 1-3° of
oscillation). Coupled with low level of isomorphism and/or space group variability
(Makowski et al.,, 1987; Yonath et al., 1998; Ban et al., 1999), this extreme radiation
sensitivity introduces substantial difficulties in the construction of complete data sets,
mainly because the low level of isomorphism of the ribosomal crystals. To minimize the
number of crystals needed for producing complete sets, they are irradiated by a beam
with a cross-section smaller than their size. Once decay is observed, the crystals are
being translated, and a new area is being irradiated. This approach was the key for
crossing the 5 A border in data collection, and for obtaining high quality data sets from

the rod-like crystals of T30S, that may reach the dimensions of 500x60x60 microns.

The assignment of phases to the observed structure factor amplitude is the most crucial,
albeit most complicated step in structure determination. Since the phases cannot be
directly measured, their elucidation remains the least predictable task, even for average-
size proteins. Multiple and single isomorphous replacement (MIR and SIR) and multiple
anomalous dispersion (MAD), are the commonly used methods for phasing diffraction
data from crystals of biological macromolecules. All require the preparation of heavy
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atom derivatives in which electron-dense atoms are inserted into the crystalline lattice at
distinct locations. As the changes in the structure factor amplitudes resulting from the
addition of the heavy atoms are being exploited, the derivatization reagents are chosen
according to their potential ability to induce measurable signals. Whereas single metal
atoms yield signal sufficient to phase data collected from crystals of average size
proteins, owing to the large size of the ribosomal particles, dense heavy atom clusters
seem to be advantageous (Thygesen et al., 1996). Heteropolytungstates were found to be
extremely useful in this respect and a detailed account of these findings is given below.
Additional examples are the smaller compounds, TagBri4, a tetra mercury compound,
TAMM, and a tetra iridium cluster, TIR (Jahn, 1989). Among them, TaeBri4 yielded
phase information for all ribosomal particles currently being studied, namely, T30S,
T50S, T70S and H50S (Thygesen et al., 1996; Yonath et al., 1998; Clemons et al., 1999;
Ban et al., 1999; Cate et al., 1999; Tocilj et al., 1999; Schliinzen et al, 2000).

The other two compounds, TIR and TAMM were designed to bind covalently to
exposed sulthydryls and led to the localization of two ribosomal proteins of the small
subunit, S11 and S13 (Weinstein et al., 1999). In the studies of T30S, they also provided
tools for targeting functional sites in which ribosomal RNA is involved (Weinstein et
al., 1999; Auerbach et al., 2000; Bartels et al., 2000). Thus, they were bound to tailor
made ligands, such as antibiotics or DNA oligomers complementary (cDNA) to exposed
single strand rRNA regions, that were either co-crystallized with the T30S subunit or
diffused into the already formed crystals. One of these is a 22-base DNA oligomer,
complementary to the 3' end of the 16S RNA. This region, which is known to be rather
flexible (Miiller and Brimacombe, 1997), contains the anti Shine-Dalgarno sequence.
Therefore the DNA oligomer complimentary to it was considered as the mRNA analog
that participates in the formation of the initiation complex. The diffusion and
hybridization of a heavily mercurated form of this oligomer into T30S led to a
derivative diffracting very well to a high resolution. Therefore it is suggested that the
hybridization of the 16S RNA with this oligomer limits the mobility of the flexible 3'
arm of the 16S RNA, in a fashion that mimics the binding of mRNA.
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2. Heteropolytungstates in Ribosomal Crystallography

The strategy proved, so far, most suitable for phasing ribosomal data is based on the
determination of an initial phase set at low resolution. This may be extended later, by
experimental or computational methods. Molecular replacement exploiting cryo EM
reconstructions proved useful for H50S (Ban et al, 1999), T50S (Yonath and
Franceschi, 1988) and for the whole ribosome from 7. thermophilus, T70S (Cate et al.,
1999; Harms et al., 1999). For T30S, however, despite extensive attempts, no solution
was obtained, perhaps because of its multi-conformational nature and inherent
flexibility (Gabashvili et al., 1999; Harms et al., 1999). Therefore phasing was
performed by measuring data from derivatized crystals. Advantage was taken of dense
compounds containing a large number of heavy-atoms, arranged in close proximity
(Thygesen et al., 1996). These were used either for pre-crystallization covalent binding
at preferred locations (Weinstein et al., 1999), or for traditional soaking experiments.
Despite the large size of the clusters that may have hampered their penetration into the
crystals, many of the soaking experiments were successful, presumably because the
ribosomal crystals contain wide internal solvent channels. Furthermore, it seems that for
crystals with wide solvent regions, the large size of these compounds is advantageous,
as it limits their free movement and minimize multiple site binding.

Heteropolytungstates (e.g. Dawson, 1953; Pope and Papaconstantinou, 1967; D'Amour,
H., 1976; Brown et al., 1977; Contant, R., 1990; Xin and Pope, 1994; Wei et al., 1997)
yielded useful derivatives in crystallographic studies of several biological
macromolecules, all by soaking experiments. These large anions are of exceptional
stability over a wide range of pH and redox states. They posses a high degree of internal
symmetry, and a correlation between it and their binding sites has been detected. In such
cases they were found suitable for high resolution phasing. An example is the structure
of riboflavin synthase (Ladenstein, et al., 1987) that possess an internal five fold
symmetry, which coincided with that of (Alizadeh et al., 1985).
However, in the absence of preferred orientation, the effective phasing resolution is
limited to 4-5 A, even when sophisticated spherical averaging techniques are being used
(Fu et al., 1999). Nevertheless under favorable conditions, the W18 clusters did bind in
a specific way, so that its individual W atoms could be resolved at resolution higher than
4.5 A, and used for phasing.

In ribosomal crystallography the heteropolytungstates were found to be very suitable for
phasing at low resolution, as well as for the validation of the results obtained by
molecular replacement searches (Ban et al., 1999). So far, reports of materials that
generated phases include: W12 and W17
(Yonath et al, 1998), as well as W9

and (Ban et al, 1999) were
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used in phasing the data of the halophilic large subunit. and
(Clemons et al., 1999) as well asW18 and
W4 (Tocilj et al, 1999) were used for the

determination of the medium resolution structure of the thermophilic small ribosomal
subunit.

2.1 THE WONDERS OF W18

Neither of the ribosomal crystal types that diffract to molecular resolution was obtained
solely from purified ribosomal particles. In all cases additives had to be used, each in a
different fashion. Initially, small metal compounds were screened for their influence on
the crystal's properties. Among them, minute amounts of Cd" in the crystallizing
droplet led to significant gain in the internal order of the H50S crystals, as expressed in
resolution increase from 6-7 to 2.7-3 A. A systematic search included larger and more
complex materials, as well as various modes of their addition, led to the improvement of
the crystals of T30S by post crystallization treatments by minute amounts of a
heteropolytungstate cluster, W18.

As subjects for crystallization, the small ribosomal subunit is less suitable than the
entire ribosome or its large subunits. Cryo electron microscopy (Stark et al., 1995; Frank
et al, 1995), surface RNA probing (Alexander et al., 1994) and monitoring the
ribosomal activity (Weller and Hill, 1992) showed that among the ribosomal particles,
the small ribosomal subunit displays the highest conformational variability. This
inherent flexibility may be the reason for the low resolution (about 10 A) of the early
crystals of T30S (Yonath et al.,, 1988; Trakhanov, et al., 1989). It also may account for
the unsuitability of all the available cryo-EM reconstructions of the small ribosomal
subunit for extracting initial phase sets, studies that, as mentioned above, were
performed successfully for the large ribosomal subunit, H50S and T50S (Ban et al.,
1999; Harms et al., 1999).

The dramatic improvement in crystal quality was not accompanied by changes in the
unit cell dimensions or in the crystal symmetry

However, data collected from the W18 treated crystals (called here Wative) could not be
scaled to the data obtained from the original native crystals, indicating significant non-
isomorphism and suggesting that a major conformational rearrangement occurred upon
the W18 treatment. Among the many tungsten compounds tested by us (most of the
material listed in TABLE I), so far only W18 was found suitable for the increase in
resolution. Furthermore, soaking washed Wative crystals (called here back-soaked or BS
crystals) in solutions containing W92, a compound closely related to W18, led to
diffraction that could not be scaled with that obtained from Wative or BS crystals, most
likely due to additional post-crystallization conformational rearrangements.
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Interestingly, in studies performed independently on T30S crystals that were grown
under the same conditions (Yonath et al., 1988), a related compound,

was used for phasing. This compound, however, was found to reduce, rather than to
increase, the resolution (Clemons et al., 1999).

Conformational changes are not routinely induced within crystals due to the limitation
of the motion imposed by the crystal network. However, realizing that the T30S crystals
tolerate and even benefit from internal rearrangements, prompted us to induce
reactivation of the T30S particles within the crystals. Controlled heating, the common
procedure for functional activation of ribosomal particles (Zamir et al., 1971), was
employed on entire crystals, enabling quantitative binding of compounds participating in
protein biosynthesis or their analogs (Auerbach et al., 2000; Bashan et al., 2000).

It is conceivable that other metals could have led to a similar effect on ribosomal
crystals. Thus, hints for the improvement of crystal order by Os hexamine chloride may
be extracted from the facts that derivatization with this compound leads to non-
isomorphous crystals that diffract to higher resolution (Clemons et al., 1999). This
compound has already been used for improving RNA crystals (Cate and Doubna, 1996;
Golden et al., 1998). It is known to interact with RNA chains in a specific fashion that
may increase their rigidity. Hence, it is conceivable that the improvement of the internal
order ofthe T30S subunits by this compound is linked to its binding property.
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2.2. DOUBLE-DERIVATIVE PHASING

2.2.1. Strategies in derivatization: A Flexible Definition of Native Crystals

The chemical basis for the increase in the order of the T30S crystals by W18 is still far
from being fully understood. Nevertheless, careful studies led to several interesting
observations. It was shown by inductively coupled plasma mass-spectrometry and
atomic emission spectrometry, that although minute quantities of W18 are needed for
successful treatment, relatively large amount of this cluster penetrate into the crystals
and resides within them. These quantities are much higher than those detected by
crystallographic methods, meaning that some W18 clusters are flowing in the solvent
regions.

As the original T30S native crystals became obsolete by the W18 treatment, a new
definition for native crystals had to be made. Initially, the Wative crystals were
considered as native. These were further derivatized by soaking in solutions containing
additional heavy atom derivatives (TABLE II). However, it was found that the flouting
W18 clusters complicated the phasing process, since the non-bound W18 clusters led to
high background, which, in turn, "masked" the contribution of the additional heavy
atoms. Furthermore, these solubilized clusters generated measurable anomalous signals
at low resolution which could not be separated from those originating from the
specifically bound ones. Since the major phasing contribution of W18 is in the medium
and the low resolution shells, a large fraction of the phasing information was lost, or led
to confusion.

A more defined crystal-system was obtained by washing the Wative crystals. As the
washed crystals diffract to resolution comparable to that obtained from the Watives, it
was assumed that the main W18 sites that are contributing to the improvement of the
crystal order are occupied even after the wash. This assumption was later verified by
crystallographic anomalous measurements of the back-soaked crystals, as well as by the
examination of the content of dissolved washed crystals (see below, in chapter 3.2).
Indeed, it was found by the methods described above, that a large amount of W18
remains within the crystals even after applying an extensive washing procedure (twelve
times during 40-50 hours).

Knowing that the Wative as well as the BS crystals contain significant amounts of W18,
the choice, the combination and the design of the heavy atom derivatization was dictated
not only by their potential ability to produce phases, but also according to the chemical
properties of the combined systems. Consequently, the further derivatization steps were
performed by soaking the Wative crystals in heavy atom solutions, in the presence or in
the absence of W18, as dictated by the stability of the crystals.
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Table 11: Double Derivative Phasing Statistics.

Derivative Unique  Resol. Complete- Rym Rmerge  Phasing Reunis  Sites

Refl. (A) ness (%) (%) (o) power

a) ,Natives™
BS (Native) 122788 38" 86.4 12.7 . - " ’
Wative 1 206724 33 94.7 136 179 12 0.74 4
Wative 2 133199 3.5 80.5 10.6 16.6 1.5 0.77 3
Wative (ano) 42995 7.0 99.1 76 172 1.6/1.17 0.4/08" 3

b) Double soaks
TagBr4 48132 50 56.1 143 266 1.4 0.84 3
HgiCeOqHs ™ 17092 6.5 60.1 144 229 1.3 0.73 7
CoHggN,Og 55800 59 79.6 6.9 21.7 1.7 0.50 4
pip® 62015 45 80.9 14.1 17.5 0.5 0.91 6
K»040s 49751 50 77.9 147 229 1.0 0.68 7
Pbs-citrate @™ 26982 6.4 92.4 11.1 14.6 1.1 0.79 8
NaAuCly 30078 55 81.0 136 155 1.0 0.78 1
w,® 26748 6.4 91.8 11.8 150 0.9 0.72 4
K,PtClLy® 23551 6.5 81.5) 11.1 20.9 0.8 0.90 7
AquaPt'® 28439 50 493 159 261 0.6 0.85 5
Cispt® 19366 6.9 80.7 9.9 18.1 0.6 0.84 3

¢) Covalent bindin
oLTHa® 36083 480 58.1 142 149 3.1 0.71 1
TAMM ¥ 25797 7.0 60.3 10.7 16.4 0.6 0.94 2
TIRP®O® 43424 45 573 8.5 21.4 0.6 0.88 2
M-HgAcP® 29719 6.0 80.6 137 162 12 0.66 6
U-AcP@ 30911 6.0 84.4 12.3 15.3 0.5 0.85 5

Rym=Z|1-<I>|/ £ <I>, Rinerge= £ | Fou— Fp |/ £ Fp , Reunis= <phase-integrated lack of closure>/
<|Fpy—Fp|>, Phasing power = < [ | Fy (calc) | / phase-integrated lack of closure] >.

©) Data were collected to 3A, but not used in this study, 0 lsofano @SR, not incorporated yet,
® gee abbreviation, @ Wative was considered as natlve, ) Data were collected to 3.5A, but not
used in this study.
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In a few cases the addition of the heavy atom cause crystal deterioration unless some of
the internal W18 was removed before further soaking. The treatment was also applied to
crystals containing analogs of compounds participating in protein biosynthesis as well as
to those that were specifically modified by covalent binding.

2.2.2. Phasing at Narrow and Wide Resolution Ranges

Two approaches were taken for phasing the data obtained from the W18 treated
derivatives T30S crystals. The "narrow range" strategy, employed only at the initial
stages of these studies, was based on minimizing the contribution of the W18 to the
diffraction patterns, regarding it as part of the crystal solvent. The borders of this range
were determined according to two factors: the highest resolution of the derivatives and
the range that was supposed to be effected by the presence of the W18, namely lower
than 10-12 A. Since at the initial stages of this study the heavy atom derivatized crystals

diffracted to around 7 A, the useable resolution shell for the narrow range phasing was
between 7 to 12 A.

The narrow range phasing procedure was found to be lengthy and demanding since in
order to produce measurable signals from crystals of very large macromolecules which
cannot be subdivided by non-crystallographic symmetry, multiple site derivatization is
required. The identification and the refinement of these sites was found to be rather
demanding, especially due to the requirement for careful cross-verifications (Schliinzen
et al., 1999; Weinstein et al., 1999). Over fifty sites originating from four heavy atom
derivatives were extracted from overcrowded and rather flat difference Patterson maps.
These studies led to a 7.2 A MIR map that could be partially interpreted, but suffered
from considerable fragmentation (Schliinzen et al., 1999; Weinstein et al., 1999; Bashan
et al., 2000).

The parallel approach, based on the incorporation of all available phase information was
proved to be more suitable, despite the experimental and conceptual complications
originating from the presence of unknown amount of W18 in the crystals. Owing to the
non-isomorphism between the native and the Wative data, the sites of W18 in the
Wative crystals could not be revealed by difference Patterson techniques. However, four
sites with exceptionally high signals were identified in difference Patterson combined
with cross Fourier maps, constructed from Wative and BS diffraction data (Figure 1).

W18, by itself, contributed significantly to the progress of the phasing process. As
mentioned above, the resolution of the back-soaked crystals is as high as that of the
Watives. Therefore it was assumed that the sites of W18 that cause the increase in
resolution are occupied in the BS crystals despite the extensive washing steps.
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FIGURE 1: Three Harker sections of the difference Patterson map, using data collected
from Wative and back soaked (BS) crystals, constructed at 9 A resolution and showing
the main W18 site.

Fluorescence spectra measured from the BS crystals indicated the presence of W18
in these crystals (Figure 2). Anomalous signals, originating from W18, were readily
resolved by collecting data at two wavelengths, reconfirmed the above assumption.
These data also cleared the space group ambiguities between the two enantiomers,
P4,242 and P452,2 and their incorporation in a previous 7 A map led to an increased
level of detail (Figure 3).

The sites of the additional heavy atoms (TABLE II) were determined and verified by
difference Patterson and cross Fourier procedures. The initial wide-range map was
calculated at the 7-30 A resolution shell, using phase information from W18 and
TagBris. The latter was instrumental in bridging between the lower resolution
information, obtained from W18, and the higher resolution phases that were extracted
from the data obtained from smaller heavy atom derivatives.
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The exceptionally strong phasing power of the WI8 cluster biased frequently the
difference Patterson maps of the additional derivatives. Nevertheless, by careful
interplay, most of the sites of the additional derivatives were revealed and reconfirmed.
These enabled the computation of a 3.3 A MIRAS map, phased exclusively by
crystallographic methods, with no need for the incorporation of electron microscopy or
otherwise constructed models. In these studies the clusters were first treated as group
scatterers or a spherical averaged compounds. As such, they yielded phase information
to about 7 A. Later on we took advantage of those W18 clusters that were specifically
bound and used them at close to atomic resolution.

FIGURE 2: f' as a function of wavelength, as derived from fluorescence spectra
measured from a W foil, W powder and a crystal soaked in a W18 solution, all
measured around the W Ly edge.
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FIGURE 3: Part of the RNA chain together with one of the regions that became
interpretable by the incorporation of the BS anomalous data at 7 A (shown as rendered
map in white). The circled insert focuses on a detail taken from a similar area (not
shown here), exhibiting the typical features of helix-bulge-helix motif. Anomalous data
were collected at the Lm edge of W (1.218 and 1.2734 A). Experimental procedures are
described in (Tocilj et al., 1999). All fitted models shown in this manuscript, were
obtained interactively, with the program O (JONES et al., 1991).
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3. The 3.3 A electron density map

3.1. FEATURES SEEN IN THE SMALL RIBOSOMAL SUBUNITAT 3.3 A

The overall structure of the small ribosomal subunit, as seen in the 3.3 A MIRAS map
calculated with the wide-range phases (Schliinzen et al., 2000), is remarkably similar to
most of the electron microscopical reconstructions of this particle at its functionally
active conformation. It contains many of the recognizable features, including the
traditional division into three main parts: a rather large head, a short neck and a bulky

lower body (Stark et al., 1995; Frank et al., 1995; Gabashvili et al., 1999) (Figure 4
LEFT).

This map showed clearly the backbone ofthe RNA and in many regions bases were well
separated and purines and pyrimidines could be assigned. Likewise, many of the
proteins loop and side chains could be identified (Figure 4 RIGHT). The RNA chain
was traced directly from the map and later compared with the available diagrams of the
RNA secondary structure. Localization of the proteins was based on the large body of
non-crystallographic information, as described in (Tocilj et al., 1999). Consequently this
33 A map contains over 1450 (96%) of the nucleotides and the main fold of all 19
ribosomal proteins belonging to this subunit. It shows known as well as newly detected
folding and packing motifs. It provides insight into the decoding mechanism and its
universality, and highlights the role of selected components in maintaining the
sophisticated architecture of the ribosome (Schliinzen et al., 2000).

Three long helices run parallel to the long axis of the subunit. Among them, two are
located on the rather flat surface that faces the 50S subunit. These extended RNA helical
elements transmit structural changes, correlating events at the particle’s far end with the
cycle of mRNA translocation at the decoding region, which is located about 150 A
away, at the connection between the body and the head. The three longitudinal helices
are linked by transverse features, placed like ladder rungs between them. The head
contains mainly short helices, in marked contrast to the long duplexes of the body. It has
a bi-lobal architecture, with one helix serving as the bridge between the two

hemispheres. The head joins the body through a single RNA helix which appears to act
as a hinge.

The decoding center, which organizes mRNA and tRNA translocation and controls the
fidelity in codon-anticodon interactions, is located at the upper part of the body and the
lower part of the head. Its most prominent feature is the portion of the helix that forms
most of the intersubunit contacts in the assembled ribosome H44 (also called the
"penultimate stem"), which bends towards the neck. The channel through which the
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messenger RNA (mRNA) progresses is located between the upper part of the body and
the lower part of the head. The entrance to it can encircle the message when a latch-like
contact, formed by the upper part of the body's shoulder and the lower part of the nose,
closes.

All the major functional features of the subunit consist of RNA elements; the proteins
appear to serve largely as struts, linkers and supports. Of interest are long extensions of
proteins which penetrate into rRNA regions. Some of them reach distal proteins. Only
one protein is located at the RNA-rich surface that interacts with the large subunit. Two
additional proteins are located at the rims of the subunit interface region, and may be
partially involved in tRNA binding or in inter subunit contacts, respectively. A few
proteins may contribute to the fidelity and the directionality of the translocation. About
half a dozen are peripheral, located on the particle’s surface, at its solvent side. These
were the hooks for W18 binding.

The smaller heavy atom markers led to independent positioning of two ribosomal
proteins that possess exposed sulfhydryls, namely S11 and S13. It also revealed the
location of the 3' end of the 16S RNA, highlighting the environment of the gate for
mRNA binding, namely the Shine-Dalgarno sequence (Weinstein et al., 1999; Auerbach
et al., 2000; Tocilj et al., 1999). The location of one of the two proteins, S13, found this
way is in agreement with those suggested by neutron scattering (Moore et al., 1985),
immunoelectron microscopy (Stofflerand Stoffler-Meilicke, 1986) and modelling based
on crosslinking and enzymatic data (Miiller and Brimacombe, 1997). For protein S11
the situation is somewhat different. Its position in the electron density map is in accord
with those proposed by electron microscopy and by modeling, but differs from that

obtained by neutron scattering, by a distance larger than the expected diameter of this
protein.

3.2 DOES W18 STABILIZE FLEXIBLE REGIONS WITHIN THE SMALL
RIBOSOMAL SUBUNIT?

The ability of W18 to induce controlled conformational rearrangements, in a fashion
that increases dramatically the internal order within crystals of a cellular organelle as
large as the small ribosomal subunit, is a remarkable property. Although still far from
being fully understood, as shown in this study, the advantage gained by the exploitation
of this property for the crystallographic studies of T30S is evident.

The strongest bound W18 molecules are those revealed in the BS crystals. It is
conceivable that these are the sites that trigger the conformational changes that lead to
the dramatic increase in resolution. All seven W18 sites that were detected, even after
intensive back-soak, are located in close proximity to proteins, in positions which may
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significantly reduce the mobility of the entire T30S particles within the crystal network.
Pairing of T30S particles around the crystallographic two fold axis is one of the main
features of the map of T30S (Harms et al,, 1999; Tocilj et al., 1999). The contacts
holding the pairs together are extremely stable, so that they are maintained even after the
rest of the crystal network is destroyed. Large proportions of butterfly-shaped pairs have
been observed by electron microscopy in samples of thoroughly washed and dissolved
T30S crystals (Figure 5). It was found that these pairing contacts are formed by the W18
clusters that are clearly observed at the interface between the particles in the electron
density map (Figures 6 and 7).

FIGURE 5: A negatively stained preparation of carefully dissolved Wative crystals as
observed by transition electron microscopy, showing the butterfly-like T30S pairs (in
blue circles) together with isolated particles (in cyan).

It should be noted that in the medium resolution (4.5 A) and in the higher resolution (3.3
A) map, all parts of the electron density of T30S seems to be equally resolved (Tocilj et

al., 1999; Schliinzen et al., 2000). However, in the independently determined structure
of T30S (Clemons et al., 1999) at 5.5 A, a fair part of the "head" appears to be less well
resolved. The higher clarity of our maps can not be simply connected to the higher
resolution of our studies, since apart from the head, the overall shapes of our 4.5 A and
their 5.5 A maps are in fairly good agreement. It is likely, however, that the gain in the
internal order in this flexible feature is due to the W18 stabilization of the post-
crystallization functionally activated particles.



407

FIGURE 6: TOP: The complete model of T30S with the 16S RNA in orange and all
fully or partially determined proteins in different colors. The positions of the W18
clusters are shown as green balls. BOTTOM: Two small ribosomal subunits placed in

butterfly-like pairs. It is clearly seen that most of the positions of W18 clusters are on
the contact side.
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FIGURE 7: The position of two W18 clusters in close proximity to protein S7 (shown
without residues 1-13).

The tendency of the heteropolytungstates to bind to relatively narrow solvent paths was
detected not only at the tight interface area between the two particles consisting the
T30S pairs, but also in internal cavities of other ribosomal crystals. One of these is the
main tunnel of the large ribosomal subunit (Yonath et al., 1987). This tunnel is believed
to provide the path used by nascent protein chains, once they are synthesized. Its
approximate length, about 100 A, and its diameter, up to 25 A, were determined by
three dimensional image reconstruction using diffraction data obtained from two
dimensional sheets (Yonath et al., 1987). It took almost a decade until the existence of
the this tunnel was reconfirmed by cryo electron microscopy (Stark et al., 1995; Frank et
al., 1995) as well as by X-ray crystallographic studies (Yonath and Franceschi, 1998).
However, the chemical nature of the walls of this tunnel and the mechanism that allows
the movement of nascent proteins are still not known, although results of preliminary
experiments suggested that part of these walls are built of RNA (Gewitz et al., 1988).
Indications for the attachment of heteropolytungsten clusters (W30, W18 and W12) to
the inner walls of this tunnel in H50S ribosomal subunits have been obtained at 7-8 A
resolution in our laboratory (data not shown), as well as at higher resolution. Thus, at 5
A, four W11Rh molecules were detected within this tunnel (Ban et al., 1999).
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4. Conclusions

We have shown that treatment of ribosomal crystals with a heteropolytungstate
introduces significant internal order that lead to a striking increase in their resolution.
Although the mechanism of this process has not been revealed yet, there are indications
that the W18 cluster interacts with the ribosomal particle in a fashion that may reduces
its internal mobility. Most of the interactions of W18 identified so far are made with
ribosomal proteins. Despite the experimental complications generated by the W18
treatment, these heteropolytungstates were found to be suitable for crystallographic
studies of very complex and sensitive biological macromolecules at high resolution.

Abbreviations: 70S, 50S, 30S: the whole ribosome and its two subunits from
prokaryotes. A letter as a prefix to the ribosomal particles or ribosomal proteins
represent the bacterial source (T=Thermus thermophilus; H=Haloarcula marismortui).
tRNA and rRNA: transfer and ribosomal RNA. Small subunit proteins are named S and
a running number, according to their sequence homology to E. coli; BS: back-soaked
crystals; Wative: W18 treated crystals; SIR & MIR: single and multiple isomorphous
replacement; SR: synchrotron radiation; TAMM: tetrakis(acetoxymercuri)-methane;
TIR: a tetrairidium cluster; aquaPt: cis-di-aquacisplatin; cisPt: PIP: di-
iododiplatinum (II) diethyleneamine; OIT: the
TAMM modified DNA oligomer that compliments the 3'end of the 16S RNA
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