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Chapter 3

Identification of Selected Ribosomal Components in
Crystallographic Maps of Prokaryotic Ribosomal Subunits at
Medium Resolution
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Several crystal types were obtained from intact or
complexed ribosomal particles by systematic increase
of the homogeneity of the crystalline materials prior
to and after crystallization (Table 1) (Yonath et al.,
1998). The crystals of the large ribosomal subunits
from Haloarcula marismortui, H50S, diffract to the
highest resolution, 2.7 A (von Béhlen et al., 1991),
but display several undesired properties (Yonath et
al., 1998). In contrast, the crystals of the small (T308S)
and large (T50S) subunits from Thermus thermophi-
lus, which currently diffract to around 3 A, yielded
quality data even when their resolution extended
only to low-resolution, 8- to 12-A (Yonath et al.,
1988; Volkmann et al., 1990).

Synchrotron radiation (SR) is required for all
steps of the crystallographic analysis, due to the ex-
tremely weak diffraction power of the ribosomal
crystals. It was found that a moderate SR beam causes
minor crystal damage but yields only medium-
resolution data. For collecting data at the higher-
resolution shells, beyond 5 A, brighter SR is required.
Under these conditions the ribosomal crystals show
severe radiation sensitivity even at helium stream

temperatures, 15 to 25 K (Krumbholz et al., 1998;
Yonath et al., 1998). Nevertheless, procedures over-
coming part of the decay problem have been devel-
oped for the crystals of the thermophilic ribosomes
(Schluenzen et al., 1999). For H50S, however, the
situation is more complicated due to the inherent low
level of isomorphism and the high heterogeneity of
their crystals.

The electron density maps obtained for T30S
and HS50S reveal recognizable features, resembling
those seen in the electron-microscopic (EM) recon-
structions of the corresponding particles, obtained ei-
ther by using averaging techniques of single particles
or diffraction from ordered arrays. In this chapter
we focus on the electron density map of the small
ribosomal subunit. We show features interpreted
as ribosomal proteins and rRNA and pinpoint -
secondary-structure elements. The use of heavy-atom
markers for unbiased targeting of surface rRNA (e.g.,
the 3’ end of the 16S RNA) and for the localization
of proteins TS11 and TS13 is highlighted. Efforts to
induce controlled conformational changes within the
crystals are also discussed.
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Table 1. Crystals of ribosomal particles suitable for crystallographic studies

Source Grown form?* Cell dimensions (&) Symmetry Resolution (&)
T70S MPD 524 x 524 x 306 P4,2,2 17-22
T70S? MPD 524 X 524 X 306 P4,2,2 10-14
T30S-LR MPD 407 X 407 x 170 P4,2,2 9-12
T30S-HR MPD 407 X 407 X 170 P4,2,2 3.0
TS0S AS 495 X 495 X 196 P4,2,2 34
HS50S PEG 211 X 300 X 567 C222, '2.7

4 Crystals were grown by vapor diffusion in hanging drops from solutions containing methyl-pentane-diol (MPD),

ammonium sulfate (AS), or polyethylene glycol (PEG).

® A complex of T70S, 2 molecules of Phe-tRNA™<, and an oligomer of 35 uridines (as mRNA).

THE CONFORMATION OF THE
CRYSTALLINE 30S SUBUNITS

The small ribosomal subunits exhibit the lowest
level of stability and the highest level of flexibility
among the ribosomal particles (Berkovitch-Yellin et
al., 1992; Lata et al., 1996; Harms et al., 1999; Ga-
bashvili et al., 1999). Multiple conformational states
were suggested to account for the inconsistencies in
locations of selected components revealed by surface
probing (Alexander et al., 1994) or by monitoring the
ribosomal activity (Weller and Hill, 1992). Indeed,
the early T30S crystals (Yonath et al., 1988; Trak-
hanov et al., 1989) yielded satisfactory data only to
10- to 12-A resolution (Schluenzen et al., 1995).

Marked improvement was obtained by employ-
ing milder conditions for ribosome purification and
by inducing conformational adaptations prior to the
crystallization or within the crystals, exploiting se-
lected additives or controlled heating. Careful inter-
play between multimetal clusters, organometallic
compounds, and heavy-atom salts yielded four deriv-
atives located in over 50 sites. These, after extensive
cross-verifications, led to a 7.2-A electron density
map (Harms et al., 1999) that was later extended to
5.5-A resolution by the addition of a heavy-atom de-
rivative that diffracts to higher resolution as well as
by stepwise addition of phase improvement obtained
by density modification procedures (Schluenzen et
al., 1999).

Both the 7.2- and 5-A maps contain morphol-
ogies remarkably similar to most of the EM re-
constructions of the small subunits with their recog-
nizable features (Fig. 1), showing the traditional di-
vision of the 30S subunit into three main parts: a
head, a rather narrow neck, and a bulky lower body
(Stark et al., 1995; Frank et al., 1995; Lata et al.,
1996; Gabashvili et al., 1999). Some regions of the
map show tertiary organization resembling the ar-
rangements of RNA duplexes postulated by incor-
porating biochemical, footprinting, and cross-linking
data within envelopes obtained by cryo-EM (Mueller
and Brimacombe, 1997).

At the current resolution the accurate definition
of the borders of the particle is prone to misinterpre-
tation. Therefore, the relationships between the avail-
able EM reconstructions of the different conformers
of the 30S subunit (Stark et al., 1995; Gabashvili et
al.,, 1999; Harms et al., 1999) and the crystallo-
graphic map were examined- This turned out to be a
rather complicated task, since neither of the available
models seemed to fully fit the shape obtained by X-
ray crystallography (Fig. 1). Conformational changes
induced by the crystallization conditions cannot be
excluded. However, since the crystalline particles ex-
hibit functional activity within the crystals, it is rei-
sonable to assume that these conformational changes
are neither extensive nor destructive.

Reasonable agreement of the packing ar-
rangements and moderate scores were obtained in
molecular-replacement searches with cryo-EM recon-
structions of the thermophilic particles, namely, that
obtained from the T30S particles from the same
batch that was used for crystallization and that com-
puted by removing the density assigned to the T50S
subunit within the three-dimensional reconstruction
of the T70S ribosome (Harms et al., 1999). Slightly
higher scores resulted when the reconstruction of E.
coli 30S (E30S) at a conformation close to that as-
signed to the small subunit within the E70S ribo-
somes to which fMet-tRNA was bound (Malhotra et
al., 1998) was used. This solution (correlation coef-
ficients calculated with structure factors, 71%; cor-
relation coefficients calculated with agreement
factors, 39.2%; and ratios between the correlation
coefficient of the best solution and that of the follow-
ing one, 1.04) was treated as a mask for solvent flat-
tening of the multiple isomorphous replacement
(MIR) maps. This synthesis resulted in a map with
higher connectivity and more-distinct features, but
did not remove the discrepancies between the crys-
talline and the EM-reconstructed views.

Despite the discrepancies discussed above, all
molecular-replacement searches gave rise to two
common features: a large internal solvent region and
pairing of the 30S particles around the twofold axis.
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SELECTED COMPONENTS WITHIN
THE 30S SUBUNIT

The 7.2-A map of T30S reveals a wealth of in-
ternal features. These include dense elongated chains
that span the 30S particle in various directions and
show features similar to those detected in nucleosome
core particles at comparable resolution (Richmond et
al., 1984). Some of these are traceable either as RNA
duplexes or as single strands. The globular regions of
lower density could be assigned to folds observed in
isolated ribosomal proteins as determined by nuclear
magnetic resonance (NMR) and crystallography at
atomic resolution.

Uncertainties are associated with the placement
of structures determined for isolated ribosomal
components into medium- or low-resolution maps of
entire ribosomal particles. These stem from the am-
biguities which are likely to accompany the fitting of
frequently occurring structural motifs (Liljas and Al-
Karadaghi, 1997; Ramakrishnan and White, 1998)
into medium-resolution maps. An additional source
of uncertainties is connected to the long-lasting ques-
tion of whether the structures determined for indi-
vidual ribosomal components can represent the
conformation within the ribosome. Certainly the con-
formational variability of the isolated components is
not negligible, and the in situ conformations of the
individual ribosomal components may be influenced
by their proximity to other ribosomal proteins or
rRNA. Nevertheless, structural studies showed in sev-
eral cases that conformation variability is limited to
the flexible part of the molecule (Clemons et al.,
1998; Draper and Reynaldo, 1999). In addition, in
one case the crystal structures of a ribosomal protein
from two different sources are almost identical (Ho-
saka et al., 1997; Wimberly et al., 1997).

The elongated continuous dense regions which
span the particle in various directions were traced as
RNA chains (Fig. 2). The fitting of the RNA was per-
formed mostly manually, using segments of 6 to 12
bases at a time. In several cases, regions of higher
density, interpretable as the backbone phosphates,
were detected within the elongated chains. About a
third of the regions assigned to the 165 RNA were
fitted, with varying levels of confidence. Most of
these regions display the known duplex conforma-
tion, but in several cases we encountered duplexes

with conformations that deviated from that of ca-
nonical double helices. Automated searches with the
program ESSENS (Jones et al., 1991) were also em-
ployed, with UUAGCU as a 6-base template for sin-
gle-stranded RNA of a duplex conformation and the
same segment together with its counterpart,
AAUCGA, to represent the duplexes. The segment
CGCUACAA in the conformation of bases 69 to 76
of Saccharomyces cerevisiae initiator tRNA (Basa-
vappa and Sigler, 1991) was used as a representative
of relatively long stretches, and the anticodon region
from the same molecule was the template for curved
conformations. Although these searches led to some
impressive assignments, the risk involved in their ex-
clusive employment cannot be overlooked. Since the
ribosomes contain repeating motifs of RNA, such
searches are bound to suggest multiple solutions, with
no provision for making the best choice. Therefore,
manual assignment was preferred.

The globular regions seen in the maps, most of
which are of lower average density (e.g., 0.8 o vs. 1.1
o for RNA), were found appropriate to accommo-
date ribosomal proteins. Keeping in mind that such
assignments are only partially justified, the known
structures of the ribosomal proteins were positibned
in the map. This was performed according to the
locations suggested in earlier studies, based on
immuno-EM, neutron scattering, cross-linking, and
modeling (Stdffler and Stoffler-Meilicke, 1986; Capel
et al., 1988; Mueller and Brimacombe, 1997). The
main chain coordinates, as determined by X-ray crys-
tallography or NMR for the isolated proteins at high
resolution, were used as templates.

A large fraction of protein S5 (Ramakrishnan
and White, 1992) is made of beta sheets, features that
are not readily detectable at medium resolution. Nev-
ertheless, it could be fitted in the 7.2-A map (Fig. 3).
Of interest are the contacts that this protein makes
with its neighborhood, which is clearly separated
from its own region. This protein is of special interest
for our studies, as it is being used as a vehicle for the
introduction of a relatively large number of selenium
atoms into the small subunit for multiwavelength
anomalous dispersion phasing at high resolution
(Auerbach et al., in press). Proteins S6 (Lindhal,
1994), S8 (Davies et al., 1996; Nevskaya et al.,
1998), and 517 (Golden et al., 1993) were also fitted
manually. However, the searches for locations suita-

Figure 2. RNA chains fitted into the 7.2-A map of T30S (contour levels, 1.25 o). Except for those shown in the lower right
two panels, all of the chains were fitted manually, using building blocks of the canonical A-form RNA duplex (mainly § by
2 bases). The two views shown at the lower right were located semi-automatically, using as building blocks the CCA end of
the tRNA molecule (Basavappa and Sigler, 1991). The large sphere shown in the center right panel between two helical

regions represents a heavy-atom cluster.
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chain and contains an amide bond. Hence, the ex-
pectations for local, rather rigid conformations are
legitimate.

Surface Ribosomal Proteins

Labeling studies showed one fully and one par-
tially exposed SH group (Sagi et al., 1995) belonging
to proteins TS11 (residue 119) and TS13 (residue 84)
(Wada et al., 1999). These were used for cluster bind-
ing prior to crystallization. The crystals obtained
from the modified T30S particles diffract to 4.5-A
resolution and are isomorphous with the native ones,
indicating that in the crystals the motion of the clus-
ter bridging arm is limited, as frequently happens to
long side chains in proteins. As expected, the attach-
ment of 1 to 2 equivalents of the tetrairidium cluster

yielded a weak derivative, albeit a suitable marker. .-

Thus, two prominent peaks were revealed in differ-
ence Fourier maps, constructed with the MIR phases
of T30S (Weinstein et al., 1999). These were found
to be in accord with the locations suggested by non-
crystallographic studies. The minor site is located on
the particle’s upper part (the head), in a position sim-
ilar to that of protein S13, as revealed by immuno-
EM (Stoffler and St6ffler-Meilicke, 1986), neutron
scattering (Capel et al., 1988), and modeling
(Mueller and Brimacombe, 1997). The major site, as-
signed as the cysteine of TS11, is located at the cen-
tral part of the particle, in a position roughly
compatible with that suggested by immuno-EM for
protein S11 in E30S as well as by modeling the
ribosomal components within cryo-EM reconstruc-
tions. However, it deviates by approximately 35 A
from the position assigned to the center of mass of
this protein according to neutron scattering and con-
trast variation. Since the tetrairidium cluster and
immuno-EM target the surfaces of the ribosomal par-
ticles, whereas the triangulation method approxi-
mates the positions of the centers of mass of the
ribosomal proteins, such deviation is tolerable. In
fact, it is smaller than the inconsisténcies of 65 A
between neutron-scattering triangulation studies and
those exploiting cDNA for the localization of ribo-
somal components (Alexander et al., 1994).

cDNA

cDNA oligomers are being exploited for the de-
rivatization of ribosomal crystals and for flagging the
locations of the rRNA regions targeted by them, ben-
efiting from earlier attempts at mapping the surface
E. coli RNA in solution (Tapprich and Hill, 1986;
Oakes et al., 1986; Camp and Hill, 1987; Ricker and
Kaji, 1991; Hill et al., 1988; Weller and Hill, 1992;

Alexander et al., 1994). In these studies synthetic

oligodeoxynucleotide probes, complementary to spe-

cific rRNA, were hybridized with ribosomal particles,
and alterations in activity, binding, and recognition
were monitored. We chose the sequences according
to their affinities and specificities, based on previous
measurements carried out on T30S particles in solu-
tion. The lengths of the oligomers (10 to 22 nucle-
otides) were designed to increase the stability of the
expected hybrid double helix.

Cocrystallization and soaking were employed,
although such long heavy-atom carriers (they may
reach 70 A) are not commonly used in protein crys-
tallography because of space limitations. In fact, soak-
ing is preferable, since the hybridization, which is an
equilibrium process, can be terminated by the shock
freezing needed for data collection once it is assumed
that all hybrids have been formed. A procedure lead-
ing to efficient binding has been developed. First, un-
modified oligomers are diffused into native T30S
crystals. Their influence on the internal order of the
crystals is used to indicate whether the region with
which they were supposed to interact is involved in
the crystal network or exposed to the solvent. The
oligomers that do not cause a substantial resolution
drop are modified by heavy atoms, either in their cy-
tidines or at their terminal phosphates. Alternatively,
the heavy atoms are attached to thiolated nucleotides.
The degree of hybridization of the heavy-atom-
modified DNA oligomers is tested in solution, and
those that display high affinity are used either for
soaking experiments or for hybridization in solution
and subsequent cocrystallization (Auerbach et al., in
press).

Over a dozen cDNA oligomers were tested, tar-
geting seven regions in the 165 RNA. Among them,
those matching the 3’ end of the 16S RNA, as well
as two regions near helix 41 (nomenclature adopted
from Brimacomb [1995]), did not cause crystal dam-
age, allowing data collection to 3.5 to 3.9 A. Those
directed to the 5’ end and to helix 21 caused a drop
in resolution to 6 to 7 A but yielded data with rea-
sonable quality. The oligomer complementary to the
3" end (AGAAAGGAGGTGATC) was used for deri-
vatization after the addition of three 6-thio-G, form-
ing a probe with three potential heavy-metal binders.
Three TAMM molecules were bound quantitatively
via one of their SH groups to each of the three thiol-
ated guanidines. The unbound Hg atoms of the
TAMM molecules were masked by small compounds,
such as cysteine, prior to binding to the DNA oligo-
mer. Crystallographic analysis led to the location of
the TAMM compound in a difference Fourier map,
using the 7.2-A MIR phases. Thus, the proximity of
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tion are rather slim and depend on the development
of new, innovative methods.

The packing diagram of the MIR with anoma-
lous scattering map of H50S provides possible rea-
sons for the odd combination of the properties of
these crystals: high resolution accompanied by prob-
lematic diffraction. The high resolution may result
from the extensive particle interactions that are con-
centrated in parts of the unit cell. In contrast, there
is only a small interparticle contact area along the ¢
axis (564 A), which is surrounded by an extremely
large solvent region. The small number of particle
interactions may cause the poor isomorphism, the un-
favorable crystal habit (plates, made of sliding layers,
typically reaching up to 0.5 mm? with an average
thickness of a few microns in the direction of the
c-axis), and the variations in the c-axis length
(567 to 570 A) as a function of irradiation (Harms
et al., 1999). It can also explain how very large
clusters, such as those containing 30 tungsten atoms,
110 oxygens atoms, and 5 phosphate atoms
[K,4(NaPsW;,0,,0)31H,0], diffuse readily into the
HS50S crystals and why they may introduce subtle
nonisomorphism and lead to limited and/or less re-
liable phase information. In order to facilitate struc-
ture determination, efforts aimed at increasing the
level of isomorphism of the H50S crystals were made
along the lines that were found suitable for T30S.
These included inducing controlled rearrangements
within the crystals by heat activation and treatment
with selected additives, but neither led to significant
improvement.

Crystals of T50S Diffract to 3.4 A

In contrast to the H50S case, attempts at increas-
ing the homogeneity of the crystallized T50S particle
led most recently to a marked extension in resolu-
tion, from the previous limit of 9 to 10 A to 3.4 A.
It should be mentioned that even when only low-
resolution data could be obtained, the T50S crystals
have been the target for crystallographic studies be-
cause of the high quality of their diffraction. Thus,
TagBr,,-soaked crystals led to two sites, readily ex-
tracted from isomorphous and anomalous-difference
Patterson maps. These were used for initial single iso-
morphous replacement with anomalous phasing with
the following final statistics: R_;, = 0.59 (total) and
0.87 (anomalous) (R is defined as (phase inte-
grated lack of closure)/{|Fpy; — Fpl), where Fpy is the
structure factor of the heavy-atom-derivatized crys-
tals and F; is that of the native protein); phasing
power = 1.95; figure of merit (FOM)=0.58. In par-
allel, molecular replacement studies, performed with
cryo-EM reconstructions of these particles, led to a

unique solution that subsequently confirmed the main
TaBry, sites (Fig. 6) (Harms et al.,, 1999). As these
findings raise expectations for T50S structure deter-
mination, studies aimed at following the path of
the nascent protein chains have been initiated. To
shed light on the dynamic driving forces participat-
ing in the movement of newly born proteins, we co-
crystallized complexes of T50S with short nascent
polypeptides, along the same lines as for H50S
(Berkovitch-Yellin et al., 1992), including the attach-
ment of heavy atoms to the incorporated amino
acids.

FUTURE PROSPECTS

We have shown that medium-resolution maps
can be constructed for ribosomal particles, using ex-
perimental phases. These maps exhibit the external
shapes and the internal features of the corresponding
ribosomal particles, and for significant parts of them
feasible interpretations at a level close to molecular
resolution can be provided. Furthermore, selected lo-
cations on the ribosomal particles were revealed by
covalently bound heavy-atom compounds. Thu3, de-
spite severe crystallographic problems, the way to
structure determination has been paved and electron
density maps at close to molecular resolution are
emerging.

Intriguing questions associated with the func-
tional flexibility of the small ribosomal subunit may
be approached by the crystallization of particles
at various conformational states, using tailor-made
ligands, such as antibiotics or ¢DNA, to exposed
single-stranded rRNA regions, or by letting these ma-
terials diffuse into the already-formed crystals. The
observation that the conformation of the crystallized
T30S particles is close to that of the active state in
T30S has already led to the design of experiments
aimed at obtaining higher-quality diffraction by fur-
ther reactivation of the crystallized particles. Pro-
ceeding along these lines, and the examination of the
changes in crystal behavior upon binding of selected
ligands, should indicate the level of their involvement
in functional recognition. Binding of metal com-
pounds to these ligands should enable their unbiased
positioning and provide indispensable information
for map interpretation. Suitable examples, such as the
freezing of the ribosomal structure by antibiotics,
were mentioned above. Others will be based on the
available biochemical information.

The extension of the resolution of T50S crystals,
interesting and encouraging in their own -rights,
should make a noticeable impact on the future of ri-
bosomal crystallography, since it opens the possibility
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