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The cellular organelles translating the genetic code into proteins,
the ribosomes, are large, asymmetric, flexible, and unstable ribo-
nucleoprotein assemblies, hence they are difficult to crystallize.
Despite two decades of intensive effort and thorough searches
for suitable sources, so far only three crystal types have yielded
high-resolution structures: two large subunits (from an archaean
and from a mesophilic eubacterium) and one thermophilic small
subunit. These structures have added to our understanding of
decoding, have revealed dynamic aspects of the biosynthetic proc-
ess, and have indicated the strategies adopted by ribosomes for
interacting between themselves as well as with inhibitors, factors

and substrates. © 2001 Elsevier Science

Ribosomes are the universal cellular organelles cata-
lyzing the sequential polymerization of amino acids ac-
cording to the genetic blueprint encoded in the mRNA.
They are composed of two subunits that associate for
accomplishing the synthesis of proteins. The larger sub-
unit creates the peptide bonds, provides the path along
which the nascent protein chains emerge from the ribo-
some, and participates in mMRNA/tRNA translocation.
The smaller subunit has key roles in the initiation of
the process; in decoding the genetic message; in discrim-
inating against cognate and non- and near-cognate
aminoacylated tRNA molecules; in controlling the fidel-
ity of codon—anticodon interactions; and in mRNA/
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tRNA translocation. The prokaryotic large ribosomal
subunit (called 50S) has a molecular mass of 1.5 x 108
Da. It contains two RNA chains (called 23S and 5S)
with a total of about 3000 nucleotides and about 35
proteins. The small ribosomal subunit (called 30S) has
amolecular mass of 8.5 X 10° Da and contains one RNA
chain of more than 1500 nucleotides and 20 proteins.

As subjects for crystallographic studies, ribosomes
present a long list of concerns resulting from their enor-
mous size; the lack of internal symmetry; the high level
of their complexity; their natural tendency to deterio-
rate and disintegrate; their internal flexibility; their
significant conformational variability; and their severe
radiation sensitivity. The key to obtaining crystals suit-
able for crystallographic studies is to use relatively ro-
bust ribosomes. An alternative strategy is to crystallize
complexes of ribosomes with substrates or factors that
are supposed to trap them at preferred orientations.
The first three-dimensional crystals obtained from
large ribosomal subunits were from Bacillus stearother-
mophilus (1), a source considered to be almost an ex-
tremophile at the beginning of the 1980s. Later, crystals
of a complex of the whole ribosome with an mRNA/
tRNA analog were grown (2). Inbetween, more than 20
crystal types were obtained from ribosomal particles,
their complexes mimicking defined stages in protein
biosynthesis, and their mutated, selectively depleted,
and chemically modified subunits, but only a few of
these were suitable for crystallographic analysis (for
review see (3)).
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Among the many crystal types grown so far (4), only
two types of large ribosomal subunits and one of the
small subunits diffract to 3 A or higher. Although all
suffer from severe radiation sensitivity and low isomor-
phism (4), far beyond the initial expectations, high-
resolution structures of these three crystal forms (5-8)
and a medium-resolution structure of the whole 70S
ribosome were determined (9). These structures, as well
as those obtained from complexes of the ribosomal sub-
units with antibiotics, substrate analogs, and initiation
factors (10-16), indicate that decoding and peptide
bond formation functions are performed mainly by the
ribosomal RNA, and opened the door to further func-
tional insights.

In this article we present our approaches to ribosomal
crystallography. We discuss the interplay between crys-
tal structure and the conditions used for crystallization,
crystal treatment, and crystal storage. We demonstrate
methods that allow control of the conformation of the
crystallized particles and show the influence of nonribo-
somal compounds on the quality of the crystals and,
consequently, on the emerging structures. As our phas-
ing strategy is connected in some cases, to crystal stabi-
lization, we have dedicated part of the article to this
point.

THE LARGE RIBOSOMAL SUBUNIT: CRYSTAL
GROWTH AND STABILIZATION UNDER
CONDITIONS CLOSE TO AND FAR FROM
THE PHYSIOLOGICAL ENVIRONMENT

The first diffraction patterns that extended beyond
3-A resolution were obtained from crystals of large sub-
units from Haloarcula marismortui (H50S), a bacte-
rium that lives in the Dead Sea, the lake with the high-
est salinity in the world. This bacterium has developed
a sophisticated system to accumulate enormous
amounts (3-5 M) of KCI, although the Dead Sea con-
tains only milimolar amounts (17). The reasons for the
potassium intake are, most probably, not related to ribo-
some function. Yet, the ribosomes of this bacterium had
to adapt to the in situ environment, and it was found
that their functional activity is directly linked to the
concentration of potassium ions in the reaction mixture
(Fig. 1).

Initially we grew the crystals of H50S under condi-
tions mimicking the interior of the bacteria at their log
period. We used solutions containing all salts required
for maintaining a high functional activity of the halo-
philic ribosomes, including 3 M potassium chloride. Un-

der these conditions, nucleation occurred rapidly and
yielded small disordered crystals. Consequently, we de-
veloped a procedure for crystallization at the lowest
potassium concentration required for maintaining the
integrity of the subunits. Once the crystals grew, we
transferred them to solutions containing around 3 M
KCI, so that the crystallized particles could rearrange
into their active conformation and regain their full func-
tional activity. The crystals so obtained exhibited func-
tional activity and diffracted well to high resolution (3,
17), but the high potassium concentration within these
crystals (2.8-3.0 M) caused severe problems in the
course of structure determination (4). The combination
of severe nonisomorphism, apparent twinning, high ra-
diation sensitivity, unstable cell constants, nonuniform
mosaic spread, and uneven reflection shape hampered
the collection of data usable for structure determina-
tion. As these problems became less tolerable at higher
resolution, the structure determination under close to
physiological conditions stalled at resolutions around
than 5-A (4, 18-20).

After several years of extensive trials, improved crys-
tals were obtained by replacement of the KCI with NaCl
and a drastic reduction in the concentration of the salts
in the crystal-storage solution (from the original ~3 M
KCI to ~1.5 M NacCl), accompanied by a significant
increase in the concentration of the organic materials
that are present in the crystal-storage solution (double
the amount of polyethylene glycol, from 6 to 12%, and
of the cryoprotectant ethylene glycol, from 8-18% to
more than 22%) (5). These crystals yielded an extremely
good electron density map at 2.4-A resolution (5), in
which several functionally relevant key features are
disordered. These include the most prominent features
of the typical shape of the large subunit, the two lateral
protuberances called the “L1 stalk,” and “L12 stalk”
which are involved in factor-dependent GTPase activity,
in translocation, and in the release of the tRNA mole-
cules (for review see (21, 22)).

Most of the structural elements that are disordered
in the 2.4-A (5) structure of H50S were detected in the
5.5-A (9) maps of the assembled 70S ribosome. This
stimulated the notion that features that interact with
the small subunit or with ribosomal substrates are dis-
ordered in the unbound large subunit, and become sta-
bilized in the 70S ribosome by the intersubunit interac-
tions or by their contacts with the tRNAs. Indeed,
biochemical, functional, and electron microscopical
studies indicated that these features are inherently
flexible. However, flexibility is not necessarily synony-
mous with disorder. In many cases, flexible structural
elements assume several well-defined conformations,



294

GLUEHMANN ET AL.

and the switch from one conformation to another is
related to their functional states. Detecting large disor-
dered features in a high-resolution structure may indi-
cate that introducing disorder in relevant features is
a common ribosomal strategy to avoid unproductive
subunit association and substrate binding. Hence, the
cause for the disorder of the functionally relevant fea-
tures in the 2.4-A structure of H50S (5) may be linked
to the fact that these ribosomal particles were measured
under conditions very far from the in situ situation.

To further investigate this intriguing question, we
continued our efforts to elucidate the structure of H50S
under close to physiological conditions. Despite the
problems of this system, recently we obtained an elec-
tron density map from data collected from H50S crys-
tals that were grown and kept under conditions mimick-
ing the physiological environment of H. marismortui
(I. Agmon, unpublished). The resolution (3.6-A) of this
map is lower than that obtained for the crystals kept
under far from physiological conditions (5); neverthe-
less, the map is interpretable and has enabled a rather
detailed comparison between the two structures.

The largest differences were observed in the locations
and the internal order of the terminus extensions. Un-
der close to physiological conditions more tails and ex-
tensions reach functionally important locations, such
as tRNA binding sites and intersubunit bridges. Also,
a higher order was seen for many of the RNA regions
that are disordered in the 2.4-A map of H50S (5), such
as helices H1 and H38 and the L11 arm. Thus, it is
conceivable that the disorder of the features in the 2.4-
A structure of H50S reflects a strategy that the large
subunit has developed to avoid nonproductive associa-
tion with the small subunit or with factors and sub-
strates, under nonnatural conditions.

H. marismortui is an archaean bearing low compati-
bility with Escherichia coli, the species yielding most
of our knowledge on ribosomes. Despite the suitability
of the ribosomes from H. marismortui for high-resolu-
tion crystallography, they have not been the subject of
many biochemical studies. Consequently, only a small
part of the vast amount of data accumulated over al-
most half a century of ribosomal research can be related
directly to its structure. In addition, the halophilic cells
are rather resistant to most of the antibiotic agents,
among them the macrolide family. The latter hardly
binds, since a key adenine is a guanine in the halophilic
23S RNA. Thus, it is not surprising that contrary to
the wealth of crystallographic information already ob-
tained about binding of factors and antibiotics to the
small subunit (11-15), so far only complexes of H50S
with compounds believed to represent substrate ana-
logs have been found suitable for high-resolution crys-

tallographic studies (10). Furthermore, the tentative
mechanism that was proposed based on the 2.4-A struc-
ture (10) was challenged biochemically (23, 24) and it
was shown that all nucleotides that are crucial for the
catalytic activity in the proposed mechanism (10) un-
dergo conformational rearrangments as a result of
small changes in monovalent ions (24). Also, they can
be mutated with little or no effect on peptide bond for-
mation, in vitro (25) and in vivo (26).

We therefore initiated studies on crystals of the large
ribosomal subunit from a robust mesophilic eubacte-
rium, Deinococcus radiodurans (D50S), which were
grown and maintained under close to the physiological
conditions (8). The ribosome from this source shows a
high homology to those of Thermus thermophilus and
E. coli, and the crystals of its large subunit were grown
and maintained under conditions that are almost iden-
tical to those of the bacteria in situ environment. These
crystals, as well as those grown from their complexes
with antibiotics and substrate analog, diffract to higher
than 3-A resolution and are relatively stable in the X-
ray beam. Thus, they provide an excellent system to
shed light on the mechanism of peptide bond formation
and to investigate antibiotic binding, which should lead
to rational drug design.

Analysis of the 3-A structure of D50S (Fig. 2) opened
the gate to a better understanding of functional flexibil-
ity. Thus, most of the features that are disordered in
H50S are resolved in the 3-A structure (Fig. 2) of D50S.
These include the intersubunit bridge (H69) connecting
the large subunit to the decoding center in the small
subunit and the middle loop of protein L5 that forms
the “only protein” bridge. It also contains the entire L1
stalk (helices H76—H78), the GTPase center (helices
H42—-H44 and protein L11), and a significant part of
the so-called “A finger (H38).” All show orientations
that differ, to various extents, from those seen in the 5.5-
A structure of the T. thermophilus 70S (T70S) ribosome
complex (9), manifesting their inherent flexibility.

Figure 3 demonstrates a feasible sequence of events
leading to the creation of the intersubunit bridge from
the large subunit to the decoding center on the small
one. Helix H69, which is responsible for this bridge,
lies in the unbound 50S subunit on the interface surface
and interacts intensively with helix H70. Once the initi-
ation complex, which includes the small subunit and
tRNA at the P site (see below for more detail), ap-
proaches the large subunit, the tRNA pushes helix H69
toward the decoding center, and the intersubunit bridge
is formed.

The inherent flexibility of the ribosomal features may
also be exploited for controlling events during translo-
cation. The comparison between the structure of the
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unbound D50S and the T70S ribosome hints how the
L1 arm may facilitate the exit of the tRNA molecules.
In the complex of T70S with three tRNA molecules, the
L1 stalk interacts with the elbow of E-tRNA and the
exit path for the E-tRNA is blocked by proteins L1 from
the large subunit and S7 from the small subunit (9).
In the unbound mesophilic D50S, the L1 arm is tilted
by about 30° away from its position in the T70S ribo-
some (Fig. 3). Superposition of the structure of meso-
philic unbound D50S on the entire ribosome allowed
definition of a pivot point for a possible rotation of the
L1 arm, and showed that in this orientation it would
not block the presumed exit path of the E-site tRNA
(8). Hence, it is likely that the mobility of the L1 arm
is used for facilitating the release of E-site tRNA.

THE SMALL RIBOSOMAL SUBUNIT:
THE CONNECTION BETWEEN CRYSTAL
TREATMENT, BETTER ISOMORPHISM,
AND HIGHER RESOLUTION

The small ribosomal subunit is less stable than the
large one. We found that by exposing 70S ribosomes to a
potent proteolytic mixture, the 50S subunits remained
intact, whereas the 30S subunits were completely di-
gested. Similarly, crystals obtained from 70S ribosomes
assembled from purified subunits were found to consist
only of 50S subunits (3), and the supernatant of the
crystallization drop did not contain intact small sub-
units, but its proteins and fragmented 16S RNA chains.

FIG. 1. Functional activity of the ribosomes from H. marismortui at different potassium concentrations. Activity was checked by the
synthesis of polypeptides, and by the incorporation of 50S into 70S. In both cases the ribosomal particles underwent activation at 55°C for
40 min, and homo- or heteronucleotides served as mMRNA chains.

FIG. 2. Three-dimensional structures of the small (left) and large (right) ribosomal subunits, both shown from their interface sides.
Landmarks: Small subunit: H, head; B, body; P, platform; S, shoulder; N, nose; F, foot. Large subunit: L1 stalk; L7/12 stalk, GTPase stalk;
CP, central protuberance. This figure was created using RIBBONS (54).

FIG. 3. Intersubunit bridge formed by helix H69. Top: The small subunit is placed on the left side and the large subunit on the right.
Helix H44 of the small subunit is shown in gray. Also shown are the docked tRNA molecules (P-site tRNA in magenta and A-site tRNA in
green). Coordinates of the docked small subunit and the two tRNA sites were taken from (9). For clarity, the mRNA is not shown. The top
left-hand box shows the shape of H69 in unbound D50S. In this position H69 interacts with its neighbors in the 50S subunit. On association
with the initiation complex the P-site tRNA pushes H69 toward the small subunit, until it reaches its bound conformation (in gold), as
determined in the 70S complex (9). Bottom: Part of the upper side of the view shown in Fig. 2 (right), with the L1 stalk on the left. The
gold feature represents its position in unbound D50S, and the green, in the whole ribosome (T70S). Red indicates a possible pivot point. In
the complex of the whole ribosome with three tRNA molecules (9), this arm assumes a conformation that may correspond to a “closed-gate”
trapping the E-site tRNA (magenta). For orientation, the P-site (blue) and the A-site (cyan) tRNAs are also shown. The conformation seen
in the unbound 50S subunit may represent the “open-gate” state. This figure was created using RIBBONS (54).

FIG. 4. W18, its phasing contribution and its position within the crystals of T30S. (a) Locations of W18 clusters (shown as green and red
balls) that bind to two 30S subunits (in gray and in cyan, respectively) related by a crystallographic twofold axis. The figure reflects the
situation at 3.8-A resolution, when about 90% of the proteins and RNA were traced. (b) Content of carefully dissolved crystals of tungstenated
T30S, as seen by EM (negative staining). Typical butterfly shape of T30 apparent dimers (reminiscent of the crystalline network around
the twofold axes) are shown within red circles, and single particles are circled in green. (c) Anomalous X-ray scattering of the W18 cluster.
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 L, edge. (d) Two views of protein S2, the protein that binds the largest number of W18 clusters. The
W18-bound protein is shown in cyan and the free in (PDB code: 1FJF) in yellow. The W atoms within the W18 clusters that are bound to
the protein are shown in red. Panels showing structural elements were created using RIBBONS (54).

FIG. 5. Top left: Location of IF3 on the small subunit (same view as in Fig. 2). IF3C is shown in red and I3FN in blue. Top middle: Binding
of IF3C (red) and of W18 (white—red ellipsoid) by protein S18 (green) is shown on top and bottom, respectively. Top right: For comparison,
protein S18 in the IF3C-bound state is overlaid on the same protein in the nontungstenated structure (7). Bottom: Binding of the universal
antibiotic edeine to the small subunit. Bottom left: Overall view (color code of the helical elements as described below). The small subunit
is shown at about 75° rotation (around the vertical axis of the particle) compared with the view on top. The mRNA channel is clearly seen
and the sites P (orange) and E (yellow) are indicated. Bottom right: Closeup of edeine binding area. H23 is shown in light green and H24
in white. Edeine is pink, and the newly formed base pair is green. The inhibitory action of this antibiotic interfering with the initiation
process by limiting the mobility of the platform is evident. Bottom middle: Structure of edeine. This figure was created using RIBBONS (54).
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THE FUNCTIONAL ACTIVITV*OF HALOARCULA MARISMORTUI

RIBOSOMES AT DIFFERENT KCI CDNCENTRA‘"ONS*

¥ Functional activity is defined

as the incorporation of amino
acids into nascent proteins
(using natural or man-made
messenger RNA)

¥ln the presence of > 10 Mm Mg,
0.5-.15M ammonium and up to 1.5M NaCl
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Because of its lower stability, the small ribosomal sub-
unit seemed to be hardly suitable for crystallographic
studies. Indeed, contrary to the marked tendency of
large subunits to crystallize, only one crystal form has
so far been obtained from the small subunit (27, 28).
For almost a decade this crystal form, T30S, yielded
satisfactory data only to 7-9 A, hence various ap-
proaches in pre and postcrystallization treatment have
been developed for improving the quality of the diffrac-
tion from T30S crystals.

The severe nonisomorphism of the T30S crystals was
minimized by several approaches. One of them is post-
crystallization addition of metal hexammines (29). Hex-
ammines are known to bind specifically to RNA chains
in away that may increase their rigidity; therefore they
were used to generate a large number of high-quality
crystals of several RNA compounds, such as the ribo-
zyme domains P4—-P6, for which cobalt(l11) hexammine
chloride dramatically increased the number, size, and
growth rate of the crystals (30). Better diffraction and
higher isomorphism were also reported for spectino-
mycin-bound 30S crystals (11). This antibiotic agent
was shown to lock the 30S head in a particular confor-
mation and it seems that this improved the quality of
the crystals. Additional materials that hinder internal
motions are multimetal clusters (31). Although the
mechanism for minimizing internal motions may differ
in the various systems, the resulting fixation of the
conformation seems to lead to a similar improvement
in crystal properties.

The stabilization of T30S crystals by large metal clus-
ters was based on the following findings: (a) the crystals
contain a large continuous solvent region; (b) the small
subunits are packed so that the part of their surface
that does not interact with 50S and is suggested to be
rich in proteins is pointing toward the crystal solvent
region. We therefore engineered well-diffracting crys-
tals of T30S by minimizing the conformational hetero-
geneity and limiting the mobility of the crystallized
particles. The crystals were exposed to elevated temper-
atures, following the routine heat activation procedure
(32), and then stabilized by a heteropolytungstate clus-
ter, [(NH,)(P.W1g0¢5) - 14H,0] (33), referred to below
as W18. This cluster played a dual role, as it also yielded
phase information.

Most of the W18 sites that were detected in the elec-
tron density maps of the tungstenated crystals interact
with ribosomal proteins, in positions that may signifi-
cantly reduce the global mobility of the T30S particles
within the crystal network (Fig. 4). Pairing of T30S
particles around the crystallographic twofold axis is one
of the main features of the crystallographic network in
T30S crystals (19). The contacts holding these pairs are
extremely stable, so that they are maintained even after

the rest of the crystal network is destroyed. Large pro-
portions of butterfly-shaped pairs have been observed
by electron microscopy in samples of thoroughly washed
and dissolved T30S crystals (Fig. 4), and it was found
that the pairing contacts are formed by the W18 clusters
located at the interface between the particles in the
electron density map.

The tendency of the heteropolytungstates to bind in
relatively narrow solvent regions was detected also in
internal cavities of other ribosomal crystals. One of
these is the tunnel of the large ribosomal subunit, be-
lieved to provide the exit path of the nascent proteins,
detected first by three-dimensional image reconstruc-
tion using diffraction data obtained from tilt series of
two-dimensional sheets of large subunits (34) and 70S
ribosomes (35). Its existence was reconfirmed almost a
decade later by cryo-electron microscopy (36, 37) as well
as by X-ray crystallographic studies (38). Attachment
of heteropolytungsten clusters to the inner walls of this
tunnel in H50S ribosomal subunits has been observed
at 5- to 7-A resolution (18).

MULTI-HEAVY-ATOM CLUSTERS ARE USEFUL
FOR PHASING AT HIGH RESOLUTION

The assignment of phases to the observed structure
factor amplitudes is the most crucial step in structure
determination. Since the phases cannot be measured,
they are elucidated indirectly. Combinations of isomor-
phous replacement and anomalous dispersion are the
commonly used methods for phasing diffraction data
from crystals of biological macromolecules. These re-
quire the preparation of heavy atom derivatives in
which electron-dense compounds 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 (39). In
ribosomal crystallography, several heteropolytungs-
tates (40) were found suitable for phasing at low
resolution, as well as for the validation of the results
obtained by molecular replacement searches:
(Nay6[(OsPCH,PO3),W1,036]-40H,0),  (Cs7(P2W1706:-
Co(NCsHs))-14H;0) (4), [(PhSN)4(AsW¢O3s)s],
Cs5(PW11,039[Rh,CH3COO;] (18), H4SiO4[12WO] and
Liio(P2W17061) (29), ((NH4)6(P2W150¢2)-14H,0), and
((TMA),Na, [Nb,W,0,4]-18H,0) (31).

Among the heavy atoms used by us for MIRAS phas-
ing, the W18 [(NH,)s(P2W15062)-14H,0] cluster (33) has
made the most significant contribution. At least 13 such
clusters bind rather firmly to each subunit, and since
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the spatial arrangement of their components is well
defined, their considerable anomalous dispersion was
found useful for phasing. At resolutions lower than 4-
A, the W atoms were not resolved and only part of the
13 tungsten clusters that bind to the small subunit
could be detected in difference Patterson maps. Hence
in the initial stages, phase information was obtained by
representing the clusters by their spherically averaged
form factor (31). At higher than L1A resolution, we
located 13 clusters, and resolved the positions of the
individual W atoms within 10 of them. We then used
them, together with four additional smaller heavy
atoms, for anomalous phasing (2,845,385 observations
with completeness of 86.8% (38.2% in the last shell),
Reym = 13.6 (38.1), l/o = 19.8(2.0), R = 19.4%, and
Riree = 25.1%) (6, 14).

The W18 cluster was also found useful for stabiliza-
tion of the small ribosomal subunit at specific conforma-
tions. The first task of the small subunit is to form
the initiation complex; therefore we assumed that the
commonly used heat-activation procedure, developed
over 30 years ago (32), induces the conformation re-
quired for this task. To obtain small subunits at that
particular conformation, we exposed our T30S crystals
to elevated temperatures, according to the standard
heat-activation procedure. Once activation was
achieved, the conformation of the particles was stabi-
lized (at ambient temperature) by incubation with min-
ute amounts of W18. The same procedure was employed
for complexes of T30S with compounds that facilitate or
inhibit protein biosynthesis, mMRNA analogs, initiation
factors, and antibiotics. Soaking in solutions containing
the nonribosomal compounds in their normal binding
buffer was performed at elevated temperatures. Once
the functional complex was formed, the crystals were
treated with W18 cluster.

An illuminating example is the structure of T30S in
complex with initiation factor 3 (IF3). The initiation of
protein biosynthesis has an important role in governing
the accurate setting of the reading frame, as it facili-
tates the identification of the start codon of the mRNA.
The initiation complex contains, in prokaryotes, the
small subunit, mMRNA, three initiation factors, and initi-
ator tRNA. IF3 plays multiple roles in the formation
of this complex. It influences the binding of the other
ligands and acts as a fidelity factor by destabilizing
noncanonical codon—anticodon interactions. It also se-
lects the start mRNA codon (41), stabilizes the binding
of the fMet-tRNA/IF2 complex to 30S, discriminates
against leaderless mRNA chains (42), and acts as an
anti-association factor (43). IF3 is a small basic protein,
built of C- and N-terminus domains (IF3C and IF3N,
respectively) that are connected by a rather long lysine-
rich linker region.

Crystals of the complex of T30S with IF3C were pro-
duced by heat activation followed by W18 stabilization.
We found that the conformation of the small subunits
in this crystals is almost identical to that obtained by
heat activation of the isolated particles (14). This indi-
cates that activated and stabilized T30S have the con-
formation of the small subunit during the initiation
phase of protein biosynthesis. It also explains why no
major conformational changes were observed between
the tungstenated and IF3C-bound 30S subunits. We
therefore conclude that the conformation of the tung-
sten-bound 30S ribosomal subunit, mimics that of the
small subunit at the initiation stage and that the W18
cluster imitates the C-terminal domain of IF3 (Fig. 5).
Indeed, in competition experiments it was found that
crystals that were treated with W18 prior to soaking
in solutions containing IF3C failed to bind IF3C.

We found that IF3C binds to the 30S particle at the
upper end of the platform on the solvent side (Fig. 5),
close to the anti-SD region of the 16S rRNA (14). This
location reconfirms the results from NMR and muta-
genesis of the IF3 molecule and is compatible with al-
most all crosslinking, mutation footprints, and protec-
tion patterns that were reported for the E. coli system
(14). The initiator mRNA in prokaryotes includes, along
with the start codon, an upstream purine-rich sequence
(called SD for Shine—Dalgarno), which pairs with a
complementary region in the 16S RNA, at its 3'-end,
thus anchoring the mRNA chains. In the high resolu-
tion structures of the 30S subunit the anti-SD region
is located on the solvent side of the platform, a region
that also contains a large part of the E (exit) site and
IF3C binding site.

It has been suggested that the C-terminal domain of
IF3 (IF3C) performs many of the tasks assigned to the
entire IF3 molecule: preventing the association of the
30S with the 50S subunit and contributing to the
dissociation of the entire ribosome (44). The ability of
IF3 to discriminate noncanonical initiation codons, or
to verify codon—anticodon complementarity, has been
attributed mainly to IF3N (45). The location of IF3C
we observed suggests that the binding of IF3C to the
30S subunit influences the mobility of the platform,
near the anchoring site of the SD sequence (46). The
spatial proximity of the IF3C binding site to the anti-
SD region suggests a connection between IF3 and the
interactions of the mRNAs with the anti-SD region.
These interactions could suppress the change in the
conformational dynamics induced by IF3, thus allowing
subunit association.

The binding of IF3C and the hybridization of the anti-
SD sequence are likely to limit the mobility of this
region. The initial step of protein biosynthesis involves
the detachment of the Shine—Dalgarno sequence of the
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mMRNA. On the detachment of the SD anchor, required
at the beginning of the translocation process, the plat-
form may regain its conformational mobility. The bound
IF3N leaves a limited, albeit sufficient, space for P-
site tRNA, and only small conformational changes are
required for simultaneous binding of IF3N, mRNA, and
the P-site tRNA. Thus, it seems that the influence of
IF3N on initiator tRNA binding is based on space exclu-
sion principles.

Support for the placement of IF3, and for the mecha-
nism inferred from it is provided by the analysis of the
mode of action and the location of edeine (Fig. 5), a
universal antibiotic agent that interferes with the initi-
ation process (47, 48). Edeine is a peptide-like antibiotic
agent containing a spermidine-type moiety at its C-
terminal end and a B-tyrosine residue at its N-terminal
end (49). Using crystals of the complex of edeine with
T30S, we found that edeine binds in the solvent side of
the platform. It also induces the formation of a new
base pair between two helices of the platform. In its
position, edeine would not alter IF3C binding but might
well affect the binding of the linker and, hence, the
binding of IF3N. At the same time, it could affect 30S
mobility, interaction of the 3' end with IF3C, and inter-
action of the 30S and 50S subunits, since it connects
the penultimate helix (H44) with the major constituents
of the platform. By physically linking these compo-
nents, edeine can lock the small subunit (Fig. 5) and
hinder the conformational changes that accompany the
translation process. Independent studies show that pac-
tamycin, an antibiotic agent that shares a protection
pattern with edeine, bridges the same helices that are
linked by the base pair that is induced by edeine (11).

The universal effect of edeine on initiation implies
that the main structural elements important for the
initiation process are conserved in all kingdoms. Our
results show that the rRNA bases that bind edeine are
conserved in chloroplasts, mitochondria, and the three
phylogenetic domains. EM studies on rat liver 40S in
complex with the eukaryotic initiation factor 3 located
it in a region comparable to our findings (50). In this
location, IF3 and its eukaryotic counterpart seem to
perform their anti-association activity by effecting the
conformational mobility of the small ribosomal subunit,
in particular suppressing the conformational mobility
of the platform, essential for association of the two ribo-
somal subunits. Some aspects of the initiation process
of protein biosyntheses were found to be different in
eukaryotic and prokaryotic systems (51). Nevertheless,
neither of these indicates different locations of initia-
tion factor 3. The consistency between our results and
the location of the eukaryotic initiation factor may indi-
cate that the main concepts underlying the initiation
process and governing the anti-association properties

of the initiation complex have been evolutionarily
conserved.

IS DISORDER OF FUNCTIONAL ELEMENTS A
COMMON RIBOSOMAL STRATEGY?

Almost all ribosomal proteins are built of globular
domains with extended tails or loops. Most of the globu-
lar domains are located on the solvent side of the parti-
cle, whereas the long tails are buried in the interior of
the particle, and seem to stabilize the RNA fold. A few
proteins have tails pointing into the solution and are
less engaged in RNA contacts. Some of these may make
crucial contributions to the efficient binding of nonribo-
somal factors participating in the process of protein
biosynthesis, by using their long tails to enhance the
correct positioning of these factors (14).

Striking differences in the conformations of the pro-
teins that bind IF3 (S18, S11, and S7) and of those
proteins that interact with the binders (e.g. S2) were
detected by comparing the structure of unbound T30S
with that of IF3-bound T30S (Figs. 4, 5). These proteins
belong to the group with tails pointing toward the solu-
tion. An interesting example is protein S18. Its long
terminus tail is disordered in unbound T30S, but or-
dered in the tungstenated or IF3C-bound particle. It is
conceivable that these tails act as tentacles that en-
hance the binding of IF3C, consistent with the firm
binding of this domain to the ribosome (52, 53). They
are also capable of binding IF3C mimics, such as the
W18 cluster (Fig. 5). Furthermore, since the protein
tails can become disordered, it is possible that the
flexibility of these tails is used for the reverse action:
the release of the factor once its binding is no longer
required.

These results, together with the observation that
functionally relevant features are disordered in large
subunits (H50S) investigated under nonphysiological
conditions, but are well ordered under conditions opti-
mized for maximum activity, suggest that the ribosome
has developed a common strategy for preventing non-
productive binding of factors and substrates, as well as
minimizing the intersubunit association when condi-
tions are not suitable for efficient protein biosynthesis.
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