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m Abstract We determined the high-resolution structures of large and small riboso-
mal subunits from mesophilic and thermophilic bacteria and compared them with those
of the thermophilic ribosome and the halophilic large subunit. We confirmed that the el-
ements involved in intersubunit contacts and in substrate binding are inherently flexible
and that a common ribosomal strategy is to utilize this conformational variability for
optimizing its functional efficiency and minimizing nonproductive interactions. Under
close-to-physiological conditions, these elements maintain well-ordered characteristic
conformations. In unbound subunits, the features creating intersubunit bridges within
associated ribosomes lie on the interface surface, and the features that bind factors and
substrates reach toward the binding site only when conditions are ripe.
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INTRODUCTION

Ribosomes are the universal cellular organelles that catalyze the sequential poly-
merization of amino acids according to the genetic blueprintencoded in the mRNA.
They are built of two subunits that associate for performing this task. The larger
subunit creates the peptide bonds and provides the path for the progression of the
nascent proteins. The smaller subunit has key roles in the initiation of the process,
in decoding the genetic message, in discriminating against non- and near-cognate
aminoacylated tRNA molecules, in controlling the fidelity of codon-anti-codon
interactions, and in MRNA/tRNA translocation. The prokaryotic large ribosomal
subunit (50S) has a molecular weight of %510° Dalton and contains two RNA
chains with a total 0f~3000 nucleotides andg35 proteins. The small ribosomal
subunit (called 30S) has a molecular weight of & 3.0° Dalton and contains one

RNA chain of over 1500 nucleotides an®0 proteins.

Over two decades ago, we initialized a long and demanding search for the
determination of the three-dimensional structure of the ribosome by X-ray crystal-
lography (74). The key to high-resolution data was to crystallize homogenous
preparations under conditions similar to their in situ environments or to induce a
selected conformation after the crystals were formed. Relatively robust ribosomal
particles were chosen, assuming that they would deteriorate less during preparation
and therefore provide more homogenous starting materials for crystallization.

The first crystals to yield some crystallographic information (e.g., symme-
try, unit cell parameters, and resolution) were of the large subunit Baaillus
stearothermophiluér1) andHaloarcula marismortu{H50S) (39, 66). Shortly af-
terward, we characterized crystals of the small subunit ffbermus thermophilus
(T30S) (72). Microcrystals of the same source were grown independently at ap-
proximately the same time (64).

An alternative approach was to design complexes containing ribosomes at de-
fined functional stages, such as of the entire ribosome with two tRNA molecules
and a short mRNA analog (27). This approach was later adopted, refined, and
extended and has led a medium-resolution structure of the ribosome with three
tRNA molecules (75). Itis interesting that, until recently, the only crystals that led
to high-resolution structures worldwide were of these two sources, H50S (4) and
T30S (53, 69). As discussed below and in (5, 28), this situation has now changed
since we identified a robust ribosome from a mesophilic eubacterium that crystal-
lizes well under mild conditions in the presence and in the absence of antibiotics
and substrate analogs.

Allribosomal crystals presented challenging technical problems, resulting from
their enormous size, complexity, natural tendency to deteriorate and disintegrate,
internal flexibility, and their sensitivity to irradiation. For minimizing the harm
caused by the latter, we pioneered crystallographic data collection at cryogenic
temperatures (32). This, together with the dramatic advances of the X-ray sources,
namely the third-generation synchrotrons equipped with state-of-the-art detectors
and increased sophistication in phasing, enabled us, as well as others, to handle
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most of the technical problems. Consequently, structures of ribosomal particles
are currently emerging at an impressive speed (4, 28, 53, 69). This chapter focuses
on the functional relevance of one of the characteristic properties of ribosomal
particles: their inherent conformational variability.

From the initial stage of our studies, we aimed at the elucidation of the three-
dimensional structures of ribosomal particles in functionally relevant conforma-
tions. For this aim, we developed two approachasWe crystallized and main-
tained the crystals under close-to-physiological condition®)owé activated the
crystallized subunits and stabilized the so obtained conformation. Although neither
of these approaches is simple or routine, we exploited them for the determination
of high-resolution, functionally relevant structures of the small and large riboso-
mal subunits. These structures provide unique tools for the understanding of key
guestions concerning ribosomal function, mobility, dynamics, and integrity.

FLEXIBILITY, FUNCTIONAL ACTIVITY, AND DISORDER

Among the many crystal types that were obtained by us, the first to diffract to high
resolution was that of the large ribosomal subunits fidnmarismortui(66), the
bacterium that lives in the Dead Sea, the lake with the highest salinity in the world.
This bacterium withstands the high salinity as well as the elevated temperatures
and has developed a sophisticated system to accumulate enormous amounts (3M)
of KCl, although the medium contains only mM amounts of it (Table 1) (24). The
reasons for the potassium intake are most probably not related to the ribosome
function. However, the ribosomes of this bacterium adapted to the bacterial in situ
environment, and their functional activity is directly linked to the concentration of
potassium ions in the reaction mixture (Figure 1).

Initially, we grew the crystals of the 50S subunits from this bacterium (H50S)
under conditions mimicking the interior of the bacteria at their log period. In these
experiments, crystals were grown and kept in solutions containing all salts required
to maintain a high functional activity of these halophilic ribosomes, including 3 M
potassium chloride. Under these conditions, nucleation occurred rapidly and yiel-
ded small disordered crystals. Consequently, we developed a procedure for crys-
tallization at the lowest potassium concentration required for maintaining the
integrity of the subunits. Once the crystals grew, we transferred them to solu-
tions containing~3 M KClI, allowing the crystallized particles to rearrange into

TABLE 1 The concentration of ions within the cells
of Haloacula marismortu[based on (24)]

Early log Late log Stationary

K in cells: 3.7-5.0M 3.7-40M 3.7-4.0M
Naincells;: 1.2-3.0M 16-21M 05-0.7M
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THE FUNCTIONAL ACTIVITY OF HALOARCULA MARISMORTUI
RIBOSOMES AT DIFFERENT KCI CONCENTRATIDNSO

Functional activity is defined
100% il as the Incorporation of amino
90% acids into nascent proteins
(using natural or man-made
am messenger RNA)

KCI
2.5M | 50%

KClI
M ¥
KCI 20%

1.5M
KCI

*Proteins L1, L6, L10, L11 and L12
are detached by the addition of
organic materials (dioxan, ethylenglycol)

O In the presence of > 10 Mm Mg,
0.5-.15M ammonium and up to 1.5M NacCl

Figure 1 The functional activity of the ribosomes frobh marismortuiat 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
heat activation at 55for 40 min, and homo- or heteronucleotides served as mRNA
chains.

their active conformation and regain their full functional activity. These crystals
exhibited functional activity and diffracted well to high resolution (66, 73), but the
high potassium concentration within them caused severe problems in the course
of structure determination (29, 73). The combination of severe nonisomorphism,
apparent twinning, high radiation sensitivity, unstable cell constants, nonuniform
mosaic spread, and uneven reflection shape hampered the collection of data usable
for structure determination. As these problems became less tolerable at higher res-
olution, the structure determination under close-to-physiological conditions stalled
at resolutions lower than A (3, 29, 68, 73).

Improved crystals were obtained by drastic reduction (to mM amounts) of
the salt concentration in their stabilization solution and by the exchange of high
concentration of KCI by relatively low concentration of NaCl. These far-from-
physiological conditions yielded a structure at Adresolution (4) and even
allowed the binding of compounds believed to be substrate analogs, such as CCdA-
phosphate-puromycin (47). However, while under the far-from-physiological con-
ditions, these ribosomes are less active in synthesis of proteins (56).
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Several regions, including RNA helices and more than four proteins, were not
observed in the 2.A map of H50S (4). These were considered to be disordered.
Almostallthese untraceable regions are known to be heavily involved in the process
of protein biosynthesis. Two of the RNA helical elements form intersubunit bridges,
“the A-site finger” (H38) and the bridge reaching the decoding center (H69), within
the assembled ribosome and interact with the tRNA molecules. The central loop
of protein L5 forms the only intersubunit bridge made solely of proteins (together
with protein S13 from the small subunit). Two additional proteins (L12 and L10)
are involved in the contacts with the translocational factors and in factor-dependent
GTPase activity (14), and protein L11 is involved in elongation factor activities
(16). Protein L1 is a translational repressor binding mRNA (46), and its absence
has a negative effect on the rate of protein synthesis (59).

All four proteins not observed in the 2Atmap match the list of proteins that
we detached selectively from halophilic ribosomes (20). Furthermore, the low salt
conditions used for the stabilization of the crystals are similar to those developed
by us for the detachment of the selected proteins, namely the lowering of the salt
concentration while adding modest amounts of organic materials. Evidently, these
proteins are loosely held by the core of the large subunit, and it may well be that
their level of disorder within the crystals allows partial or full removal from the
large subunit. These crystals contain unusually large and continuous solvent re-
gions (73) and accommodate materials the size of average ribosomal proteins
(A. Bashan & J. Harms, unpublished data). Interestingly, the two major features
not seen in the 2./ map of H50S form the lateral protuberances, called the
L1 stalk (H76-H78 with their bound protein L1) and the L12 stalk (H43-H44
and their bound proteins L10 and L12), that create the prominent features of the
typical shape of the large subunit (Figure 2). Electron microscopy (EM), using
negative staining, dark field, or cryo-EM reconstruction, readily observed both
of them. These protruding stalk elements were also detected in electron density
maps obtained from the crystals of H50S grown and maintained under close to
physiological conditions (2, 73) albeit at lower resolution.

ARE THE INTERSUBUNIT BRIDGES DISORDERED IN
UNBOUND RIBOSOMAL SUBUNITS?

All structural elements assumed to be disordered in théZtucture of H50S

were clearly detected in the 55 maps of the assembled 70S ribosome. This
stimulated the notion that structural elements that interact with the small subunit
or with ribosomal substrates are disordered in the unbound large subunit and may
be stabilized in the 70S ribosome by intersubunit interactions or by their contacts
with the tRNA molecules (75).

A possible cause for the disorder of the functionally relevant features in the
2.4 A structure of H50S may be linked to the fact that these ribosomal particles
were measured under conditions far from the in vivo situation. Biochemical, func-
tional, and electron-microscopical studies indicate that these features are inherently
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flexible, but flexibility is not necessarily synonymous with disorder. In many cases,
flexible structural elements assume several well-defined conformations, and the
switch from one conformation to another is related to their functional states. De-
tecting large disordered features in the high-resolution structure of H50S may indi-
cate that the ribosomal strategy to avoid subunit association and substrate binding
under far-from-physiological conditions is to introduce disorder in the relevant
features.

To shed light on this intriguing question, we searched for a robust nonhalophilic
bacterium as a potential source for suitable ribosomes. In parallel, we continued
our efforts to elucidate the structure of H50S under close-to-physiological con-
ditions. We recently calculated an electron density map from data collected from
H50S crystals grown and kept under conditions mimicking the physiological envi-
ronment ofH. marismortui(l. Agmon, unpublished data). The resolution (3.6
of our map is somewhat lower than that obtained for the crystals kept under far-
from-physiological conditions. Nevertheless, the map is interpretable and enabled
a rather detailed comparison between the two structures. The conformations of
almost all the proteins in our structure differ to some extent from those observed
under far-from-physiological conditions. The larger differences were observed in
the locations and the internal order of the termini extensions. Under close-to-
physiological conditions, more tails and extensions reach functionally important
locations, such as tRNA-binding sites and intersubunit bridges. Also, many of the
RNA regions disordered in the 2Mmap of H50S (4), such as helices H1, H38, and
the L11 arm, are ordered. Thus, it is conceivable that the disorder of the features
in the 2.4A structure of H50S reflects the strategy that the large subunit developed
in order to avoid nonproductive association with the small subunit or with factors
and substrates under far from natural conditions.

The search for a suitable mesophilic ribosome was stimulated by several reasons
in addition to the apparent disorder of the functional elements of the icture
of H50S.H. marismortuis an archaea bearing low compatibility wischerichia
coli, the species yielding most of our knowledge on ribosomes. Despite the suit-
ability of the ribosomes froril. marismortuifor high-resolution crystallography,
they have not become a subject of many biochemical studies. Consequently, only
a small part of the vast amount of data of ribosomal research accumulated over
almost half a century can be related directly to its structure. In addition, the antibi-
otics from the macrolide family hardly bind to the halophilic ribosomes because a
key adenine is a guanine in their 23S RNA. They are also rather resistant to most of
the antibiotic agents (40), even under suitable conditions. Thus, it is not surprising
that contrary to the wealth of crystallographic information already obtained about
binding of factors and antibiotics to the small subunit (9, 11, 12, 49, 50), only com-
plexes of H50S with materials believed to represent substrate analogs were suitable
for high-resolution crystallographic studies (47). Furthermore, despite extensive
studies exploiting these complexes, the mechanism of the peptidyl-transferase ac-
tivity is still not understood (5). In contrast to the strict requirements for antibiotics
binding, all nucleotides crucial for the catalytic activity in the proposed mechanism
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(47) could be mutated with little or no effect on peptide bond formation in vitro
(51) and in vivo (62).

As mentioned above, we identified a robust ribosome from a mesophilic bac-
terium, Deinococcus radioduran@nd determined the 3A resolution structure
of its large subunit (6, 28)]. The ribosome of this source shows a high homology
to those of T. thermophilusandE. coli, and the crystals of its large subunit were
grown and maintained under conditions almost identical to the bacterial in situ en-
vironment. These crystals, as well as those grown from complexes of these subunits
with antibiotics, diffract to higher than & resolution, are relatively stable in the
X-ray beam, and yield crystallographic data of high quality. Thus, they provide an
excellent system to investigate antibiotic binding (54), shed light on the mechanism
of peptide bond formation, and provide more insight into functional flexibility.

The structure of the large ribosomal subunit fr@mradiodurans D50S as
determined by us at A resolution, is significantly more ordered than that of
H50S. Thus, most of the features that are disordered in H50S are well resolved
in D50S (6, 28). Among the well-ordered features are the intersubunit bridges to
the upper part of the small subunit (formed by helix H38) and to the decoding site
(formed by H69), as well as the middle loop of protein L5, which forms the only
intersubunit brige formed solely by ribosomal proteins “only protein” bridge. Also
well ordered are the L1 arm (helices H76—H78) and the GTPase center (helices
H42-H44 and protein L11). All display orientations that differ from those seen
in the 5.5A structure of the 70S ribosome complex (75), which manifests their
inherent flexibility.

Figure 3 demonstrates a feasible sequence of events leading to the creation of
the intersubunit bridge, spanning 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 initiation complex, which includes the small subunit and tRNA at the P-site
(see below for more detail), approaches 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 is exploited also for controlling
events in translocation. The comparison between the structure of the unbound 50S
and the 70S ribosome indicates how the L1 arm facilitates 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 one (75). In the
unbound mesophilic 50S, the L1 arm is tilte®0 degrees away from its position
in the T70S ribosome (Figure 4), and it does not block the presumed exit path of
the E-site tRNA. Hence, the mobility of the L1 arm is utilized for facilitating the
release of E-site tRNA. Superposition of the structure of the mesophilic unbound
50S on the T70S ribosome allowed the definition of a pivot point for a possible
rotation of the L1 arm.

Our structure analysis showed that a similar strategy is taken when protein
tails are involved in functional aspects. Almost all ribosomal proteins are built of
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globular domains with extended tails or loops. Most of the globular domains are
located on the solvent side of the particle, with their tails buried in the interior,
and stabilize the RNA fold. However, the tails of a few proteins are pointing into
the solution and are less engaged in RNA contacts. Some of these may make
contributions to the efficient binding of nonribosomal factors participating in
the process of protein biosynthesis by using their long tails as tentacles that en-
hance the correct positioning of the factors [as seen below and in (6, 25, 50)]. It
is conceivable that the flexibility of these tails is also used for the reverse path.
Once the binding is no longer required, the protein tails can stretch out, or become
disordered, and release the compounds.

In general, the protein tails in the ribosomes that were kept close to their physio-
logical environment seem to be more involved in protective interactions and reach
closer to the functionally relevant sites than those maintained under nonphysio-
logical conditions. Figure 5 shows examples for both tasks. The tail of protein L2
in the large subunit that was kept under physiological conditions (D50S) encloses
and embraces an important RNA feature (H66), whereas the tail of the counterpart
in the less physiologically relevant H50S particles folds away from the sensitive
area. The second example is protein L27, which is located on the interface side
of D50S at the base of the central protuberance (CP) in proximity to the peptidyl-
transferase center, consistent with results of immune electron microscopy, protein-
protein cross-linking, affinity labeling, chemical probing (57, 70), and footprinting
(A. Mankin, personal communication). This protein has been implicated as a con-
stituent of the peptidyl-transferase centeEo€oli50S by a variety of experimental
observations. These include a deletion mutant that grows much slower than the
wild type and shows deficiencies in the peptidyl-transferase activity and impaired
enzymatic binding of Phe-tRNA Phe to the A-site. Although we did not resolve
termini of four amino acids, in our structure it reaches the proximity of the P- and
the A-sites, consistent with the proposal that it contributes to peptide bond forma-
tion by facilitating the proper placement of the acceptor end of the A-site tRNA
(70). In contrast, the protein placed at the location of L27 in thedAXst#ucture of
H50S (called H21e) folds backward, toward the interior of the subunit, consistent
with the hypothesis that the tails of the ribosomal proteins that bind factors and
substrates fold away from the action sites when the conditions are not suitable for
productive protein biosynthesis.

CONFORMATIONAL MOBILITY: THE KEY FOR SUBUNIT
ASSOCIATION, DISSOCIATION, AND THE INITIATION
OF PROTEIN BIOSYNTHESIS

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 digested (18). Similarly, large
differences in the integrity of the two subunits were observed when attempting
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crystallization of entire ribosomes assembled from purified subunits. Crystals ob-
tained from these preparations consisted only of 50S subunits (7), and the su-
pernatant of the crystallization drop did not contain intact small subunits but did
show 30S proteins and a fragmented 16S RNA chain. Consequently, among the
many ribosome sources that were tested, only the 30STréimermophilugT30S)
crystallized is suitable for crystallographic studies. Almost a decade was needed to
minimize the severe nonisomorphism of this form, and all the procedures developed
for increasing the homogeneity of these crystals are based on post-crystallization
treatments. Our approach, described belowandin (50, 53, 63), istoinduce a specific
conformation. Other approaches include treatment of the crystal by Co-hexamine
(15, 69), a material known to bind specifically to RNA chains and increase their
rigidity (13), or by spectinomycin (12), an antibiotic agent that locks the “head”
(Figure 6) of the small subunit in a particular conformation (43).

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 (76), induces the conformation required for this task. For obtaining
small subunits at that particular conformation, we exposed our T30S crystals to
elevated temperatures, according to the routine heat-activation procedure. Once
activation was achieved, the conformation of the particles was stabilized (at am-
bient temperature) by incubation with minute amounts of a heteropolytungstate
cluster, W18 (53, 63). The same procedure was employed for complexes of T30S
with compounds that facilitate or inhibit protein biosynthesis, mMRNA analogs, ini-
tiation 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 the W18
cluster.

The initiation of protein biosynthesis has an important role in governing the
accurate setting of the reading frame, as it facilitates the identification of the start
codon of the mRNA. In prokaryotes, the initiation complex contains the small
subunit, mMRNA, three initiation factors (IF1, IF2-GTP, and IF3), and initiator
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 noncanon-
ical codon-anticodon interactions. It also selects the start-mRNA codon (37, 60)
and the correct initiator tRNA to be positioned at the P-site (in prokaryotes, the
fMET-tRNA). It stabilizes the binding of the fMet-tRNA/IF2 complex to 30S and
discriminates against leaderless mRNA chains (42, 61). IF3 also acts as an anti-
association factor because it binds with a high affinity to the 30S subunit and
shifts the dissociation equilibrium of the 70S ribosome toward free subunits, thus
maintaining a pool of 30S (26).

IF3 is a small basic protein of about 20 kD. It consists of C and N terminus
domains (IF3C and IF3N) connected by a rather long lysine-rich linker region.
The structure of the entire protein has not been determined, but NMR (22, 23) and
X-ray structures of the N- and C-terminal domains have been reported (8, 36). The
interdomain linker appears as a rigid alpha-helix only in the crystals containing it



266 YONATH

and IF3N. However, the NMR studies showed that even under physiological con-
ditions, the linker is partially unfolded and displays flexibility (17, 33, 34, 36, 45).
Subsequently, the interdomain distances vary between 25 aAd 65

Crystals of the complex of T30S with IF3C were produced by heat activation
and W18 stabilization. The conformation of the small subunits in this crystal is
almost identical to that obtained by heat activation of the isolated particles (50).
This indicates that activated and stabilized T30S has the conformation 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, contrary to the conformational changes observed while
binding IF3 to isolated 30S (21, 41). We therefore conclude that the conformation
of the tungsten-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
(Figures 6 and 7). Indeed, in competition experiments, crystals treated with W18
prior to soaking in solutions containing IF3C failed to bind IF3C.

Striking differences in the conformations of the proteins that bind IF3 (S18, S11,
and S7) and of those interacting with them, such as protein S2, were detected by
comparing the structure of isolated T30S (69) and that bound to IF3C (50). These
proteins have tails and extended loops pointing toward the solution, in contrast to
the majority of tails of ribosomal proteins that are buried within RNA features.
An interesting example is protein S18. Its long terminus tails are more ordered
in the tungstenated or IF3C-bound T30S than in the Co-hexamine-treated small
subunits. These tails appear to act as tentacles that enhance the binding of IF3C,
consistent with the firm binding of this domain to the ribosome (55, 67). They are
also capable of binding the IF3C mimic, namely the W18 cluster (Figure 7).

The initiator mMRNA in prokaryotes includes, along with the start codon, an
upstream purine-rich sequence (SD, Shine-Dalgarno). This pairs with a comple-
mentary region in the 16S RNA (anti-SD) at itse?d, thus anchoring the mRNA
chains. In the high-resolution structures of the 30S subunit, the anti-SD region is
located on the solvent side of the platform, the region that also contains a large part
of the E- site. Using crystals of T30S in complex with IF3C, IF3C binds to the 30S
particle at the upper end of the platform on the solvent side (Figure 6), close to the
anti-SD region of the 16S rRNA (50). This location reconfirms the results of NMR
and mutagenesis of the IF3 molecule (55) and is compatible with the effect of the
double mutations 1503, 1531 (19). It is also consistent with almost all the cross-
links, footprints, and protection patterns reported forEheoli system (38, 52).

CONFORMATIONAL MOBILITY GOVERNS SUBUNIT
ASSOCIATION AND DISSOCIATION

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 (30).
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IF3C also influences the formation of the initiation complex. The ability of IF3
to discriminate noncanonical initiation codons, or to verify codon-anticodon com-
plementarity, has been attributed mainly to IF3N (10).

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. The binding at this site could affect the conformational mobility
of the platform, essential for the association of the two ribosomal subunits to
form a productive ribosome, consistent with biochemical observations indicating
that IF3C prevents subunit association or promotes dissociation by influencing
the conformational dynamics of the subunit. The spatial proximity of the IF3C-
binding site to the anti-SD region suggests a connection between them. These
interactions could suppress the change in the conformational dynamics induced
by IF3, thus allowing subunit association. The connection between the double
mutation of G1530/A1531 to A1530/G1531 and the reduced IF3 binding to the
30S subunit, together with the enhanced affinity of IF3 to the 70S ribosomes,
supports this hypothesis.

The placement of IF3C on the solvent side of the upper platform sheds light
on the initial step of protein biosynthesis, which involves the detachment of the
SD sequence. This region is also involved in the displacement of the platform
that accompanies the translocation (21), as part of the combined head-platform-
shoulder conformational changes. The binding of IF3C and the hybridization of
the anti-SD sequence limit the mobility of this region. Upon the detachment of
the SD anchor, required at the beginning of the translocation process, the platform
may regain its conformational mobility. The bound IF3N leaves a limited, albeit
sufficient, space for P-site tRNA, and only small conformational changes are re-
quired for simultaneous binding of IF3N, mRNA, and the P-site tRNA. Thus, the
influence of IF3N on initiator tRNA binding is based on space-exclusion princi-
ples rather than on specific codon-anticodon complementarity rules, as suggested
earlier (41).

Only indirect contacts exist between IF3N and IF3C, via the curved connection
formed by the interdomain linker that wraps around the platform toward the neck.
Various mutations, insertions, and deletions that cause significant modifications in
the length of the linker do not have major effects on the efficiency of IF3, which
indicates that the linker maintains its flexibility while IF3 is bound to the 30S
subunit. Consequently, it can act as a transmitting strap between the two domains
and can indirectly affect the conformation of the P-site and induce its specificity
(17). Similarly, the structural changes in IF3 could trigger conformational changes
within the 30S subunit that are required for initiating the biosynthetic process and
may also lead to a suppression of secondary-structure elements in the mRNA.
Thus, our placement is consistent with the proposal that the linker maintains its
flexibility when IF3 is bound to the 30S subunit and that the flexibility and the
ability of the linker region to alter its fold are related to the function of IF3.

Support for the placement of IF3, and for the mechanism inferred from it, is pro-
vided by the analysis of the mode of action and the location of edeine (Figure 8), a
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universal antibiotic agent that interferes with the initiation process (1, 48). Edeine
is a peptide-like antibiotic agent, produced by a straiafillus brevis|t contains

a spermidine-type moiety at its C-terminal end and a beta-tyrosine residue at its
N-terminal end (35). 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 the 30S mobility, the interaction

of the 3 end with IF3C, and the interaction of the 30S and 50S subunits because
it connects the penultimate helix (H44) with the major constituents of the plat-
form. By physically linking these components, edeine can lock the small subunit
(Figure 8) and hinder the conformational changes that accompany the translation
process (21, 65). Independent studies show that pactamycin, an antibiotic agent
that shares a protection pattern with edeine, bridges the same helices linked by
the edeine-induced base pair (9). Pactamycin is also known to interfere with the
initiation process, and its mode of interaction suggests that it may interfere with
the pairing of the SD sequence or prevent it.

The universal effect of edeine on initiation implies that the main structural ele-
ments important for the initiation process are conserved in all kingdoms (48). Our
results show that the rRNA bases that bind edeine are conserved in chloroplasts,
mitochondria, and the three phylogenetic domains. Electron microscopy studies on
rat liver 40S in complex with the eukaryotic IF3 located it in a region comparable
to our findings (58). In this location, IF3 and its eukaryotic counterpart seem to per-
form their anti-association activity by affecting the conformational mobility of the
small ribosomal subunit: in particular, suppressing the conformational mobility of
the platform, essential for association of the two ribosomal subunits. Some aspects
of the initiation process of protein biosynthesis were different in eukaryotic and
prokaryotic systems (31). Nevertheless, neither indicate different locations of IF3.
The consistency between our results and the location of the eukaryotic IF 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.

CONCLUDING REMARKS

Ribosomal crystallography, initiated two decades ago, recently yielded an impres-
sive amount of exciting structural information. This chapter relates to characteris-
tics common to all available structures and describes our analyses of selected con-
formations of the two ribosomal subunits at various functional states. These studies
identified the structural elements involved in the dynamics of protein biosynthe-
sis and showed that exploiting inherent flexibility for controlling the functional
needs of the ribosome is the general strategy taken by the ribosome. By compar-
ing the structures obtained from conditions far and close to physiological ones,
we learned that the ribosome exploits this built-in flexibility as a natural tool for
preventing nonproductive binding of factors or intersubunit interactions. This is
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achieved either by folding the tails of the binding proteins away from the binding
sites or by inducing significant disorder, as seen in theAxtructure of the large
ribosomal subunit fronk. marismortuibecause it represents a conformation that
differs from that of the native particle. Still to be revealed is the high-resolution
structure of the entire ribosome and the mechanism of peptide bond formation.
The need for additional structures required to answer specific questions is evident.
However long-lasting the search has been already, it is not over yet, and the real-
ity of understanding the mechanisms of translation by the ribosome are enticing
prospects for the future.
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Figure 2 The current “crown view” of D50S. The RNA is shown gsay-blue
ribbons and the proteins are in different colors. For orientation, the L1 arm is on
the left, and the L7/12 arm is on the right.

Figure 3 The intersubunit bridge formed by helix H69. In both parts, the small
subunit is placed on the left side and the large subunit on the right. Helix H44 of the
small subunit is shown igray. The decoding center is on its upper side. Also shown
are the docked tRNA molecules (P-site tRNAnragentaand A-site tRNA ingreer).
Coordinates of the small subunit and the two tRNA sites were taken from (75). For
clarity, the mRNA is not shown. THeft boxshows the shape of H69 in the large (50S)
subunit, just before the approach of the initiation complex (the small subunit, P-site
tRNA, and the initiator mRNA). In this position, H69 interacts with its neighbors in
the 50S subunit. The approaching tRNA pushes H69 toward the small subunit until it
reaches its bound conformation @old), as determined in the 70S complex (75).



Figure 4 Part of the upper side of the view shown in Figure 2, with the L1 stalk
on the left. The flexibility of the L1 arm may be exploited to form a gate for the
exiting tRNA molecules. Thgoldfeature represents its position in the unbound D50S
subunit, and thgreenrepresents its position in the entire ribosomedindicates the

pivot point. In the complex of the whole ribosome with three tRNA molecules (75),
this arm assumes a conformation that may correspond to a “closed-gate,” trapping the
E-site tRNA (inmagentd The conformation seen in the unbound 50S subunit may
represent the “open-gate” state.

L21e
Protein L2

Figure 5 Left Protein L2 (urple in H50S;green in D50S). Helix H66 is shown in
yellow. Note the remarkable differences in the conformations of parts of the globular
domains and of the C-terminal tails. In D50S the latter embraces and stabilizes the
RNA helix H66. In H50S, in contrast, it folds backward on itself away from the helix.
Right The D50S protein L27 and its tail that extends toward the A- and P-site tRNAs.
Protein L27 does not exist in the halophilic ribosome, and its position is occupied by
a protein that shows no sequence similarity to L27 (called L21e and shograen).

The tail of L21e folds backward, away from the tRNA-binding sites.



Figure 6 Left The small subunit seen from the interface side (the side facing the
large subunit in the 70S ribosome). The RNA is shown as simple ribborsdyer.

The proteins are in different colors. The major subdivisions are labeled: H, head; S,
shoulder; P, platform; F, foot. The approximate locations of A-, P-, and E-tRNA-binding
sites are markedVliddle: The same view of the small subunit as on the left, but the
entire subunitis drawn igray. The location of IF3 is marked ired (for the C-terminal
domain, IF3C) and iblue(the N-terminal domain, IF3N, and the intersubunit linker).
Right Side view of the mall subunit, with its platform pointing toward the reader
(obtained by 90rotation about the long axis of the left and the middle views).

Figure 7 The conformations of proteins L1&(t) and L2 fight) as detected in the
tungstenated (iigreen and the nontungstenatedafk blug forms of T30S. The W
atoms are shown ired. (a) Superposition of the two structures of protein Sb3c) The
general fold and the specific contacts formed between the terminal tails of protein S18
and the W18 clusterd( The binding of IF3C to the 30S subunit. Most of the contacts
are formed by protein S18. Note the remarkable similarities in IF3C and W18 binding
by the tails of S18.d) Superposition of the two structures of protein S2.



Figure 8 The binding of the universal antibiotic edeine to the small sublaft An
overall view (color code of the helical elements as described below). The small subunit
is shown at about 7Fotation (around the vertical axis of the particle) compared to the
view of the left side of Figure 6. The mRNA channel is clearly seen and the sites of P-
(orangg and E- gellow) are indicatedRight Close-up of edeine-binding area. H23 is
shown inlight green and H24 inwhite. Edeine igink, and the newly formed base pair
isgreen The inhibitory action of this antibiotic—interfering with the initiation process

by limiting the mobility of the platform—is evideninserts Top The edeine-binding
region (as shown on the right) in its unbound st&®ttom The chemical formula of
edeine.



