Chapter 12

RIBOSOMAL CRYSTALLOGRAPHY:
DYNAMICS, FLEXIBILITY AND PEPTIDE
BOND FORMATION

Ada Yonath®

High-resolution crystal structures of functionally active ribosomal par-
ticles provide unique tools for understanding key questions concerning
ribosomal function, mobility, dynamics, and involvement in cellular
regulation. Structure analysis of complexes of ribosomal particles with
substrate analogs and universal drugs indicated that ribosomes provide
the structural frame for precise positioning of the tRNA molecules
rather than participate in the catalytic event, and that the peptide bond
is being formed by a nucleophilic attack of the amino moiety of the
residue bound to A-site tRNA on the carbonyl carbon at the P-site.
Clinically relevant antibiotics interact almost exclusively with rRNA.
They interfere with substrate binding, limit the conformational mobil-
ity, block the nascent chain exit tunnel or hinder the progression of
growing peptide chains.

Keywords: Protein synthesis, ribosomes, translation factors, GTP
hydrolysis, L12.

INTRODUCTION

In rapidly growing cells, the compounds involved in the translation of the
genetic code into proteins constitute about half of the cell's dry weight
and consumes up to 80% of the cell's energy. This fundamental life proc-
ess involves the participation of more than a hundred components;
among them is the ribosome, the largest known macromolecular enzyme.
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Ribosomes are the universal cellular organelles built of two subunits of
unequal size. The prokaryotic ribosomal small subunit (called 30S) has a
molecular weight of 8.5 x 10° Dalton and contains one RNA chain of
over 1500 nucleotides and 20 proteins. The prokaryotic large ribosomal
subunit (called 50S) is of molecular weight of 1.5 x 10° Dalton and con-
tains two RNA chains with a total of about 3000 nucleotides and around
35 proteins.

The smaller subunit has key roles in the initiation of the translation
process, in decoding the genetic message, in discriminating against non-
and near-cognate amino-acylated tRNA molecules, and in controlling the
fidelity of codon-anticodon interactions. The larger subunit contains the
peptidyl transferase center, the site where the peptide bonds are created.
Upon initiation of protein synthesis, the two ribosomal subunits associate
to form functionally active 70S ribosome, utilizing amino acids brought
to it by amino-acylated tRNA molecules. Within the ribosome there are
three binding sites for transfer RNA (tRNA), designated the P (peptidyl),
A (aminoacyl) and E (exit) sites which are partly located on both the
small and the large subunits. The anticodon loops of the three tRNA
molecules bind to the small subunit, whereas the acceptor stems bind to
the large subunit. Both subunits work together to translocate all three
tRNAs molecules and the associated mRNA chain by precisely one
codon with respect to the ribosome. The entire process depends on an
energy source, the hydrolysis of GTP, and several extrinsic cellular pro-
tein factors.

The ribosome is a precisely engineered molecular machine that per-
forms an intricate multi-step process that requires smooth and rapid
switches between different conformations. Both ribosomal subunits can
undergo reversible alterations and contain structural elements that par-
ticipate in global motions together with local rearrangements. One of the
major events involved in protein biosynthesis that requires significant
mobility of both ribosomal subunits is the GTPase-dependent transloca-
tion. In the course of protein biosynthesis, once a peptide bond is formed,
the P-site tRNA is deacylated and its acceptor end moves to the E (exit)-
site, while the A-site tRNA, carrying the nascent chain moves into the P-
site. This fundamental act in the elongation cycle of protein synthesis is
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called translocation. It may be performed either by a simple translation of
entire tRNA molecules, according to the classical three-site model
(Rheinberger et al., 1981, Lill and Wintermeyer, 1987), or incorporate an
additional intermediate hybrid state. According to the latter proposal,
translocation occurs in two discrete steps. In the first, spontaneous step,
that occurs right after peptide bond formation, the tRNA acceptor end
moves relative to the large subunit. In the second step, which is promoted
by EF-G, the anticodon moves relative to the small subunit (Moazed and
Noller, 1989, Wilson and Noller, 1998).

Antibiotics are natural or man-made compounds, designed to inter-
fere with bacterial metabolism and eliminate bacteria by inhibiting the
biosynthesis of protein or DNA or cell-wall components. About 40% of
the known antibiotics interfere with protein biosynthesis. The ribosome
is one of the main binding targets for a broad range of natural and syn-
thetic antibiotics. Structurally diverse natural as well as synthetic com-
pounds efficiently inhibit ribosomal function (Cundliffe, 1981, Spahn
and Prescott, 1996). Theoretically the ribosome offers multiple opportu-
nities for the binding of small compounds, but practically all the known
drugs utilize only a few sites. Biochemical information about binding
and action of antibiotics on the ribosome has been accumulated for al-
most four decades.

Puromycin played a central role in biochemical experiments aimed at
the understanding of the mechanism of peptide bond formation (Pestka,
1977, Vazquez, 1979, Gale et al., 1981, Porse and Garrett, 1995, Rodri-
guez-Fonseca et al., 2000) since it can bind to the A-site (Moazed and
Noller, 1991, Monro et al., 1969, Smith et al., 1965, Traut and Monro,
1964) as well as to the P-site, albeit to a lower extent (Bourd et al., 1983,
Kirillov et al., 1997). Puromycin, which was named "antibiotic agent"
because it is a product of a microorganism, is a universal ribosome in-
hibitor, since it binds to all ribosomes. It binds at the peptidyl transferase
center (Rodriguez-Fonseca et al., 2000) and as such is being used for
studies on the mechanism of peptide bond formation. Unlike other anti-
biotics, puromycin does not lead to drug-resistance by mutations in the
PTC (Garrett and Rodriguez-Fonseca, 1995). Puromycin is partially co-
structural with the 3' terminus of aminoacyl-tRNA (Harms ef al., 2001),
but its aminoacyl residue is linked via an amide bridge rather than an
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ester bond. Puromycin is known to bind weakly to the large subunit and a
high concentration of methanol or ethanol, is required to enhance its
binding. Puromycin probing in the presence of an active donor substrate
can result in peptide bond formation (Odom et al., 1990), which is un-
coupled from movement of the A-site tRNA (Green et al., 1998). No
further synthesis can take place since the amide bond of puromycin can-
not be cleaved; hence the peptidyl-puromycin so obtained falls off the
ribosome.

Among the antibiotics that target ribosomes, the macrolides have the
highest clinical usage. They act against gram-positive aerobes and some
gram-negative aerobes. Most macrolides have a broad-spectrum antim-
icrobial activity and are used primarily for respiratory, skin and soft tis-
sue infections. The macrolide family is large and structurally diverse.
The central component of the macrolides is a lactone ring. The 14-
member ring macrolides are among the most important antibiotics. Better
stability and improved spectrum of activity characterize Macrolides of
the second generation, such as chlarithromycin or roxithromycin. Subse-
quent rapid spread of antibiotic-resistant strains has stimulated the search
for additional novel derivatives. The macrolides of the third generation,
the ketolides, show an improved activity profile, and are more active
against certain macrolide-resistant strains.

The high-resolution structures of the two ribosomal subunits form
eubacteria were found suitable to serve as pathogen-models. Using them
as references allowed unambiguous localization of over a dozen antibi-
otic drugs, most of which are clinically relevant antibiotics (Brodersen
et al., 2000, Carter et al., 2000, Pioletti et al., 2001, Schluenzen et al.,
2001, Hansen et al., 2002). Co-crystals were grown, each containing a
complex of one of the ribosomal subunits and an antibiotic agent at a
clinically relevant concentration. Alternatively, crystals of ribosomal par-
ticles were soaked in solutions containing antibiotics at clinically rele-
vant concentrations. In most cases the co-crystals of antibiotics and the
ribosomal subunits yielded crystallographic data of quality that was
sometimes better than that obtained from crystals of free particles (Carter
et al., 2000, Schluenzen et al., 2001), presumably because the antibiotics
reduce internal motions of flexible regions and increase homogeneity.
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Analysis of the structures of the antibiotics complexes showed diver-
sity in the antibiotics modes of action, such as interference with substrate
binding, hindrance of the mobility required for the biosynthetic process
and the blockage of tunnel which provides the path of the nascent pro-
teins. Most of the antibiotics studied by us were found to bind primarily
to ribosomal RNA and, except for two that caused allosteric effects; their
binding did not cause major conformational changes.

SOME HISTORICAL COMMENTS

High-resolution crystal structures of ribosomal particles and of their
complexes with substrate analogues, inhibitors and antibiotics, currently
emerging in an impressive speed, led to a quantum jump in our under-
standing of the translation process. These studies were idealized over two
decade ago (Yonath er al., 1980) once we established that the key to
high-resolution data is to crystallize highly active homogenous prepara-
tions of robust ribosomal particles under conditions similar to their in-
situ environments and to minimize crystal heterogeneity by inducing se-
lected conformations within the crystals. An alternative approach is to
design complexes containing ribosomes at defined functional stages,
such as of the entire ribosome with tRNA and mRNA molecules (Hansen
et al., 1990). This approach was later adopted, refined and extended, and
has led a medium resolution structure of the ribosome with three tRNA
molecules (Yusupov et al., 2001).

Robust ribosomal particles were chosen assuming that they would
maintain their integrity during preparation, hence should provide suitable
material for crystallization. We focused on thermophilic bacteria, Bacil-
lus stearothermopilus and Thermus thermophilus; as well as on Haloar-
cula marismortui, the bacterium leaving in the Dead-Sea, the lake of the
highest salinity worldwide. The recent addition is Deinococcus radi-
odurans, an extremely robust gram-positive mesophilic eubacterium with
a ribosome that shares extensive similarity the ribosomes of Escherichia
coli and T. thermophilus. This species was originally identified as a con-
taminant of irradiated canned meat, and later isolated from environments
that are either very rich or extremely poor in organic nutrients, ranging
from soil and animal feces to weathered granite in a dry Antarctic valley,
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room dust, wastes of atomic-piles and irradiated medical instruments. It
also is the organism with the highest level of radiation-resistance cur-
rently known. It survives under conditions that cause DNA damage, such
as hydrogen peroxide, and ionizing or ultraviolet radiation. It contains
systems for DNA repair, DNA damage export, desiccation, starvation
recovery and genetic redundancy (White et al., 1999).

The first crystals that yielded some crystallographic information
were grown from of the large subunit from B. stearothermophilus (Yo-
nath et al., 1980, Yonath et al., 1984). The large ribosomal subunit from
H. marismortui (Shevack et al., 1985) yielded, after a few years, high-
resolution diffraction (Makowski er al., 1987, von Bohlen et al., 1991).
Crystals of the large and small subunits from 7. thermophilus, TS50S
(Muessig et al., 1989, Volkmann et al., 1990) and T30S (Yonath et al.,
1988), respectively, diffracting to low resolution were grown in parallel.
Microcrystals of the latter were obtained also by the Russian group
headed by A. Spirin and B. Weinstein (Trakhanov et al., 1987).

The crystals of the large ribosomal subunit from D. radiodurans and
of their complexes with antibiotics and substrate analogs that were grown
and kept under conditions almost identical to those optimized for maxi-
mizing their biological activity (Schluenzen et al., 2001, Harms et al.,
2001). These crystals were found to provide an excellent system to inves-
tigate the peptide bond formation (Bashan et al., 2002) to gain more in-
sight into functional flexibility (Yonath, 2002, Zarivach et al., 2002) to
extend the information of antibiotics binding towards rational drug de-
sign; to identify the exit tunnel gate and reveal the structural basis for the
involvement of the ribosome in cellular regulation (Berisio et al., 2002).

Over the years it was found that all ribosomal crystals present
challenging technical problems, owing to their enormous size; their com-
plexity; their natural tendency to deteriorate and disintegrate; their inter-
nal flexibility and their extreme sensitivity to irradiation. Assuming that
one of the main reasons for crystal decay is the progression of free radi-
cals that are produced by the X-ray beam, we pioneered crystallographic
data collection at cryogenic temperature (Hope et al., 1989, Yonath et
al., 1987a). This procedure was found to minimize dramatically the harm
caused by irradiation, and therefore became rapidly the routine way for
collecting crystallographic data from biological crystals. The application
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of cryo crystallography together with the advances of the X-ray sources,
namely the installation of third generation synchrotrons equipped with
state-of-the-art detectors, and the increased sophistication in the phasing
methods, enabled us, as well as others, to handle most of the technical
problems.

THE GLOBAL ORGANIZATION OF THE TWO
RIBOSOMAL SUBUNITS

The overall structures of both ribosomal subunits, as determined by us
(Schluenzen et al., 2000, Harms et al., 2001) are shown in Figure 1. The
two subunits differ in shape and in their global organization. Thus,
whereas the small one is built of distinct structural domains, the core of
the large subunit seems to be more compact. In both subunits the ribo-
somal RNA dominates most of the ribosome structure. We placed
mRNA and tRNA in the ribosomal particles by reference to the struc-
tures of the complex of the entire ribosome with three tRNA molecules
that were determined at 5.5 A resolution (Yusupov et al., 2001). This
placement reconfirmed that the anticodon loops of the A- and P-site
tRNAs as well as the mRNA do not contact any ribosomal proteins.

Common to both subunits are the overall structures of the ribosomal
proteins and their distribution. Almost all ribosomal proteins contain
long tails or extended internal loops. In general, the globular domains are
peripheral, located on the particle's surface, at its solvent side. The in-
volvement of proteins in the stabilization of the structure is achieved
mainly through their long extensions that penetrate into rRNA regions
and serve as molecular linkers, struts and supports, as observed in viruses
(Huang et al., 1998). Another group of proteins have tails pointing to-
wards the solution, similar to their positioning in the nucleosome (Luger
et al., 1997), presumably acting as tentacles that enhance the binding of
non ribosomal compounds that attach to the ribosome.

A few proteins do not have extensions, are built of more than a sin-
gle globular domain. These are located either at the ends of functionally
important protuberances (L1, L7/L12, .10, L11) or fill a gap between the
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Fig. 1. The "front views" (interfaces) of the two ribosomal subunits from eubacteria. A,
P, and E, designate the sites of the interactions of the three tRNA with the small subunit
(their anticodon loops with the decoding region), and with the large subunit (at their
elbows).

central protuberance and one of the stalks (Harms et al., 2001). Most of
the globular domains of the proteins are located at the periphery and their
long tails that penetrate into the RNA core are believed to stabilize its
structure. Protein tails that point into the solution, may act as tentacles
for enhancing the binding of non-ribosomal factors participating in pro-
tein biosynthesis (Gluehmann et al., 2001, Pioletti et al., 2001, Zarivach
et al., 2002). The striking architecture of the ribosome allows for sub-
stantial domain mobility. Yet, the individual structural elements are
rather stable. The features that contribute to the local stability include
specific RNA folds, by a high G-C content at the rims of strategically
located junctions and by the ribosomal proteins.

The Small Ribosomal Subunit

The high-resolution structure of the small subunit from Thermus thermo-
philus has been determined by us (Schluenzen et al., 2000, Pioletti ef al.,
2001) and by the group of V. Ramakrishnan at MRC, UK (Wimberly
et al., 2000). The emerging particles from both electron density maps are
similar and contain the morphological features familiar from early elec-
tron microscopy studies (Lake, 1985, Stoffler and Stoffler-Meilicke,
1984). The main structural features of this subunit, the "head", "neck"
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and "body" that contains a "shoulder" and a "platform", radiate from the
junction combining the head and the body (Figure 2), a location that
hosts the decoding center.

The principal component of the subunit interface region is the long
penultimate helix (H44), which is responsible for most of the contacts
with the larger subunit within the ribosome. It consists of over a 100 nu-
cleotides, of which the only evolutionarily conserved part comprising
of less than two dozen nucleotides that are involved in decoding and
in P-site tRNA binding. Helix H44 is one of three long helices run
parallel to the vertical axis of the body, likely to transmit structural re-
arrangements, correlating events at the particle's far ends with the cycle
of mRNA translocation at the decoding region. Transverse features,
placed like ladder rungs between them, link the three longitudinal heli-
ces. Principal among these transverse helices is an inclined lune extend-
ing from the shoulder to the platform. The head contains most of the 3'
region of the 16S RNA, arranged mainly in short helices, in marked con-
trast to the long features of the body. The head has a bi-lobal architec-
ture, with a longer helix (H34) serving as the bridge between hemi-
spheres. It joins the body through a slender connection, made of a single
RNA helix which appears to act as a hinge while translocation.

The shoulder plays a key role in mRNA binding, as it forms the
lower side of an elongated, curved channel, which we assigned as en-
trance side of the path of the mRNA. A latch (Schluenzen et al., 2000),
which can be described as a non-covalent body-head connection, is
formed by the shoulder and the lower part of the head, is the feature that
designates the entrance to the mRNA channel. This latch facilitates
mRNA threading and provides the special geometry that guarantees
processivity and ensures maximized fidelity. It controls the entrance to
the mRNA channel by creating a pore of varying diameter and its relative
location may be dictated by the head twist.

The decoding region contains features from the upper part of the
body and the lower part of the head. Mapping the conserved nucleotides
in the 16S RNA on our structure showed remarkable conservation around
this region, in accord with the universality of the decoding process. The
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most prominent feature in the decoding center is the upper portion of
H44, which bends towards the neck and forms most of the intersubunit
contacts in the assembled ribosome (Yusupov et al., 2001). Its upper
bulge forms the A- and P-tRNA sites for codon-anticodon interactions. A
helix, called the "switch helix" or H27, packs groove-to-groove with the
upper end of H44. This helix can undergo rearrangements in its base-
pairing scheme that may induce global conformational rearrangements
Lodmell and Dahlberg, 1997).

The Large Ribosomal Subunit

The availability of two high-resolution crystal structures of unbound
large ribosomal subunits, the archaeal H50S (Ban et al., 2000) and
eubacterial D50S (Harms et al., 2001), as well as a lower resolution
structure of T50S within the T70S ribosome (Yusupov et al., 2001), pro-
vide a unique tool for comparative studies. In the particular case of H50S
and D50S, such comparison should shed light on the correlation between
the structure, the function and the environment, as well as on phyloge-
netic aspects.

Both crystal structures of the large subunit are similar to the tradi-
tional shape of the large ribosomal subunit, as seen by electron micros-
copy (Mueller et al., 2000, Penczek et al., 1999). This view, often re-
ferred to as the "crown view", looks like a halved pear with two lateral
protuberances, called the L1 and L7/L12 stalks, is shown in Figures 1

Fig. 2. (Figure on facing page)

Top: The three-dimensional structure of T30S, emphasizing the distribution of RNA
and proteins (silver: RNA, blue: proteins). Left: the interface with the large subunit.
Right: Side view. Obtained by rotating the left view by 90 degrees around its long axis.
The yellow circle shows the location of protein S2. Two conformations of this protein are
shown in the middle. In yellow: the structure of this protein in native ribosomes, and in
cyan: the structure of the tungstenated protein. The tungsten atoms bound to this protein
are shown in red.

Middle right: the two orientations of the head, seen in crystals diffracting to low-
resolution.

Bottom: left: the domains of the small subunit RNA are shown in different colors.

Right: the detailed view of the binding site of edeine (purple). The 30S platform is repre-
sented by two helices involved in its movement. Note the newly formed base pair in
green). The docked P-site tRNA (orange) and E-site tRNA (gold) are also shown.
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Fig. 2.
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and 2. The core of the large ribosomal subunit is built of interwoven
RNA features. Its flat surface faces the small subunit in the 70S ribosome
and its round back side faces the solvent.

The gross similarity of the rRNA fold of D50S to the available 50S
structures allowed superposition of the model of D50S onto that of the
2.4 A structure of H50S (Ban et al., 2000) and of the 50S subunit within
the 5.5 A structure of the T70S ribosome (Yusupov et al., 2001). How-
ever, we detected significant structural differences even within the con-
served regions, which cannot be explained solely by expected phyloge-
netic variations. In addition, the riboosmal proteins show remarkable dif-
ferences, even when sharing homology with their counterparts in H50S.
In addition, D50S contains several proteins that have no counterparts in
HS50S. We detected RNA segments replacing proteins and vice versa. Of
structural interest is a three domains protein (CTC), alongside with an
extended alpha helical protein (L20) and two Zn-finger proteins (L32 and
L36).

The peptidyl transferase cavity

Peptide bond formation, the principal reaction of protein biosynthesis,
has been localized in the large subunit over three decades ago (Monro et
al., 1968, Cundliffe, 1990, Moazed and Noller, 1991, Noller et al., 1992,
Garrett and Rodriguez-Fonseca, 1995, Samaha et al., 1995), in a multi
branched loop in the 23S RNA. Among the 43 nucleotides forming the
PT ring 36 are conserved in H. marismortui and D. radiodurans. Despite
the high conservation and the wealth of information accumulated over
the years and the availability of crystallographic structures, the molecular
mechanism of peptidyl transferase (PT) activity is still not well under-
stood. The only proposal for catalytic involvement of the ribosome that
was based on crystal structure, proposed an acid-base catalysis (Nissen
et al., 2000) generated doubts (Barta et al., 2001, Polacek et al., 2001,
Thompson et al., 2001, Bayfield et al., 2001). As seen below, our results
(Schluenzen et al., 2001, Harms et al., 2001, Yonath, 2002) support al-
ternative suggestions, that the ribosome facilitates peptide bond forma-
tion by providing the structural frame that allows precise positioning of
the tRNA molecules as well as for the generation of the energy required
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for the formation of the peptide bond (Nierhaus et al., 1980, Samaha
et al., 1995, Green and Noller, 1997, Pape et al., 1999, Polacek et al.,
2001).

Superposition of the backbone of the structures of the PT center
(PTC) in the two unbound large subunits of H50S and D50S on that of
the bound large subunit within T70S, show similar, but not identical
folds. The orientations of some of the nucleotides, however, show dis-
tinct differences (Yusupov et al., 2001, Harms et al., 2001). It is possible
that the different orientations reflect the flexibility needed for the forma-
tion of the peptide bond. It is also possible, however, that the different
orientations result from the differences in the functional states of the 50S
subunit in the two crystal forms, consistent with the structural changes
that were found to occur at distinct nucleotides of the peptidyl transferase
ring upon transition between the active and inactive conformations
through chemical probing with dimethyl sulfate (Bayfield ef al., 2001).
In support of this suggestion are experiments performed over three dec-
ades ago on the E. coli 50S subunits (Miskin et al., 1968, Vogel et al.,
1971, Zamir et al., 1974), that indicated that the relative orientations of
several nucleotides within the peptidyl transferase center vary upon al-
terations in the monovalent ion concentrations in magnitudes that are
much lower than the modifications in the concentrations and types of the
monovalent ions that were employed in the course of the determination
of the structure of H50S (Ban et al., 2000).

The PTC is situated above the entrance to the polypeptide exit tun-
nel, a major component of the ribosome that could be detected even by
conventional electron microscopy at low resolution (Milligan and Un-
win, 1986, Yonath et al., 1987b). Despite the low resolution, these stud-
ies showed that this tunnel spans the large subunit from the location as-
sumed to be the peptidyl transferase site to its lower part, and that it is
about 100 A in length and up to 25 A in diameter (Yonath et al., 1987b),
dimensions consistent with the suggestion, made more than three decades
ago, that the newest synthesized part of a nascent protein is masked by
the ribosome (Malkin and Rich, 1967, Sabatini and Blobel, 1970). The
existence of the exit tunnel was confirmed at high resolution in H50S
(Nissen et al., 2000) and in D50S (Harms et al., 2001). Based on the
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structure of H50S it was suggested that the walls of the tunnel have a
"nonstick" character (Nissen ef al., 2000).

MOBILITY, FLEXIBILITY AND FUNCTIONAL ACTIVITY

From the initial stage of ribosomal crystallography our aim was to eluci-
date structures of ribosomal particles trapped at functionally relevant
conformations. We developed two approaches: (a) crystallize and main-
tain the crystals under close to physiological conditions, or (b) activate
the crystallized subunits and stabilize the so obtained conformations. Al-
though neither of these approaches is simple or routine, we exploited
them for the determination of high-resolution functionally relevant struc-
tures.

Conformational Mobility of the Small Ribosomal Subunit

The small subunit is built of loosely attached domains (Figure 2) and
contains structural elements that allow local rearrangements as well as
the global motions required for its function. Its conformational variability
has been detected by cryo electron microscopy (Gabashvili et al., 2001,
Stark et al., 1997), by surface RNA probing (Alexander et al., 1994), by
monitoring ribosomal activity, and by the analysis of the high resolution
structures of the small subunit complexes (Carter et al., 2000, Schluen-
zen et al., 2000, Wimberly et al., 2000, Pioletti et al., 2001, Clemons et
al., 2001, Ogle et al., 2001). The conformational variability also explains
why all the available cryo-EM reconstructions were not useful for ex-
tracting initial phase sets for the small subunit, whereas similar searches
were performed successfully for the whole ribosome and for its large
ribosomal subunit (Harms et al., 1999). Our analysis of the 30S structure
led us to suggest an interconnected network of features that could allow
concerted movements during translocation. This movement includes the
formation of a pore of varying diameter between the head and the shoul-
der, and is associated with the concerted displacement of the platform
facilitate mRNA threading and progression and provides the special ge-
ometry that guarantees processivity of and ensures maximized fidelity of
the biosynthetic process.
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The head makes the upper boundary of the mRNA channel, and its
relative location is dictated by the head twist. In addition, internal head
axes may be utilized for facilitating global movements associated with
protein biosynthesis. Head mobility was confirmed by molecular re-
placement studies that indicated that the low-resolution crystals contain
at least one conformation that differs from that of the crystals diffracting
to high resolution. The pivotal point for this movement is likely to be at
the connection between the head and the neck, rather close to the binding
site of the antibiotic spectinomycin that is known to hamper the head
twist by trapping a particular conformation (Carter et al., 2000).

Trapping crystalline small subunit at functionally
relevant conformations

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 (Evers et al., 1994). Similarly, large differences in the integrity of
the two subunits were observed when attempting crystallization of entire
ribosomes assembled from purified subunits. Crystals obtained from
these preparations were found to consist only of 50S subunits
(Berkovitch-Yellin et al., 1992) and the supernatant of the crystallization
drop did not contain intact small subunits, but did show 30S proteins and
fragmented 16S RNA chain. Consequently, among the many ribosome
sources that were tested, so far only the 30S from 7. thermophilus crys-
tallized, and only one crystal-type of the small subunit was found suit-
able for crystallographic studies. Almost a decade was needed to mini-
mize the severe non-isomorphism of this form and all the procedures
developed for increasing the homogeneity of these crystals, are based on
post-crystallization treatments.

Our approach (Tocilj et al., 1999, Schluenzen et al., 2000) was to in-
duce a preferred conformation within the crystals, preferably, a confor-
mation with functional relevance. We exploited the commonly used heat-
activation procedure, developed over 30 years ago (Zamir et al., 1971).
We exposed the T30S crystals to elevated temperatures, since we sus-
pected that their specific packing arrangement should allow post-
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crystallization conformational rearrangements. As the first task of the
small ribosomal subunit is to form the initiation complex, we assumed
that the heat induced conformation resembles this one. Once functional
activation was achieved, the conformation of the particles was stabilized
by incubation the crystals with minute amounts of a heteropolytungstate
cluster [(NHy)¢(P,W1306,)14H,0], referred below as W18 (Tocilj et al.,
1999). The same procedure was employed for complexes of T30S with
compounds that facilitate or inhibit protein biosynthesis, mRNA ana-
logues, initiation factors and antibiotics. Soaking in solutions containing
the non-ribosomal compounds in their normal binding buffer was per-
formed at elevated temperatures. Once the functional complex was
formed, the crystals were treated with W18 cluster.

We found in the low resolution crystals of T30S various head con-
formations (Figure 2), including the conformation seen at high resolu-
tion. Head stability was achieved by the interactions of four W18 clusters
with protein S2 (Figure 2), a large and flexible ribosomal protein, located
on the solvent side of the 30S particle and combining the head to the
body. Since S2 is located on a crystallographic two-fold axis, the W18
clusters "glued" the symmetry related two particles, hindered the move-
ments of protein S2, and consequently also of the entire head. A similar
effect was obtained by binding spectinomycin, an antibiotic agent that
locks the head of the small subunit in a particular conformation, and was
reported to improve the quality of the T30S crystals (Carter et al., 2000).
Thus, although the mechanism for minimizing internal motions differs in
the two systems, and although only in one system effort was made to
achieve a functionally relevant conformation (Tocilj et al., 1999, Schlu-
enzen et al., 2001), the resulting fixation of the desired conformation led
to better diffracting crystals.

The W18 cluster played a dual role in the course of structure deter-
mination of T30S. In additions to minimizing the conformational hetero-
geneity and limiting the mobility of the crystallized particles, treatment
with this cluster yielded phase information. Thirteen W18 clusters bind
to each T30S particle. The individual W atoms of ten of them (total 180
atoms) could be located precisely. Most of tungsten clusters interact with
ribosomal proteins (Figure 2), in positions that may significantly reduce
the global mobility of the T30S particles within the crystal network.
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Pairing of T30S particles around the crystallographic two-fold axis is one
of the main features of the crystallographic network in T30S crystals.
The contacts holding these pairs are extremely stable, and many of them
were maintained even after the rest of the crystal network is destroyed
(Harms et al., 1999).

Edeine — A universal antibiotic limiting platform mobility

The small subunit is the main player in initiation of protein biosynthesis.
After binding to the mRNA the initiation complex moves in the 5' to 3'
direction along the mRNA scanning it, in search for the initiator (AUG)
codon (Kozak and Shatkin, 1978). Edeine is a peptide-like antibiotic
agent, produced by a strain of Bacillus brevis. It contains a spermidine-
type moiety at its C-terminal end and a beta-tyrosine residue at its N-
terminal end (Kurylo-Borowska, 1975). As early as 1976 (Fresno et al.,
1976) it was found that the universal antibiotic edeine blocks mRNA
binding to the small ribosomal subunit. Further biochemical studies indi-
cated that edeine inhibits mRNA binding by linking critical features
translocation and E-site tRNA release, and impose constraints on ribo-
somal mobility required for the translation process (Altamura et al.,
1988, Odom et al., 1978).

We found that it binds to the platform in a position that may affect
the binding of the P-site tRNA, alter the mRNA path at the E-site and
hamper the interactions between the small and the large subunits (Pioletti
et al., 2001). This is consistent with the finding that a subset of the 16S
rRNA nucleotides protected by the P-site tRNA (Moazed et al., 1995)
overlaps with those protected by edeine, kasugamycin and pactamycin
(Mankin, 1997, Woodcock et al., 1991). In addition, the binding of
edeine to the 30S subunit induces the formation of a new base pair (Fig-
ure 2) that may alter the mRNA path and would impose constraints on
the mobility of the platform. Thus, by physically linking the mRNA and
four key helices that are critical for tRNA and mRNA binding, edeine
locks the small subunit into a fixed configuration and hinder the confor-
mational changes that accompany the initiation process.

The universal effect of edeine on initiation implies that the main
structural elements important for the initiation process are conserved in
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all kingdoms. Analysis of our results shows that all rRNA bases defining
the edeine-binding site are conserved in chloroplasts, mitochondria, and
the three phylogenetic domains. Among these are two conserved nucleo-
tides along the path of the messenger. Thus, edeine shows a novel mode
of action, based on limiting the ribosomal mobility and/or preventing the
ribosome from adopting conformations required for its function. Fur-
thermore, it induces an allosteric change by the formation of a new base
pair—an important new principle of antibiotic action.

CONFORMATIONAL MOBILITY WITHIN THE
LARGE RIBOSOMAL SUBUNIT

The structure of the large ribosomal subunit was reported to be compact
and monolithic (Ban et al., 2000). Nevertheless, significant mobility was
assigned to the large subunit's features that are directly involved in ribo-
somal functions, based on cryo electron microscopy studies (Frank and
Agrawal, 2000), as well as on comparisons of the crystal structures of the
entire ribosome with the structures of its large ribosomal subunit. The
latter showed that most of the functionally relevant features of the large
subunit assume different conformations in unbound (Harms et al., 2001,
Yonath, 2002) and assembled (Yusupov et al., 2001) states. They also
may become completely disordered, as in the 2.4 A crystal structure of
the large subunits from Haloarcula marismortui, H50S (Ban et al.,
2000).

The conformational variability of the large subunit allows the crea-
tion of intersubunit bridges, leads to the formation of peptide bonds, fa-
cilitates tRNA release, and enables the involvement of the ribosome in
cell regulation. The flexibility of the functionally relevant features is
manifested in the variability of their conformations between the unbound
D50S subunits, and those incorporated into T70S ribosomes, as well as
in their disorder in H50S. Thus, almost all of the RNA structural features
known to be involved in functional aspects of protein biosynthesis are
disordered in the 2.4 A electron density map of H50S (Ban et al., 2000).
These include both lateral protuberances that create the most prominent
features in the typical shape of the large subunit; intersubunit bridges and
four ribosomal proteins, all of them match the list of proteins that are
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loosely held by the core of the particle, hence could be detached selec-
tively from halophilic ribosomes (Franceschi et al., 1994).

A revolving door assisting the release of E-site tRNA

Although the large ribosomal subunit is known to have less conforma-
tional variability than the small subunit, it does posses various conforma-
tions that can be correlated to the functional activity of the ribosome. The
most significant differences between the two structures of the unbound
large subunits were found in key features, known to participate in the
functional activities of the ribosome. Remarkable examples are the 50S
hook into the decoding region of the small subunit, and other intersubunit
bridges created upon subunit association, the entire L1 arm that acts as
the revolving gate for the exiting tRNA molecules, and the GTPase center.

The L1 stalk, which includes the rRNA helices and a ribosomal pro-
tein, L1, is well resolved in T70S (Yusupov et al., 2001) and in D50S
(Harms et al., 2001). 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 mole-
cules, the L1 stalk interacts with the elbow of E-tRNA. This interaction
seems to block the release of the E-site tRNA. In H50S, the entire L1
arm is disordered and therefore could not be traced in the electron den-
sity map (Ban et al., 2000), an additional hint of the inherent flexibility
of this feature.

The location of protein L1 in D50S does not block the presumed exit
path of the E-site tRNA, hence it seems that the mobility of the L1 arm is
utilized for facilitating the release of E-site tRNA. Although the orienta-
tion of the L1 arm in the 70S ribosome during the release of the E-site
tRNA is still not known, the two defined orientations that have been ob-
served indicated that movement of the L1 arm might occur during pro-
tein biosynthesis. Superposition of the structure of D50S on that of the
T70S ribosome allowed the definition of a pivot point for the possible
movement of the L1 arm. Similar differences found in the relative orien-
tation of the L1 stalk have been correlated with the presence or absence
of tRNA and elongation factors (Agrawal et al., 2000). Hence it may be
assumed that the position of the L1 stalk in the unbound D50S represents
the conformational change required for the release of the E-site tRNA.
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An intersubunit bridge with multiple roles

Intersubunit bridges form upon the association of the two ribosomal sub-
units, once the functionally active is created. They are the features con-
necting the two subunits within the assembled ribosome, namely the
linkers between the two ribosomal subunits. The correct assembly of the
entire ribosome from its two subunits is the key, or one of the major
keys, for proteins biosynthesis, hence these bridges must be positioned
accurately and point at the exact direction. Each intersubunit bridge is
formed from two parts — one of the small and one of the large subunit.
We found that whereas those of the small subunit are of almost the same
conformation in the unbound and bound subunit, those originating from
the large one are inherently flexible, and may have different conforma-
tions or assume a high level of disorder. Upon subunit association the
conformations of these bridges change so that they can participate in the
creation of the assembled ribosome. Thus, their structure and the nature
of their conformational mobility should show how the ribosome controls
its intricate assembly.

Fig. 3. (Figure on facing page)

(a) The RNA domains of D50S (color code is shown in the middle). Top: Left — front
(interface) view. Right: solvent side. Bottom: side views, obtained by rotating the top
views around their long axis by 90 degrees. The interface views are flat, with perturbing
L1 stalk (in yellow).

(b) The upper part of D50S (compared to the view shown in the a top left). The L1-arm
of D50S is highlighted (in gold). Also shown are the docked L1-arm of T70S and protein
L1 of T70S (green) and the location of protein L1 in D50S (yellow-gold). The pivot point
between these two orientations is marked by a red dot. The docked tRNA molecules are
shown in cyan (A), blue (P) and purple (E).

(c) Bridge B2a (H69) in the unbound D50S (red) and within the T70S ribosome (gold).
H44 (of the small subunit) is shown in gray. P-site tRNA (in cyan) and A-site in green.
(d) The modified bases in the tip of H69 are shown.

(e) and (f) show overlay of H69 In the unbound D50S subunit (gray) on the corre-
sponding feature in the structure of the whole ribosome (gold). The tRNA acceptor stem
mimic (ASM) is shown in red. The docked A- and P-sites tRNA are shown in cyan and
dark green (respectively). These figures indicate the proposed movement of H69 towards
the decoding center of H44 (light cyan) in T30S.
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These bridges could be seen even at 5.5 A resolution, and are de-
scribed in detail in (Yusupov et al., 2001). Here we focus on bridge B2a
for a few functional tasks, since we found that elements involved in
bridging the two subunits within the assembled ribosome, appear to par-
ticipate in the functional tasks of the ribosome. The orientation of H69
with its universally conserved stem-loop in D50S is different than that
seen in T70S. Both lie on the surface of the intersubunit interface, but in
the 70S ribosome it stretches towards the small subunit, whereas in the

Fig. 3.
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free 50S it makes more contacts with the large subunit, so that the dis-
tance between the tips of their stem-loops is about 13.5 A. Figure 3c
hints at a feasible sequence of events leading to its creation. Once the
initiation complex, that includes the small subunit and tRNA at the P-
site, approaches the large subunit the tRNA pushes helix H69 towards
the decoding center, and the intersubunit bridge is formed.

The specific conformations of H69 in D50S and T50S, and their
modes of binding the tRNA and its mimics, implicated H69 as a carrier
of the helical part of the A-site tRNA into the P-site. Within the 70S ri-
bosome, H69 interacts with both the A- and the P-site tRNAs (Yusupov
et al., 2001). In the complex of D50S with an acceptor stem tRNA mimic
(called here ASM), most of the contacts of the helical stem of the ASM,
which position it within the A-site, are with H69 (Figure 4). The crucial
contribution of H69 to the proper placement of the tRNA mimic is also
reflected by the disorder of the helical stem of the tRNA mimic that was
bound to H50S crystals, in which H69 itself is disordered (Ban et al.,
2000, Nissen et al., 2000).

The displacement and the rotation of a massive helix like H69 re-
quire inherent flexibility. It is conceivable that the ribosome benefits
from this flexibility beyond bridging the two subunits. The proximity of
H69 to both the A- and the P-site tRNAs (Yusupov et al., 2001, Bashan
et al., 2002), suggest that besides acting as an intersubunit bridge, H69
participates in translocation. In addition, connecting between the peptidyl
transferase center in the large subunit and the decoding region (Figure 3)
in the small one, H69 may be the right candidate to provide the machin-
ery needed for the transmission of signals between the two centers. The
location of H69 may hint also at its contribution to a sophisticated signal-
ing network over long distances, like between the GTPase and the PTC
centers or between the PTC and the E-site tRNA release mechanism
(Harms et al., 2001).

Interestingly, mapping of the E. coli modified nucleotides known to
be important for the function of the large ribosomal subunit (Ofengand
and Bakin, 1997) onto the D50S structure, showed clustering of the posi-
tions corresponding to these nucleotides in the vicinity of the active site
of D. radiodurans as well as in H69 (Figures 3 and 5). The location of
the latter on the stem loop of H69 intersubunit bridge in the assembled
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ribosome led us to suggest that the modified bases play a role in the
bridging events.

The PTC tolerates various binding modes

Three-dimensional structures of several complexes of D50S with sub-
strate analogs, designed to mimic the tRNA acceptor stem (ASM) or the
CCA 3'end of the tRNA bound to puromycin (ACCP), with the universal
antibiotic sparsomycin, and with a combination of ASM and sparso-
mycin (ASMS) were determined by us (Bashan et al., 2002). Analysis of
these structures allowed us to elucidate the modes of interactions be-
tween the ribosome and the substrate analogs; to illuminate elements of
flexibility within the peptidyl transferase cavity, including those facili-
tating the interplay between the A- and P-sites; to investigate the prin-
ciples of the action of a P-site ligand; and to identify feature that contri-
bute to the dynamics of translocation.

The PTC is highly conserved. Nevertheless, we observed some di-
versity in its structure in the different crystal systems. The overall struc-
ture of the cavity hosting the PT activity in the liganded D50S is similar
to that seen in the native (Harms er al., 2001), in the antibiotic bound
D50S structures (Schluenzen et al., 2001) and in the complexed 70S ri-
bosome (Yusupov et al., 2001). The orientations of both the conserved
and variable bases of the PTC seem to depend on several parameters;
among them is the functional state of the ribosome. Thus, the conforma-
tion of the key nucleotides in the complex of T70S with three tRNAs
differs significantly from the conformations seen in two complexes of the
large ribosomal subunit from H50S with compounds believed to be sub-
strate or transition-state analogs (Yusupov et al., 2001). Also, the PTC of
H50S undergoes notable conformational changes upon binding ligands
(Nissen et al., 2000, Schmeing et al., 2002), including the ordering of the
base corresponding to A2602, which is disordered in the 2.4 A structure
of H50S, as are most of the functionally relevant features in this structure
(Ban et al., 2000).

Diversity in binding modes of different A-site tRNA analogs may
also be connected to the nature of the analog, and the differences in posi-
tioning of different analogs appear to be correlated with the amount of
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Fig. 4 (a) The PTC and its environment, including ASM and the modeled A- and P-site
tRNAs.

(b) Three views, showing substrate analogs in the PTC and, backbone of H93 and A2602.
Note the hydrated Mg2+ ions, shown as pink dots.

(c) The relative orientations of A2602 in different complexes of D50S (Bashan ez al.,
2002) and of H50S (PDB entry 1FGO and 1KQS). Sparsomycin (Spar) and chloram-
phenicol (CAM) are included, to indicate the limits of the rotation 0ofA2602. The dark
gray indicates the RNA backbone in the sparsomycin/D50S complex. The light gray
shows the backbone in D50S/CAM complex.

(d) The two fold symmetry in the PTC, together with A2602.

(e) The proposed over-all mechanism of peptide bond formation.
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support given to them by the PTC. An example is ASM that is held in its
position mostly by the interactions that its helical part makes with H69,
the loop between H69 and H71 and protein L16 (Figure 4). The tRNA
mimics that include features representing the acceptor stem of tRNA,
were found to be oriented by their interactions with two long ribosomal
helical segments, H89 and H69. Such contacts cannot be created either
for short analogs or when one of the main supports, helix H69, is disor-
dered, as in the structure of H50S. Indeed, we found that truncated sub-
strate-analogs bind to the ribosomal peptidyl center at a large range of
conformations that may be similar, but not identical, to the mode of bind-
ing of larger RNA constructs that were designed to bind to the large sub-
unit as tRNA mimics.

We found that the compounds mimicking the CCA ends of tRNA,
complexed with D50S (Bashan et al., 2002) or H50S (Nissen et al.,
2000, Schmeing et al., 2002), are held in their positions by a comparable
amount of interactions with their corresponding PTCs. However, varia-
tions in binding modes were observed between them, even within the
subgroup of short tRNA analogs (Figure 4). Thus, it appears that the
lower part of the PTC can tolerate several binding modes that resemble
each other, but are not necessarily identical to the precise orientation
leading to efficient protein biosynthesis. Consistent with the findings that
although most of the interactions of the ACCP with the ribosome are
with universally conserved nucleotides, altered reactivities were ob-
served for puromycin in eubacteria and archaea (Rodriguez-Fonseca
et al., 1995). The position of ASM in D50S is similar, but not identical,
to that of the acceptor stem of the A-site tRNA in the 5.5 A structure of
T70S (Yusupov et al., 2001). The reasons for this may reflect the differ-
ence between tRNA binding to unbound large subunit and to assembled
ribosome, in which the tRNA also makes substantial contacts with the
small subunit, or to the differences in A-site binding in the absence of P-
site substrate (Green et al., 1998). Alternatively, the position of ASM
may indicate the existence of an additional binding mode, similar to the
suggested "hybrid mode", in which the movement of the acceptor stem is
uncoupled from that of the rest of the tRNA (Moazed and Noller, 1991).

The walls of the PT cavity are composed of several RNA features.
One of them is the flexible helix H69 that forms the B2a bridge (Harms
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et al., 2001, Yusupov et al., 2001). The helical stem of ASM interacts
with the extended loop of protein L16, and that H69 packs groove-to-
backbone with it. Hence it seems that H69 and protein L16 are the key
factors influencing the positioning of ASM within the PTC. Interestingly,
the main chain of protein does not interact directly with the tRNA mimic,
although its conformation underwent substantial rearrangements as a re-
sult of the binding of the tRNA mimic, presumably to avoid short con-
tacts.

Analysis of the modes of attachment of the tRNA mimics to the pep-
tidyl transferase center in D50S supports the idea that the ribosome pro-
vides a frame for the peptide bond formation, rather than being actively
involved in the catalytic events, consistent with (Polacek et al., 2001),
and with the suggestion that di-metal ions may be instrumental for pep-
tide bond formation (Barta et al., 2001). Our studies also indicate that the
peptidyl transferase center contains several flexible regions, some of
which may be stabilized by the binding of substrate analogs, others may
be exploited as parts of the for translocation machinery.

Striking conformational alterations within the PTC

Sparsomycin is a universal antibiotic agent. Nevertheless, ribosomes
from different kingdoms show differences in binding affinities to it.
Similar to PTC antibiotics studied so far by us (Schluenzen et al., 2001),
sparsomycin interacts exclusively of 23S RNA. In its single binding site,
and interacts with the highly conserved base A2602. But, unlike other
antibiotics of the large subunit, which make various interactions with the
ribosome, sparsomycin interacts only with a single base, A2602. The
limited contacts between sparsomycin and the large subunit rationalize
its weak binding. These stacking interactions may be sufficient for its
firm attachment as long as the ribosome or its large subunit are not ac-
tively involved in protein biosynthesis, or in the crystals, owing to the
limited mobility of crystalline materials. In active ribosome, destabiliza-
tion of sparsomycin binding during protein biosynthesis may be corre-
lated to changes in the orientation of sparsomycin's counterpart, nucleo-
tide A2602, which was implicated to play an active role in protein bio-
synthesis. Additional interactions with P-site substrates like N-blocked
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aminoacyl-tRNA that is known to increase the accessibility of nucleotide
A2602 (Porse et al., 1999), should lead to tighter binding. Furthermore,
the enhancement of sparsomycin binding by N-blocked aminoacyl-tRNA
may indicate that sparsomycin may inhibit protein biosynthesis not only
by altering the conformation of the PTC, but also by blocking the P-site
and by trapping non-productive intermediate-state compounds.

In contrast to the minor conformational changes induced by the anti-
biotics studied so far (Schluenzen et al., 2001), sparsomycin appears to
significantly alter the conformation of both the P- and the A-sites. A2602
is the base that undergoes the most noticeable conformational rear-
rangements (Figure 4) upon sparsomycin binding. Interestingly, although
chloramphenicol and sparsomycin do not share overlapping positions,
they seem to compete with each other in inhibiting peptide bond forma-
tion. We found that the base of A2602 in sparsomycin complex is flipped
by 180° compared with its position in the complex of D50S with
chloramphenicol (Figure 4), implicating this base as the trigger of the
competition between them.

Analysis of our results showed that sparsomycin introduces altera-
tions in the peptidyl transferase center. Figure 3 shows the location of the
tRNA mimic in the presence of sparsomycin. Compared with its position
in "empty" PTC, in the presence of sparsomycin, ASM is slightly twisted
and placed somewhat closer to the P-site. In its position ASMS interacts
with protein L16, but looses one of the contacts that ASM makes with
this protein. In addition to the interactions of ASMS with the 23S RNA
and protein L.16, it makes three hydrogen bonds with a putative hydrated
Mg”* ion, located close to its CCA end. This Mg>* ion with the water
molecules bound to it, is seen clearly in the ASMS map. The same posi-
tion in the ASM map contains less well-defined features.

We assume that the differences between the binding modes of ASM
and ASMS result from alterations in the PTC. Since ASMS crystals were
obtained by soaking co-crystals of D50S and sparsomycin, and since
sparsomycin was shown to trigger conformation changes n the PTC, it
seems that these were sufficient to modify the binding mode of the A-site
substrate analogs, hence suggesting interplay between the A- and the P-
sites. Based on the binding modes of ASM in the presence and absence
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of sparsomycin, we conclude that P-site occupation governs the posi-
tioning at the A-site. As seen below, whereas the location and orientation
of the A-site acceptor stem analog (ASM) seems to be designed for pep-
tide bond formation, the orientation of ASM in the presence of an inhibi-
tor at the P-site, would not permit its participation in peptide bond forma-
tion. Thus, the PTC seems to possess a mechanism that prevents correct
localization of a tRNA molecule at the A-site when the P-site is occupied
by an inhibitor rather than a substrate.

Two-fold rotation

We identified a local two-fold rotation axis within the peptidyl trans-
ferase cavity that relates two groups of nine nucleotides, in each the A-
and P-sites (Figure 4). Conformation, rather than the type of the base, is
related by the pseudo two-fold symmetry. This local two-fold symmetry
at the PTC of D50S is consistent with the observation that the CCAs
bound in the A-and P-sites are related by a two-fold axis (Nissen et al.,
2000).

Why does the structure of the ribosome, which lacks any symmetry,
possess a local two-fold axis at its active site? Why are the 3'-ends of the
A- and P-sites tRNAs related by a local two-fold axis, whereas the
tRNAs molecules are related by translation? A feasible explanation is
that the local two-fold symmetry provides similar, albeit not identical,
environments for the CCA termini, to allow for a smooth translocation
with minor rearrangements (Yusupov ef al., 2001) and without being ex-
posed to large energetical differences.

Translocation of the tRNA-mRNA complex involves disruption of
existing interactions in one site and the establishment of new interactions
in the next site. Owing to the local two-fold symmetry, the environments
of the A- and P-sites are similar. Nevertheless, the environment of the 3'
ends of the two tRNAs are somewhat different. In T70S crystals, the P-
site tRNA seems to make more interactions with the P-loop than the A-
site with the A-loop (Yusupov et al., 2001). In the liganded H50S crys-
tals, the A- and the P-site tRNA make the same number of contacts with
the PTC, but the P-site tRNA makes two base pairs whereas the A-site
tRNA is involved in only one base pair[Nissen, 2000 #57. Hence, in both
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systems the progression from the A- to the P-site would be energetically
favored and should enhance the contacts between the tRNA and the 23S
RNA.

The observation of a two fold symmetry between the A- and P-sites
3' tRNA termini implies that regardless of the translocation mechanism,
the CCA end of the A-site tRNA bearing the newly formed polypeptide
should rotate by approximately 180° on its way from the A- to the P-site.
This rotation may be triggered by the creation of the new peptide bond,
and can occur, in principle, when the helical part of the tRNA is either at
the A-site, or during its translocation to the P-site or after the tRNA
reaches the P-site. In order to exclude non-permitted rotations due to
space constrains, we modeled the three possibilities for rotation (Agmon
et al., to be published). Starting from the location of the tRNA mimic
(ASM) in D50S, we found that a 180° rotation of its ACCA end together
with the base bound to it can occur while the helical part of ASM is at
the A-site without steric hindrance. Furthermore, we found that in ASM,
the P-O3' bond corresponding to the bond connecting bases 73 and 74 of
tRNA, are located just above the ACCA terminal, is almost overlapping
the local two-fold axis. Therefore the ACCA-peptidyl rotation may occur
around this bond while the tRNA is at a location similar to that of ASM
that may represent an intermediate hybrid state (Moazed and Noller,
1989).

Performing the two-fold symmetry operation on ASM positioned the
carbonyl carbon of esterified P site residue in an orientation and distance
suitable for a nucleophilic attack of the primary amine of the A-site
bound aminoacyl tRNA. At these relative orientations a nucleophilic at-
tack should be spontaneous, especially at basic pH values, as in D50S,
since the primary amine is not expected to be protonated. At this orienta-
tion similar mechanism should be possible even at slightly acidic pH
values, ~6, as an equilibrium between NH2 and NH3" is expected. The
optimal overall pH value for efficient protein biosynthesis of D50S
(similar to many other ribosomes) is around pH=8. Hence, it is logical to
expect that the pH of the local environment at the PTC should be be-
tween these two values. We therefore propose a mechanism for peptide-
bond formation, which is based on direct donor-acceptor interaction
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between the A- and P-substrates, and on proton transfer mediated by
water or hydrated magnesium that was identified in the vicinity of the
two substrates (Bashan et al., 2002). This mechanism is consistent with
our earlier observations (Schluenzen et al., 2001, Yonath, 2002) as well
as with earlier suggestions saying that the ribosome provides the frame
for accurate orientation of the tRNA molecules and may enhances the
rate of peptide bond formation (Nierhaus et al., 1980, Samaha et al.,
1995, Green and Noller, 1997, Pape et al., 1999, Polacek et al., 2001)
rather than participating in the actual enzymatic activity, as suggested by
the Yale group (Nissen et al., 2000).

Nucleotides U2585 and A2602 are located approximately on the lo-
cal two-fold axis, and U2585 is situated right under A2602, in the direc-
tion of the protein exit tunnel. This construction hints that the extremely
flexible nucleotide A2602 may play a dynamic role in coordinating the
tRNA motions, and U2585 may assist in guiding the ACCA during the
rotation and in transmitting messages from the tunnel wall to the PTC.
This suggested rotation-translation motion could provide benefits not
only for translocation but also for the progression of the nascent protein
through the tunnel, since it may create a screw motion that demands less
force than straight pushing. As the walls of the exit tunnel have bumps
and grooves and its diameter is not uniform, the progression of the nas-
cent protein through the tunnel cannot be approximated to a smooth ob-
ject progressing along smooth walls. The growing proteins move at times
through narrow paths, so that their side chains may exercise significant
friction. One of the narrowest regions of the tunnel is its entrance. Hence,
a screw movement should be beneficial especially for the first step of
nascent chain movement — its entry into the tunnel.

THE PROTEIN EXIT TUNNEL - A PASSIVE PATH OR
AN ACTIVE DISCRIMINATOR?

The protein exit tunnel was assumed to provide a passive path for export-
ing smoothly all protein sequences and changes in its diameter were
observed in correlation with mutations or different functional states
(Gabashvili et al., 2001). Originally this tunnel was believed to provide
a passive path to the nascent protein chains. However, evidence was
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obtained for tunnel participation in regulating intracellular co-
translational processes, indicated that the tunnel may possess dynamic
capabilities allowing it to function as a discriminating gate and to re-
spond to signals from cellular factors or from nascent proteins and refer-
ences therein. Sequences that presumably interact with the tunnel interior
and thereby arrest protein elongation cycle were identified. This interac-
tive elongation arrest was proposed to provide mechanisms to guarantee
critical events, such as sub-cellular localizations or subunit assembly
(Walter and Johnson, 1994, Nakatogawa and Ito, 2002, Tenson and
Ehrenberg, 2002, Young and Andrews, 1996, Stroud and Walter, 1999,
Liao et al., 1997, Sarker et al., 2000). Furthermore, recently it was found
that short peptides can act as regulatory nascent peptides and render re-
sistance to macrolides (Herr et al., 2000, Lovett and Rogers, 1996, Ten-
son and Mankin, 2001, Weisblum, 1995), while exploiting the peptides
translated by the same ribosome. The length and the sequence of the pep-
tides are critical for their activity, suggesting direct interaction between
the peptide and the drug on the ribosome.

GATING WITHIN THE TUNNEL: A MECHANISM
FOR REGULATING SELECTED CELLULAR EVENTS

A semi-synthetic macrolide of no clinical use was found to trigger a
striking conformational rearrangement in the walls of the tunnel, by flip-
ping the tip of a highly conserved beta-hairpin of the ribosomal protein
L22 across the tunnel (Figure 5). This modulation of the tunnel shape
provides the first structural insight into its dynamics. The tunnel gating
could be correlated with sequence discrimination and elongation arrest of
the SecM (secretion monitor) protein (Sarker et al., 2000), thus paving
the way for illuminating the ribosome role in regulating intracellular
events. This secretory protein monitors protein export. It includes a se-
quence motif that causes arrest during translation in the absence of the
protein export system (called also "pulling protein"), which can be by-
passed by mutations in the ribosomal RNA (rRNA) or in ribosomal pro-
tein L.22 (Nakatogawa and Ito, 2002), a constituent of the tunnel walls
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Fig. 5 (a) The interface view of D50S (only RNA backbone is shown). The position of
the tunnel entrance is highlighted in blue (representing erythromycin at its binding site).
(b) Left: A view into the ribosomal exit tunnel highlighting all modified nucleotides (yel-
low: pseudouridines, red: methylations, green: sugars. Right: the same as in the left side,
but with erythromycin in the tunnel.

(c) View into the ribosomal tunnel from the active site, showing the hindrance of the
tunnel by L22 swung conformation (magenta, right) compared to the native (cyan, left).
A superposition of them is shown in the bottom. Note how the native and swung double-
hooks interact with two sides of the tunnel wall.

(d) Side view of the region of the ribosome exit tunnel, showing the contacts of the native
(cyan) and swung (magenta) conformations of L.22 hairpin tip. The RNA moieties con-
structing the tunnel wall at this region are shown in gray.
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(Nissen et al., 2000, Harms et al., 2001). L22 consists of a single globu-
lar domain and a well-structured, highly conserved beta-hairpin with a
unique twisted conformation, which maintains the same length in all spe-
cies, whereas insertions/ deletions exist in other regions of L22. Within
the ribosome protein L22 has an overall conformation similar to that seen
in its crystal structure (Unge et al., 1998). Somewhat different, however,
is the inclination of the tip of the beta-hairpin. It is positioned with its
globular domain on the surface of the large subunit while the beta-hair-
pin lines the walls of the tunnel and extends approximately 30 A away
from the protein core.

Both the altered conformation of L22 beta-hairpin (called here the
"swung conformation") and the native one are stabilized mainly by elec-
trostatic interactions and hydrogen bonds with the backbone of rRNA.
These two highly conserved arginines may be considered as a "double-
hook" anchoring both native and swung conformations and modulating
the switch between them. The structure of protein L22 appears to be de-
signed for its gating role. Precise positioning of L22 hairpin stem, re-
quired for accurate swinging and anchoring of the double-hook is pre-
sumably achieved by the pronounced positive surface charges of this
region.

The observation that sequence related translational arrest could be
suppressed by mutations that were localized in the double-hook region of
protein L.22, led us to propose that the observed swing of the tip of L22
beta-hairpin indicate its intrinsic conformational mobility. Since the
swung conformation restricts severely the space available for the passage
of nascent proteins through the tunnel, and since L22 double-hook is
highly conserved, it is logical to link the swing of L.22 with the putative
regulatory role assigned to the tunnel. We propose that 122 is a main
player is this task, with its double-hook acting as a conformational switch
and providing the molecular tool for the gating and discriminative prop-
erties of the ribosome tunnel.

A specific sequence motif that induces the elongation arrest while
SecM protein is being formed was found to hinder translation elongation
in E. coli even when present within unrelated sequences (Nakatogawa
and Ito, 2002). We therefore suggest that the mechanism of the elonga-
tion arrest is based on the combination of the conformational rigidity of
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protein with amino acids with bulky side chains (Trp and Ile) and their
relative positions. By modeling a poly-alanine nascent chain, kinked to
comply with the curvature of the tunnel, we verified that for this specific
motif, once the proline has been incorporated into the nascent chain and
was placed at the tunnel entrance, the two bulky amino acids reach the
tip of L22 hairpin. In order to avoid collisions they may trigger a swing
in a manner similar to ACM. This motion will free space for the bulky
side chains, but at the same time will jam the tunnel for the progression
of the nascent chain. In principle, nascent chains can use their flexibility
to progress smoothly through the tunnel even in the proximity of L.22
beta-hairpin, as presumably happens when residues with bulky
sidechains are incorporated into nascent proteins. However, the inherent
conformational rigidity of the proline that is located at the narrow en-
trance to the tunnel should hinder possible adjustments of the nascent
chain.

Under normal conditions the SecM elongation arrest was found to be
transient, but in the absence of active export of SecM the arrest is signifi-
cantly prolonged (Nakatogawa and Ito, 2002). The question still to be
investigated concerns the mechanism whereby the cellular signaling for
alleviating the arrest is being transmitted. An intermediate conformation
of the swung region may be required, allowing sufficient space for the
bulky side chain and for progression of the nascent protein. Indications
for such conformation were observed in the crystals structure of L22
(Unge et al., 1998). The conformational change of swung region may be
triggered by the C-terminal end of L22, which is positioned at the vicin-
ity of the exit tunnel opening (Nissen et al., 2000, Harms et al., 2001)
and therefore may interact with the "pulling protein". This C-terminus of
L22 is almost a linear extension of the beta-hairpin. Hence it may trigger
allosteric rearrangements in the hairpin. The nascent chain may also play
a role, since the arrest motif is located over 150 residues away from the
N-terminal. Hence, once the bulky side chains reach the swung region of
L22, the N-terminal residues of SecM should have reached the tunnel
opening and can interact with the "pulling protein". The outstanding role
of L22 and the conservation of the double hook, and of the hairpin size
and sequence, suggest the gross discriminating mechanism to be univer-
sal, although the detailed interactions between the nascent protein and



Ribosomal Crystallography 279

the tunnel may vary between prokaryotes and higher organism. The
known dependence of elongation arrest on sequence motifs within nas-
cent peptides; the correlation between arrest-suppression mutants and the
features involved in L22 gating induced by the modified macrolide; indi-
cate that the tunnel is involved in sequence discrimination and may play
active roles in regulation of intracellular processes.

Our results show that protein .22 has an intrinsic conformational
mobility and contains a conserved double-hook feature, capable of inter-
acting with the two sides of the tunnel wall, thus creating a swinging gate
within the tunnel. The existence of dynamic features within the ribo-
somal tunnel and its ability to oscillate between conformations, the
known dependence of elongation arrest on sequence motifs within nas-
cent peptides, the correlation between arrest-suppression mutants and the
features involved in L22 gating, indicate that the tunnel is involved in
sequence discrimination and may play active roles in regulation of intra-
cellular processes.

The opening of the ribosomal exit tunnel is located at the bottom of
the particle. In D50S it is composed of rRNA components as well as of
several proteins, including L22. In H50S, two proteins that do not exist
in D50S, L31e L39e are also part of the lower part of the tunnel (Harms
et al., 2001). Interestingly, the space occupied by protein L23 in D50S
hosts two proteins in H50S, so that the halophilic L39e replaces the ex-
tended loop of L23 in D50S. L39e is a small protein of an extended non-
globular conformation, thinner than the extended loop of L23 in D50S.
Therefore it penetrates deeper into the tunnel walls than the loop of L23
in D50S. L39e is present in archaea and eukaryotes, but not in eubacte-
ria. Thus, it seems that with the increase in cellular complication, and
perhaps as a consequence of the high salinity, a tighter control on the
tunnel's exit was required, hence two proteins replace single one.

CONCLUDING REMARKS

Ribosomal crystallography, initiated two decades ago, yielded exciting
structural and clinical information. We found that both the decoding cen-
ter and the peptidyl transferase centers are formed of RNA. Proteins
seem to serve ancillary functions such as stabilizing required conforma-
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tion, binding of non-ribosomal factors, assisting the directionality of the
translocation and gating of the ribosomal tunnel.

The ribosome is an accurate and intricate machine, and as such it has
ample of mobile regions. These include the head and the shoulder of the
small subunit, the features lining the mRNA path; the peptidyl trans-
ferase; the intersubunit bridges; the exit tunnel that control the release of
nascent chains; the L1 stalk that provides the door for exiting tRNA.

The studies presented here show that the peptidyl transferase center
tolerates various binding modes, but precise positioning appears to be
crucial for the biosynthesis of protein chains. This precise positioning is
determined by the tRNA helical stem, rather than by its 3' end, and the
ribosome provides the structural frame for it. Once properly positioned,
the peptide bond can be formed spontaneously. Ribosomal components
appear not participate directly in the catalytic event. They may, however,
be of major importance for cell vitality, as they may increase the effi-
ciency or enhance the rate of the reaction..

Ribosomes are a major target for antibiotics. The therapeutic use of
antibiotics has been severely hampered by the emergence of drug resis-
tance in many pathogenic bacteria. With the increased popularity of anti-
biotics to treat bacterial infections, pathogenic strains have acquired anti-
biotic resistance, thus became ineffective. Resistance posed extremely
serious medical problems that have prompted extensive effort in the de-
sign of modified or new antibacterial agents. The findings shown here
may assist not only rational drug design but also open the door for mini-
mizing drug resistance.
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