Chapter 2
Recent Progress in Ribosome
Structure Studies

Marat Yusupov

Abstract A high-resolution structure of the eukaryotic ribosome has been
determined, leading to increased interest in studying protein biosynthesis and its
regulation in the cell. New functional complexes of the full ribosome crystals
obtained from the bacteria Escherichia coli and Thermus thermophilus and the
yeast Saccharomyces cerevisiae have permitted the identification of precise residue
positions in different states of the ribosome function. This knowledge, together with
electron microscopy studies, has improved the understanding of how basic ribosome
processes, including mRNA decoding, peptide bond formation, mRNA and tRNA
translocation, and co-translational transport and modifications of the nascent peptide
are regulated.
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2.1 Introduction

The ribosome is a ribonucleoprotein assembly that is found in all living cells and
translates the genetic code into proteins. Recent progress in ribosomal structural
biology has included X-ray structure determination and cryo-electron microscopy
(EM) studies, which are based on previous knowledge of individual ribosomal
components, such as ribosomal RNA, ribosomal proteins, ribosomal subunits, and
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ribosome complexes in solution (Serdyuk et al. 1983; Wittmann 1983). The shape
of the bacterial ribosome and its nonsymmetrical ribosomal subunits was first
reconstituted from negatively stained EM images in the laboratories of Vasiliev
and Lake (Lake 1976; Vasiliev 1974). Ribosomes from Bacteria and Archaea
consist of a large (50S) and a small (30S) subunit, which together constitute the
2.5 megadalton (MDa) 70S ribosome. The eukaryotic counterparts are the 60S and
40S subunits and the 80S ribosome, which range in size from 3.5 MDa in lower
eukaryotes to 4.5 MDa in higher eukaryotes. Many key components of the ribosome
are conserved across the three kingdoms of life (Bacteria, Archaea, and Eukarya),
highlighting their importance in the fundamental process of protein biosynthesis
(Melnikov et al. 2012). Protein synthesis has been intensely studied during the past
five decades, but for most of this time, the three-dimensional structure of the
ribosome remained unclear. Cryo-electron microscopy and single-particle analysis
produced the first direct visualizations of the bacterial ribosome in different func-
tional states (Agrawal et al. 1998; Frank et al. 1995; Stark et al. 1997a, b). However,
it was not until the X-ray crystallographic structures of the entire 70S ribosome
(as well as those of the individual 30S and 50S subunits) began to emerge that
accurate atomic models became available (Ban et al. 1998, 1999, 2000; Cate
et al. 1999; Clemons et al. 1999; Wimberly et al. 2000; Yusupov et al. 2001).
Efforts in ribosome crystallography started early with methods detailing the crys-
tallization of 50S ribosomal subunits isolated from Bacillus sterothermophilus and
Haloarcula marismortuie (Harel et al. 1988; Trakhanov et al. 1987; Yonath
et al. 1982, 1983) and the 30S subunit and full ribosome isolated from Thermus
thermophilus (Trakhanov et al. 1987; Yusupov et al. 1987). The first crystal
structures of the 30S subunit from 7. thermophilus and the 50S subunit from
H. marismortuie were used to interpret X-ray electron density maps and to model
the full ribosome from T. thermophilus (Ban et al. 2000; Wimberly et al. 2000;
Yusupov et al. 2001). These crystals of individual ribosomal subunits have been
used for modeling and in studies of the full ribosome function through complexes
with functional ligands, ligand analogues, and antibiotics, as summarized in several
review articles (Schmeing and Ramakrishnan 2009; Steitz 2008).

Over the past decade, remarkable advances have been made in full ribosome
crystallography, to the extent that it is now possible to obtain a medium- or high-
resolution structure of not only the ribosome but also its complexes with key
components, such as messenger RNA (mRNA), transfer RNAs (tRNA), and various
protein translocation factors (Demeshkina et al. 2012; Dunkle et al. 2011; Jenner
et al. 2010a, b; Selmer et al. 2006; Yusupov et al. 2001; Yusupova et al. 2001,
2006). These structural studies can help to explain the mechanism of tRNA binding
in the presence of elongation factor Tu (Schmeing et al. 2009), the processes
of mRNA decoding (Demeshkina et al. 2012; Schmeing et al. 2011), and the
mechanism of GTP hydrolysis (Voorhees et al. 2009), as well as translocation
(Dunkle et al. 2011; Gao et al. 2009), termination (Jin et al. 2010, 2011; Korostelev
et al. 2008, 2010; Laurberg et al. 2008; Petry et al. 2005; Weixlbaumer et al. 2008;
Zhou et al. 2012), and ribosomal recycling (Pai et al. 2008; Weixlbaumer
et al. 2007).
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Crystallography of full ribosome complexes can also be used for co-translational
modification studies (Bingel-Erlenmeyer et al. 2008) and translational regulation
(Blaha et al. 2009; Gagnon et al. 2012; Polikanov et al. 2012). Until 2010, only
studies concerning the X-ray crystal structures of the bacterial ribosome were
available because efforts to elucidate the structure of the eukaryotic ribosome
remained unsuccessful.

Crystal structures of the eukaryotic ribosome from Saccharomyces cerevisiae
were first determined at 4.2 A and later at 3.0 A resolution and significantly
increased the understanding of protein synthesis and its regulation in the cell
(Ben-Shem et al. 2010, 2011).

Recently, the 40S and 60S ribosomal subunits from a eukaryotic organism
(Tetrahymena thermophila) were successfully crystallized with their protein fac-
tors, and the complex structures were determined at 3.8 A and 3.6 A resolution,
respectively (Klinge et al. 2011; Rabl et al. 2011).

Crystal structures of ribosome complexes also help in the interpretation of
lower-resolution data from cryo-EM image reconstructions and can provide a
more thorough understanding of ribosomal complexes and their functions. For
example, this approach has been used in investigations of the translocation mech-
anism (Fischer et al. 2010; Fu et al. 2011; Ratje et al. 2010) and protein transport
(Becker et al. 2009; Seidelt et al. 2009).

2.2 Structure of the Ribosome

Both the 70S and the 80S ribosomes are asymmetrical assemblies of more than
50 different proteins and three or four RNA chains. Each ribosomal component is
present in the ribosome as a single copy, except for stalk proteins (L7 and L12 in
bacteria, P proteins in eukaryotes), which are present as four or six copies. Early
genetic data, which have been corroborated by structural studies, revealed that the
bacterial and eukaryotic ribosomes share a common structural core, comprising
34 conserved proteins (15 in the small subunit and 19 in the large subunit) and
approximately 4,400 RNA bases, which together harbor the major functional
centers of the ribosomes, including the decoding site, peptidyl-transferase center,
and tRNA-binding sites (Smith et al. 2008; Spahn et al. 2001).

Apart from the core (Fig. 2.1), each of the ribosomes contains its own set of
specific moieties, including domain-specific proteins, insertions and extensions of
conserved proteins, and expansion segments of TRNAs (Gerbi 1986; Lecompte
et al. 2002). The 70S ribosome contains 20 bacteria-specific proteins (6 in the
30S subunit, 14 in the 50S subunit), a few extensions of the conserved proteins (for
example, S2, S3, and S4), and a few extensions of ribosomal RNA (for example,
helices h6, h17, and h33a in 16S rRNA and helices h1 and h68 in 23S rRNA). The
80S ribosome contains 46 eukaryote-specific proteins (18 in the 40S subunit, 28 in
the 60S subunit) and extensions and insertions in most of the core proteins, and the
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Bacteria The common core Lower eukaryotes Higher eukaryotes
(T.thermophilus/E.coli) (S.cerevisiae) - (H.sapiens)

2.3 MDa 2.0 MDa 3.3 MDa 4.3 MDa
54 proteins 34 proteins 79 proteins 80 proteins
3rRNA 3rRNA 4 rRNA 4 rRNA
Large subunit: 50S Large subunit: Large subunit: 60S Large subunit: 60S
33 proteins(+14) 19 proteins 46 proteins(+26) 47 proteins(++1)
23S rRNA - 2904 bases 23S - 2843 bases 5.8S and 25S rRNA 28S - 5034 bases
58 rRNA - 121 bases 58 - 121 bases 158and 3396 bases 5.8S - 156 bases
5S - 121 bases 5S - 121 bases
Small subunit: 30S Small subunit: Small subunit: 40S Small subunit: 40S
21 protein(+6) 15 proteins 33 proteins (+18) 33 proteins
16S rRNA - 1542 bases 16S - 1458 bases 18S - 1800 bases 18S - 1870 bases

Fig. 2.1 Structures (fop view) and compositions of bacterial and eukaryotic ribosomes and their
common core. Bacterial and eukaryotic ribosomes share a massive conserved core consisting of
RNA (light blue) and proteins (light red). In addition to the core, ribosomes in each domain of life
contain their own set of proteins, extensions in conserved proteins (both in red), and extensions in
ribosomal RNA (in blue). 5.8S and 25-28S rRNA are both homologous to 23S rRNA in bacteria.
Dashed lines around the core indicate the positions of flexible stalks of the ribosomes that are
usually disordered in X-ray structures. For simplicity, these lines are not shown on the other
structures. The 80S structure of higher eukaryotes has not been determined but is thought to be
highly similar to the solved structures of the yeast and Tetrahymena thermophila ribosomes. On
the panel of human ribosomes, the yeast 80S structure is shown in grayscale, and dashed lines
indicate the positions of long RNA expansion segments, which are the most distinctive feature of
ribosomes from higher eukaryotes

rRNA contains several extensions in its conserved chains, with a total length of
900 bases or more. Most of these rRNA and protein moieties envelop the core from
the solvent side and are thus accessible for potential interactions with molecular
partners, such as translation factors and chaperones. The composition of ribosomes
may also vary within bacteria, within eukaryotes, and even within a single species,
under different conditions of growth and stress, although to a lesser extent. Within
each domain of life, the ribosomes usually contain the same sets of rRNA and
protein chains, and divergence is achieved via variations in the length and sequence
of ribosomal components, mainly rRNA. In eukaryotes, the size of the 80S ribo-
some varies within an approximately 1-MDa range, which is largely attributed to
insertions in four RNA expansion segments in 25S-28S rRNA (ES7L, ES15L,
ES27L, ES39L). In a few cases, ribosomes may contain fewer or additional
ribosomal proteins.

The 30S and 40S subunits have similar shapes, including landmarks known as
the “head,” “body,” “platform,” and “beak” (Fig. 2.2). The mRNA-binding sites
and the three tRNA-binding sites (A, P, and E) are located on the subunit interface.
The mRNA enters through a tunnel located between the head and the shoulder and



2 Recent Progress in Ribosome Structure Studies 27

decoding site

PLATFORM
S6

Sie

Subunit interface

c d RACK1

mRNA exit site
mRNA entry site

Solvent side

Fig. 2.2 Views of the ribosomal subunits of the yeast ribosome from the perspective of the
interface and solvent sides. The head, body, platform, and beak in the small subunit are indicated.
The core is colored in white (rRNA) and light orange (proteins), and domain-specific moieties are
in green (bacteria) and in red (eukaryotes). The tRNA-binding sites are shown as squares on the
subunit interface

wraps around the neck of the 30S subunit. The mRNA exit site (5'-end of the
mRNA) is located between the head and the platform (Jenner et al. 2010a;
Yusupova et al. 2001). The decoding center of the small subunit, where the
codon and anticodon are paired to ensure fidelity in mRNA decoding, is located
on the surface of the interface. In comparing the overall structures, it is evident that
there are extensive differences between eukaryotes and bacteria on the solvent side
of the small ribosomal subunit (Fig. 2.2). These differences are directly correlated
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Fig. 2.3 Common and unique features of the 50S and the 60S subunits (upper and lower pairs,
respectively). The central protuberance, L1-stalk, and the L7/L12-stalk (“P-stalk” in eukaryotes)
in the large subunit are indicated. Color code as in Fig. 2.2. For simplicity, flexible loop regions are
not shown. The tRNA-binding sites are shown as squares on the subunit interface

with the considerably more complex pathway of translation initiation that is known
to exist in eukaryotic cells.

The 50S and the 60S subunits have similar overall crown-like shapes, which
include the “central protuberance,” “L1-stalk,” and the “L7/L12-stalk” (“P-stalk” in
eukaryotes) (Fig. 2.3). On the 60S ribosomal subunit, 27 eukaryote-specific pro-
teins, multiple insertions, and extensions of conserved proteins and several rRNA
expansion segments are concentrated on the periphery of the subunit, forming a
nearly continuous ring-shaped assembly enveloping the core (Fig. 2.3). This ring-
shaped assembly comprises two clusters of eukaryote-specific moieties, for which
little is known in terms of biological function.

Located on the interface side of the large ribosomal subunit are the three (A, P,
and E) tRNA-binding sites and the peptidyl-transferase center, where peptide bond
formation is catalyzed. This peptidyl-transferase center is adjacent to the entrance
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of a tunnel, along which nascent proteins progress before they emerge from the
ribosome on the solvent side. The overall absence of bacteria- and eukaryote-
specific moieties on the central regions of both the subunit solvent and interface
sides is consistent with the universally conserved functions of these areas. This is
seen at the peptidyl-transferase center on the intersubunit surface that is relatively
devoid of bacteria- and eukaryote-specific moieties, as well as around the peptide
tunnel on the solvent side, which is used for ribosomal association with membranes
during protein synthesis (Fig. 2.3). There are, however, important structural differ-
ences between the 50S and the 60S subunits, for example, in the organization of the
peptide tunnel and the surrounding area, which can be understood in terms of
functional divergence.

2.3 Mechanism of Translation

2.3.1 |Initiation of Translation

Bacterial and eukaryotic ribosomes use different strategies to recruit mRNA
(Fig. 2.4). In bacteria, the 30S subunit directly binds mRNA in the vicinity of the
start codon. This process is mediated by the Shine—Dalgarno sequence, a unique
feature of bacterial mRNAs that is located upstream of the start codon (Shine and
Dalgarno 1974). This sequence interacts with a complementary sequence (anti-
Shine-Dalgarno or anti-SD) at the 3’-end of the 16S rRNA, which ensures correct
placement of the start codon. Crystal structures of ribosomes in complex with
mRNAs reveal that Shine-Dalgarno binding results in formation of a helix,
which is located in a cleft on the platform (Jenner et al. 2010a; Yusupova
et al. 2001, 2006). In the 30S subunit, the mRNA exit site is surrounded by four
of six bacteria-specific proteins: S1, S6, S18, and S21 (Schuwirth et al. 2005;
Wimberly et al. 2000). Protein S1 (which is not present in all bacteria) participates
in mRNA recruitment to the 30S subunit during translation initiation by binding
mRNAs 5'-upstream of their start codon (Hajnsdorf and Boni 2012). The location of
S1 on the solvent side of the small subunit was visualized by cryo-EM studies and
correlates with its accessibility for mRNAs (Sengupta et al. 2001). The functions of
proteins S6, S18, and S21 (which are all located on the platform) (Fig. 2.2) are
unclear, although proteins S18 and S21 were suggested to modulate interactions
between the Shine—Dalgarno and anti-SD sequences (Yusupova et al. 2001). The
location of S21 (which is not present in T. thermophilus) in crystal structures of
vacant Escherichia coli ribosomes slightly overlaps with the Shine—Dalgarno
duplex position in ribosome complexes from T. thermophilus, suggesting that S21
interacts with the Shine—Dalgarno—anti-SD duplex in E. coli (Schuwirth
et al. 2005).

In eukaryotes, mRNA is recruited through a unique cap feature at the 5'-end of
eukaryotic mRNAs to the 43S pre-initiation complex (which consists of the 40S
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Fig. 2.4 The translation cycle in bacteria and eukaryotes. Translation is a four-stage process that
includes initiation, elongation of the polypeptide chain, termination, and recycling of ribosomes.
Each of these steps is assisted by protein factors termed initiation (IFs in bacteria or elFs in
eukaryotes), elongation (EF or eEFs), release (RF or eRF), and recycling factors. The elongation
step is the most common between bacteria and eukaryotes and is assisted by homologous
elongation factors (all homologous factors and common steps of translation are labeled in black
throughout the figure). During this step, ribosomes assemble in large complexes (termed poly-
somes), in which the inner shell is typically occupied by the small ribosomal subunit and mRNA
and the outer shell is formed by the large ribosomal subunit, from which the nascent peptide
emerges during translation. The other steps of translation are unique and include several stages that
are different between bacteria (green) and eukaryotes (red). The initiation, termination, and
release factors catalyzing these steps include many nonhomologous proteins that are specific to
bacteria (green) or eukaryotes (red). In eukaryotes, a special group of initiation factors was found
to bind mRNA instead of the ribosome

subunit in complex with elF1, elF1A, elF2, elF3, elF5, and initiator tRNA)
(Fig. 2.4); this results in the formation of a 48S pre-initiation complex. In the 40S
subunit, the locations corresponding to the bacterial proteins S6, S18, and S21 are
occupied by proteins Sle and S26e. Compared to the 16S rRNA, the 3’-end of the
18S rRNA is shortened and covered by protein S26e (Ben-Shem et al. 2011; Rabl
et al. 2011). This finding is consistent with the absence of Shine—Dalgarno
sequences in eukaryotic mRNAs.
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The solvent side surrounding the mRNA exit site of the 40S subunit contains
many unique proteins and rRNA expansion segments that have no analogues in the
30S subunit. Bacteria and eukaryotes employ different strategies to find the mRNA
start codon during translation initiation. In bacteria, start-codon selection is dictated
by the Shine—Dalgarno sequence and ensures correct positioning of the start codon
on the small subunit. In eukaryotes, the start codon may be located several hundred
residues downstream from the point of ribosome attachment, and its recognition by
the ribosome requires a 5'~3' mRNA scanning of the ribosome (Aitken and Lorsch
2012; Jackson et al. 2010).

In bacteria, proteins S3, S4, and S5 form the mRNA entry tunnel (Yusupova
et al. 2001). At the bacterial ribosome mRNA entry site, the universally conserved
helix 16 (h16) of the small ribosomal subunit is held in a conformation in which it is
bent toward protein S3 by a bacteria-specific domain of protein S4 that virtually
covers a large part of h16 (Fig. 2.2c). However, because this domain does not exist
in eukaryotes, h16 is positioned in an entirely different orientation, extending away
from the ribosome body (Ben-Shem et al. 2011) (Fig. 2.2d). Although protein S30e
is located at the base of h16 in eukaryotes, it does not seem to prevent h16 from
adopting different orientations in the 80S structure. This conformational flexibility
of h16 is very relevant for the current model of mRNA scanning. This model
proposes that the binding of factors eIF1 and eIF1A to the 40S subunit stimulates
scanning by inducing h16 to adopt a closed orientation, which stabilizes opening of
the mRNA entry tunnel latch (Jackson et al. 2010; Passmore et al. 2007) and allows
scanning to take place.

2.3.2 The Elongation Cycle

The elongation cycle of protein synthesis in bacteria and eukaryotes is conservative
(Fig. 2.4) and contains steps for decoding, peptide bond formation, and transloca-
tion. At the beginning of the cycle, the ribosome contains a peptidyl-tRNA with a
nascent polypeptide chain in the P-site and an empty A-site. During decoding, the
next amino acid is delivered in a ternary complex of elongation factor Tu (EF-Tu),
GTP, and aminoacyl-tRNA. Decoding is followed by peptide bond formation,
resulting in the elongation of the polypeptide chain by one amino acid. EF-G-
catalyzed translocation moves the tRNAs and mRNA with respect to the ribosome.
Decoding ensures that the correct aminoacyl-tRNA, as dictated by the mRNA
codon, is selected in the A site.

2.3.3 Mechanism of Decoding: Preliminary Binding

Base pairing between the mRNA codon and the tRNA anticodon forms the basis for
the selection of the correct aminoacyl-tRNA in the A site. The many steps of
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decoding have been dissected by pre-steady-state kinetic measurements (Rodnina
and Wintermeyer 2001) and single-molecule FRET studies (Blanchard et al. 2004).
Kinetic data show that a rapid and reversible initial binding of the ternary complex
occurs, followed by a slower codon recognition step. Codon recognition by cognate
tRNA leads to an acceleration of GTPase activation and GTP hydrolysis. Thus,
tRNA binding induces conformational changes in the ribosomal complex that may
be required for GTP hydrolysis by EF-Tu. GTP hydrolysis is followed by the
release of EF-Tu and movement (accommodation) of the tRNA into the peptidyl-
transferase center, after which peptide bond formation rapidly occurs. Interactions
made by three universally conserved bases of the ribosome with the minor groove
of the first two base pairs of the codon—anticodon helix stabilize the correct tRNA in
the ribosomal A site (Carter et al. 2000; Fourmy et al. 1996; Moazed and Noller
1986). Such a specific interaction of the ribosome with the corresponding base pairs
does not occur at the third (wobble) position, which is consistent with the degen-
eracy of the genetic code.

Early chemical footprinting studies suggested the existence of an A/T state
(nonaccommodated state of aminoacyl tRNA of hybrid state model) so long as
EF-Tu was present on the ribosome, in which the aminoacyl end of the incoming
tRNA cannot enter the peptidyl-transferase center until GTP hydrolysis occurs and
EF-Tu has been released, thus ensuring that decoding takes place before peptide
bond formation (Moazed and Noller 1989). Single-particle cryo-EM studies of an
EF-Tu ribosome complex stalled with kirromycin have directly revealed the exis-
tence of the A/T state (Stark et al. 1997b, 2002; Valle et al. 2002, 2003). The
structure provides insights into the means by which successful recognition of the
cognate codon is signaled by the decoding center of the 30S subunit to the GTPase
center of EF-Tu about 80 A away. This structure may provide a model of how the
ribosome might stimulate the GTPase activity of translational GTPases. Although
cryo-EM has provided important structural information about the kirromycin-
stalled decoding complex (Schuette et al. 2009), the 3.6 A crystal structure of the
70S ribosome from T. thermophilus in complex with tRNAPhe in the exit (E) and
peptidyl (P) sites, mRNA, and the TC (ternary complex) of EF-TueThrtR-
NAThr«GDP, which is stabilized by the antibiotics kirromycin and paromomycin,
provides more detailed information about the mechanism of GTP hydrolysis and
structural relationships of GTPase activation and codon recognition (Schmeing
et al. 2009).

2.3.4 Mechanism of Decoding: Proofreading

At the second step of decoding (proofreading), the ribosome reexamines the tRNA
and rejects it if it does not match the codon in the A-site (Rodnina et al. 2005; Zaher
and Green 2009). It was suggested that the universally conserved residues G530,
A1492, and A1493 of 16S ribosomal RNA, which are critical for tRNA binding in
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the A-site (Moazed and Noller 1990; Powers and Noller 1994; Yoshizawa
etal. 1999), actively monitor cognate tRNAs (Ogle et al. 2001) and that recognition
of the correct codon—anticodon duplex induces an overall ribosome conformational
change (domain closure) (Ogle et al. 2002). Recently, a new mechanism for
decoding based on six X-ray structures of the 70S ribosome determined at 3.1-
3.4 A resolution, modeling cognate or near-cognate states of the decoding center at
the proofreading step, has been suggested. It was shown that the 30S subunit
undergoes an identical domain closure upon binding of either cognate or near-
cognate tRNA. This conformational change of the 30S subunit forms a decoding
center that constrains the mRNA in such a way that the first two nucleotides of the A
codon are limited to form Watson—Crick base pairs. When U-G and G-U mis-
matches, generally considered to form wobble base pairs, are at the first or second
codon—anticodon position, the decoding center forces this pair to adopt the geom-
etry close to that of a canonical C—G pair (Fig. 2.5) (Demeshkina et al. 2012). This
by itself, or with distortions in the codon—anticodon mini-helix and the anticodon
loop, results in the dissociation of the near-cognate tRNA from the ribosome.

The nucleotides A1493, A1492, and G530 of the 16S rRNA in helix 44 (h44 and
h18), which contact the first and the second pairs of the codon—anticodon helix,
interact with these unusual U4-G36 and G5-U35 pairs in the same manner as they
would with the canonical Watson—Crick base pairs C4-G36 and A5-U35 (Fig. 2.6).
These findings contradict earlier studies in which these nucleotides were assigned
roles in monitoring and discriminating against canonical Watson—Crick pairs in the
decoding process (Ogle et al. 2001, 2002). The structures show that G530, A1492,
and A 1493 form a static part of the decoding center, thereby defining its spatial and
stereochemical properties.

During the binding of cognate or near-cognate tRNA to the 70S ribosome, the
small subunit undergoes domain closure around the anticodon loop of the tRNA.
The closure results in the formation of a tight decoding center that restricts the first
two nucleotides of the A codon to form exclusive Watson—Crick base pairs with the
tRNA anticodon (Fig. 2.6).

2.3.5 The Peptide Bond Formation

The central chemical event in protein synthesis is the peptidyl-transferase reaction,
in which the a-amino group of the aminoacyl-tRNA executes a nucleophilic attack
on the ester carbon of the peptidyl-tRNA, forming a new peptide bond (Fig. 2.7).
The peptidyl-transferase center (PTC) is located on the large ribosomal subunit and
is organized by domain V of the ribosomal RNA. Although there are nearly
15 proteins that interact with domain V in the subunit, not a single protein was
found within about 18 A of the PTC, confirming that the ribosome is indeed a
ribozyme (Nissen et al. 2000). Structures of the 70S ribosome with three bound
tRNA molecules also show that although the L27 protein interacts with the CCA
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Fig. 2.5 The first and second base pairs of cognate and near-cognate codon—anticodon duplexes
have canonical Watson—Crick geometry. The first base pairs of the near-cognate (a) and cognate
(b) codon—anticodon duplexes and their interactions with A1493 (A1756) of 16S rRNA. The
second base pairs of the near-cognate (¢) and cognate (d) codon—anticodon duplexes and their
interactions with G530 (G) and A1492 (A1755) of 16S rRNA. The third base pairs of the near-
cognate (e) codon—anticodon duplex have a classical wobble geometry. Ribosomal RNA nomen-
clature of Escherichia coli and Saccharomyces cerevisiae
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helix 69 and helix 18 of the large ribosomal subunit. Together with mRNA, they form a rigged
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form exclusively Watson—Crick base pairing but allows the third position to accept wobble base
pairing
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Fig. 2.7 The peptidyl-transferase reaction, including the theoretical transition state. Peptidyl
transferase occurs when the a-amino group of the A-site amino acid (in this case, tyrosine)
executes a nucleophilic attack on the carboxyl carbon of the P-site nascent peptide C-terminal
amino acid. The resulting transition state contains a tetrahedral carbon with a single oxyanion.
Subsequent release of the carboxyl carbon from the P-site tRNA yields the reaction products,
a deacylated P-site tRNA, and an N + 1 length peptide linked to the A-site tRNA

end of the P-site tRNA, it is not close enough to directly participate in catalyzing the
peptide bond formation (Jenner et al. 2010a; Voorhees et al. 2009). The walls of the
PTC are composed of the A and P loops, whereas its floor opens up into the exit
tunnel, through which the nascent polypeptide chain protrudes (Fig. 2.8a). Several
crystal structures of the 50S subunit and 70S ribosome complexed with tRNA or
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Fig. 2.8 Structure of the ribosomal peptidyl-transferase center (PTC) and the mode of tRNA
recognition. a Structure of the 50S subunit showing the location of the PTC. The P loop is shown in
red; the A loop is shown in blue. The arrow points to the tunnel entrance. rRNA is light brown; the
proteins are in gold. b The A loop (blue) binds CCA of the A-tRNA (grey). C75 makes Watson—
Crick interactions with G2553 (G2922), and C75 base-stacks with U2555 (U2924). ¢ The P-loop
(red) bases G2252 (G2620) and G2251 (G2619) form Watson—Crick base pairs with C74 and C75
of the peptidyl-tRNA CCA-end (gray), respectively. In a and b, hydrogen bonds are shown as
dashed lines. Ribosomal RNA nomenclature of E. coli and S. cerevisiae

substrate mimics reveal the means by which the ribosome recognizes its substrates
(Fig. 2.8b) (Hansen et al. 2002; Jenner et al. 2010a; Voorhees et al. 2009).

Nucleotide C74 of A tRNA forms a stacking interaction with U2555 and C75
forms a Watson—Crick base pair with G2553, whereas A76 interacts with U2556
and G2583. Similarly, the P-loop binds the CCA end of the P tRNA formed by the
Watson—Crick base-pairing of C74 and C75 with G2251 and G2252, respectively.
In contrast, A76 stacks onto the ribose of A2451 and creates a hydrogen bond with
the O, hydroxyl of A2450 (Fig. 2.8c). The CCA ends of the tRNA bound to the A-
and the P-sites are related by a 180° rotation, and it has been proposed that this may
contribute to the translocation of the peptidyl-tRNA from the A-site to the P-site
once the peptide bond is formed. In addition, this relationship may also be neces-
sary for the appropriate positioning of the peptidyl group and the attacking a-amino
group. Other interactions have been observed in the PTC of the 70S ribosome from
T. thermophilus. For instance, the N-terminal tail of the protein L27 interacts with
the CCA ends of both tRNAs, thereby stabilizing the conformation (Jenner
et al. 2010a, b; Selmer et al. 2006; Voorhees et al. 2009). Although the deletion
of the three N-terminal residues from L27 affects the rate of translation (Maguire
et al. 2005), this protein is not chemically involved in catalysis. The protein L16
may play a similar role in the eukaryotic ribosome.

2.3.6 Translocation

Translocation is the coupled movement of mRNA and tRNA and follows the
formation of each new peptide bond. This step depends on the elongation factor
EF-G and is coupled to the hydrolysis of GTP. It is also coupled to large-scale
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molecular movements, including the relative rotation of the two ribosomal subunits,
thereby emphasizing the structural dynamics of the ribosome. Early studies by
Pestka (Pestka 1968) and Spirin (Gavrilova et al. 1976) showed that the poly(U)-
dependent synthesis of polyphenylalanine could proceed in the absence of EF-G.
These studies suggest that translocation may have originated as a purely ribosomal,
factor-independent process. Translocation also appears to depend on the rotation of
the 30S subunit relative to the 50S subunit for each step (Frank and Agrawal 2000;
Frank et al. 2007; Horan and Noller 2007). Recent single-molecule FRET studies
show that spontaneous intersubunit rotation can occur within mRNA-tRNA-ribosome
complexes in the absence of EF-G or GTP (Cornish et al. 2008). This finding shows
that thermal energy alone is sufficient to drive the intersubunit rotation underlying
translocation. Cryo-EM studies and X-ray studies have identified several intermedi-
ate states of movement of ribosomal subunits and tRNA during translocation (Fischer
et al. 2010; Ratje et al. 2010; Ben-Shem et al. 2011; Dunkle et al. 2011).

2.3.7 Termination and Recycling

Termination occurs when the ribosome reaches the end of the coding region and a
stop codon enters the ribosomal A-site. The standard genetic code has three
termination codons (UAA, UAG, and UGA). Release factors (class 1) RF1 and
RF2 in bacteria and eRF1 in eukaryotes are responsible for recognizing the stop
codons in the A-site of the small ribosomal subunit and inducing hydrolysis of the
peptidyl-tRNA in the PTC of the large subunit. The factor RF1 recognizes
UAG/UAA whereas RF2 recognizes UGA/UAA codons. Factor eRF1 responds to
all three codons. All the RFs contain a conserved GGQ motif that is required to
trigger peptidyl-tRNA hydrolysis. The mechanism of its action has been studied
through X-ray analysis of T. thermophilus 70S ribosome complexes (Jin et al. 2010;
Korostelev et al. 2008, 2010; Laurberg et al. 2008; Weixlbaumer et al. 2008).
Although the crystal structure of eukaryotic eRF1 has been determined, its complex
on the ribosome has not yet been elucidated (Song et al. 2000). Release factors
(class 2) RF3 in bacteria and eRF3 in eukaryotes are both ribosome-dependent
GTPases. The bacterial RF3 does not participate in peptide release but accelerates
the dissociation of RF1/RF2 from post-termination ribosomes. The eukaryotic
eRF3 strongly stimulates peptide release by eRF1. Recently, the X-ray structure
of a ribosome complex containing release factor RF3 was determined for the
T. thermophilus and E. coli ribosome complexes, and a mechanism for the disso-
ciation of class 1 factors by structural rearrangement of the ribosome was suggested
(Jin et al. 2011; Zhou et al. 2012).

2.3.8 Polypeptide Exit Tunnel

During translation, the growing peptide chain passes through the peptide exit tunnel
to emerge at the solvent side, where it further undergoes processing and folding. In
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Fig. 2.9 Ribosomal proteins located close to the protein tunnel and exit of the large ribosomal
subunits of bacteria and yeast. Protein tunnel in the 50S (a) and 60S (b) subunits. Exit of protein
tunnel on the solvent site of the 50S (¢) and 60S (d) subunits

bacteria, the tunnel walls are primarily formed by the conserved portions of the 23S
rRNA and contain loops of proteins L4, L.22, and a bacteria-specific extension of
L23 (Fig. 2.9a) (Ban et al. 2000; Harms et al. 2001). In eukaryotes, the area
corresponding to the bacteria-specific moieties of L23 overlaps with protein L39%
(Fig. 2.9b) (Ben-Shem et al. 2011; Klinge et al. 2011). In both the 50S and the 60S
subunits, proteins L4 and L22 form a constriction of the tunnel, located approxi-
mately 30 A from the peptidyl-transferase center. In eukaryotes, the constriction is
narrower because of insertions in protein L4. Although the significance of the
differences between bacteria and eukaryotes is unclear, it is suggested that the
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narrower size of the constriction in eukaryotes may block the access of some
macrolide antibiotics to the peptidyl-transferase center (Tu et al. 2005; Zaman
et al. 2007). These antibiotics are thought to be delivered to the binding site through
the tunnel. Genetic studies have shown that an insertion of six amino acids in the
loop of L4 in E. coli endows its ribosomes with a resistance to larger-size
macrolides, which is similar to the phenomenon observed in eukaryotes.

On the solvent side, the rim of the polypeptide exit tunnel contains several
bacteria- or eukaryote-specific proteins and protein extensions: L17, L32, and an
insertion in L.24 in bacteria and proteins L19e and L31e in eukaryotes (Fig. 2.9¢, d).
These differences are partly associated with the differential processing of nascent-
chain N-termini in bacteria and eukaryotes. In bacteria, nascent peptides contain a
formyl group at the N-terminus as a result of the special modification of
aminoacylated initiator tRNA (Met-tRNAfMet), which is formylated to promote
its recognition by initiation factor IF2 (Fig. 2.9). During protein synthesis, the
formyl group is cleaved by the bacteria-specific enzyme peptide deformylase,
which associates with ribosomes through protein 132 (Bingel-Erlenmeyer
et al. 2008). As the initiator Met-tRNAMet is not formylated in eukaryotes, the
positions corresponding to L17 and L32 on the 60S subunit are occupied by the
nonhomologous protein L31e, which is associated with a different activity. In yeast,
L31e interacts with the protein zuotin, a component of a eukaryote-specific chap-
erone complex that is involved in co-translational folding of the growing polypep-
tide (Peisker et al. 2008).
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