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Preface

This book is based on an advanced course of lectures on ribosome structure and protein biosynthesis that |
offer at the Moscow State University. These lectures have been part of a general course on molecular
biology for aimost three decades, and they have undergone considerable evolution as knowledge has been
progressing in this field. The progress continues, and readers should be prepared that some facts,
statements and ideas included in the book may be incomplete or out-of-date. In any case, thisis primarily a
textbook, but not a comprehensive review. It provides a background of knowledge and current ideasin the
field and gives examples of observations and their interpretations. | understand that some interpretations
and generalizations may be tentative or disputable, but | hope that this will stimulate thinking and
discussing better than if | left white spots.

The book has a prototype: it is my monograph "Ribosome Structure and Protein Biosynthesis'
published by the Benjamin/Cummings Publishing Company, Menlo Park, California, in 1986. Here | have
basically kept the former order of presentation of the topics and the subdivision into chapters. The contents
of the chapters, however, have been significantly revised and supplemented. The newly written chapters
on tranglational control in Prokaryotes (Chapter 16) and Eukaryotes (Chapter 17) are added. The chapters
on morphology of the ribosome (Chapter 5), ribosomal RNA (Chapter 6) and cotranslational folding and
transmembrane transport of proteins (Chapter 18) are completely rewritten in the co-authorship with Dr.
V. D. Vasiliev, Prof. A. A. Bogdanov and Prof. V. N. Luzikov, respectively. The concluding chapter on
genera principles of ribosome structure and function is appended.

The literature references in this book, as in the previous one, are given mainly for teaching
purposes, so that the reference lists at the end of each chapter are far from complete. To give aninsight into
the histories of discoveries | cited preferentially pioneer studies in the fields discussed. To provide
information on the present state of knowledge, | have referred the reader to some of the recent
publications. In addition, many illustrations, specifically those which are borrowed from other authors, are
supplied with corresponding references. The book contains also many origina illustrations made due to
invaluable help of my colleagues at the Institute of Protein Research, Pushchino, especially P. G. Kuzin, A.
Kommer, and V. A. Kolb. The assistance of L. N. Rozhanskaya, the secretary, M. G. Dashkevitch and V.
V. Sosnovsky, Computers and Communication Department, and T. B. Kuvshinkinaand M. S. Shelestova,
Scientific Information Department, in preparing the manuscript is also greatly appreciated.

| am grateful to al my colleagues, as well as other scientists, who have read parts of the
manuscripts and made their comments.

Alexander S. Spirin

Pushchino and Moscow,

July 1998
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PROTEIN BIOSYNTHESIS: SUMMARY AND DEFINITIONS

Chapter 1

PROTEIN BIOSYNTHESIS: SUMMARY AND
DEFINITIONS

The proteins of al living cells are synthesized by ribosomes. The ribosome is a large macromolecule
consisting of ribonucleic acids (ribosomal RNAs) and proteins; it has a complex asymmetric quaternary
structure. In order to synthesize protein, the ribosome must be supplied with (1) a program determining the
seguence of amino acid residues in the polypeptide chain of a protein, (2) the amino acid substrate from
which the protein is to be made, and (3) chemical energy. The ribosome itself plays a catalytic roleand is
responsible for forming peptide bonds, i.e. for the polymerization of amino acid residues into the
polypeptide chain.

The program that sets the sequence of amino acid residues in a polypeptide chain comes from
deoxyribonucleic acid (DNA), i.e. from the cell genome. Sections of the double-stranded DNA, which are
called genes, serve as templates for synthesizing single-stranded RNA molecules. The synthesized RNA
species are complementary replicas of just one of the DNA chains and therefore are faithful copies of the
nucleotide sequence of the other DNA chain. This process of gene copying, accomplished by the enzyme
RNA polymerase, is called transcription. In eukaryotic cells, and to a lesser extent in prokaryotic cells,
nascent RNA may undergo a number of additional changes called processing; as a result, certain parts of
the nucleotide sequence may be excised from RNA, and in some cases altered (edited). The mature RNA
becomes associated with the ribosomes and serves as a program, or template, which determines the amino
acid sequencein the synthesized protein. Thistemplate RNA isusually called messenger RNA (mRNA). In
other words, the flow of information from DNA to ribosomes is mediated by gene transcription and RNA
processing, resulting in the formation of mRNA.

In the eukaryotic cell the production of mRNA, that is transcription and most events of processing,
is compartmentalized in the nucleus. At the same time all functioning ribosomes are localized in the
cytoplasm. Hence, the transport of mMRNA from the nucleus to the cytoplasm is a necessary step in the
flow of information from DNA to ribosomes. In Prokaryotes, as well as in eukaryotic cytoplasmic
organelles (mitochondria and chloroplasts), DNA and ribosomes are present in the same compartment, so
that the ribosomes can reach mRNA and start to synthesize proteins during transcription; this is the so-
called coupled transcription-tranglation.

Proteins consist of amino acids. Free amino acids, however, are not used in the synthetic machinery
of the ribosome. To become a substrate for protein synthesis, an amino acid must be activated by coupling
with the adenylic moiety of ATP and then accepted by (covalently linked to) a special RNA molecule
called transfer RNA (tRNA); this process is performed by the enzyme aminoacyl-tRNA synthetase. The
resulting aminoacyl-tRNA is used by the ribosome as a substrate for protein synthesis, and the energy of
the chemical bond between the amino acid residue and tRNA is used for forming a peptide bond. Thus, the
activation of amino acids and formation of aminoacyl-tRNAs provide both material and energy to protein
synthesis.

Using mRNA as a program and aminoacyl-tRNAs as energy-rich substrates, the ribosome
translates genetic information from the nucleotide language of mMRNA into the amino acid language of
polypeptide chains. In molecular terms this implies that while moving along the mRNA, the ribosome
consecutively selects appropriate aminoacyl-tRNA species from the medium. The specificity of the
aminoacyl residue of a corresponding aminoacyl-tRNA selected by the ribosome is defined by the
combination of nucleotidesin a corresponding stretch of MRNA associated with the ribosome. This brings
us to the problem of genetic coding, i.e. the question of nucleotide combinations that determine, or code,
each of the 20 natural amino acids. These combinations are known to be nucleotide triplets, which are
called codons.

Hence, the movement of the ribosome along the mRNA chain (or, in other words, the passing of
mRNA through the ribosome) establishes a temporal order of entering the various aminoacyl-tRNA
speciesinto the ribosome. This order depends on the sequence of coding nucleotide combinations (codons)
along the mRNA. The aminoacy! residue of each selected aminoacyl-tRNA is being attached covalently to
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a growing polypeptide chain by the ribosomal machinery. Deacylated tRNA is released by the ribosome
into solution. In each act of aminoacyl-tRNA selection and deacylated tRNA release an additional energy,
in the form of GTP hydrolysis, is consumed by the ribosome. All this results in the step-by-step formation

of the polypeptide chain, according to the program of mRNA.
A short historical review article, citing 311 references from 1897 to 1980, was presented by P.

Siekevitz & P. C. Zamecnik in 1981 ("Ribosomes and protein synthesis’, J. Cell Biol. 91: 53s-65s).
The general model of protein biosynthesis outlined above is schematically presented in Fig. 1.1.
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Figurel.1. Genera schematic model of protein biosynthesis (DNA ® RNA ® protein).
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Chapter 2

MESSENGER RNA AND THE GENETIC CODE

2.1. Discovery of mRNA

After the discovery and final recognition of the genetic function of DNA (Avery, MacLeod & McCarty,
1944; Hershey & Chase, 1952; Watson & Crick, 1953), it rapidly became clear that DNA itself does not
serve as adirect template for protein synthesis. In addition, a number of early observations suggested that
ribonucleic acid is closely connected to cellular protein synthesis (Caspersson et al., 1941; Brachet, 1941—
1942). These ideas were developed and resulted in the concept that RNA is the intermediate responsible
for the transfer of genetic information from DNA to proteins; in particular it has been suggested that RNA
serves as a template upon which amino acid residues are polymerized (DNA ® RNA ® protein) (see
Crick, 1959).

This conceptual advance coincided with the discovery of protein-synthesizing ribonucleoprotein
particles of the cell which were later called ribosomes (see Chapter 4). It had also been established that the
RNA of these particles accounted for the main bulk of cellular RNA. Hence, it was naturally assumed that
genes are transcribed into ribosomal RNA species, which in turn serve as templates for protein synthesis.
Thisled to a“one gene - oneribosome - one protein” hypothesis.

During 1956 to 1958, in order to test this hypothesis, acomparative analysis of DNA and RNA base
composition in alarge number of microorganisms was conducted (Belozersky & Spirin, 1958). DNA base
compositions can be rather different in different groups of microorganisms, and it was hypothesized that if
the above formulation of a“DNA® RNA® protein” model was correct, the base composition of total RNA
would strongly correlate with the DNA base composition in bacteria. The experimental results, however,
were unexpected. Despite great differences of DNA base composition in various bacterial species, the
composition of total RNA was found to be similar in all of the studied bacteria, and did not mimic DNA
base composition. These results implied that the bulk of cellular RNA, i.e. most likely ribosomal RNA,
could not serve as a direct informational intermediate between DNA and proteins.

At the same time, RNA base composition was shown to vary dightly for different bacterial species,
and to be positively correlated with the base composition of DNA. The conclusion based on this
correlation was that cells may contain a special minor RNA fraction which imitates DNA base composition
and could possibly serve as an intermediate between genes and protein-synthesizing particles (Belozersky
& Spirin, 1958).

Earlier Volkin and Astrachan (1956) studied RNA synthesis in bacteria infected with DNA-
containing T2 bacteriophage. Bacteria protein synthesis ceases soon after infection, and the entire cellular
protein-synthesizing machinery is switched over to producing phage proteins. Most of the cellular RNA
does not undergo any change during this process, but the cell begins to synthesize a small fraction of
metabolically unstable short-lived RNA, the nucleotide composition of which is similar to the base
composition of phage DNA.

Several years later, in 1961, the minor RNA fraction, termed DNA-like RNA, was separated from
the total cellular RNA. Its function as messenger, carrying information from the DNA to the ribosomes,
was demonstrated in the direct experiments of Brenner, Jacob, and Meselson (1961), and those of Gros,
Watson, and co-workers (1961); similar observations have been made by Spiegelman and associates
(1961). It has been demonstrated that DNA-like RNA formed after the T4 phage infection binds to the
preexisting host ribosomes (no new ribosomes are synthesized after phage infection), and the ribosomes
associated with the phage-specific RNA synthesize the phage proteins. This RNA could be detached easily
from the ribosomes in vitro without destroying the particles. It has been shown that this RNA is indeed
complementary to one of the phage DNA chains.

On the basis of their results on genetic regulation in bacteria, Jacob and Monod (1961) advanced
the idea that a special short-lived RNA transfers information from genes to ribosomes and serves as a
direct template for protein synthesis. The term messenger RNA was accepted in all subsequent studies.
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2.2. Deciphering the Code

The first step after the discovery of mRNA (1956-1961) was to elucidate the code by which amino acid
sequences of proteins are written in the nucleotide sequences of mMRNA and correspondingly in the
nucleotide sequence of one of the two DNA chains (see Gamov, Rich & Ycas, 1956). Even before the
discovery of mRNA, theoretical considerations led to the assumption that each amino acid had to be coded
by a combination of at least three nuclectides. Indeed, proteins are composed of 20 sorts of natural amino
acids (Fig. 2.1), whereas nucleic acids contain only 4 types of nucleotide residues; the nitrogenous bases of
nucleic acids are adenine (A), guanine (G), cytosine (C), and either uracil (U) for RNA or thymine (T) for
DNA. It was obvious that one nucleotide could not code for one amino acid (4 vs. 20). There could be 16
dinucleotide combinations, or doublets, a number again insufficient to code for 20 amino acids. Thus, the
minima number of nucleotide residues in a combination coding for one amino acid had to be three; in
other words, amino acids most probably had to be coded by the nucleotide triplets. The number of possible
tripletsis 64, more than enough for the coding of 20 amino acids.

There were two possible explanations for excessive triplets. either only 20 triplets are
“meaningful”, i.e. may code for one or another amino acid, while the other 44 are nonsense ones, or amino
acids may be coded by more than one triplet, in which case the code would be degenerate.

Furthermore, the triplet code could be overlapping when a given nuclectide is part of three strongly
overlapping or two less overlapping coding triplets; alternatively, it could be nonoverlapping when
independent coding triplets are adjacent to each other in the template nucleic acid or are even separated by
noncoding nucleotides. The observation that point mutations (i.e. changes of a single nucleotide in the
nucleic acid molecule) usualy lead to a change of only one amino acid in the corresponding protein
provided evidence against the idea of an overlapping code. Moreover, the overlapping code would
inevitably result in the possible neighbors of a given amino acid residue being restricted, a situation that
has never been observed in actual protein sequences. Therefore a nonoverlapping cod appeared more
likely.

Finally, it had to be demonstrated whether the coding triplets were separated by noncoding
residues, or commas, or whether they were read along the chain without any punctuation; in other words,
whether the code was comma-free or not. The comma-free case leads to the problem of the reading frame
of the template nucleic acid: only astrict triplet-by-triplet readout from afixed point on the polynucleotide
chain could result in an unambiguous amino acid sequence.

The classic experiments of Crick, Brenner and associates published at the end of 1961 established
that the code is triplet, degenerate, nonoverlapping, and comma-free. In these experiments, numerous
mutants were obtained in the rll region of the T4 bacteriophage gene B using chemical agents which
produced either insertions or deletions of one nucleotide residue during DNA replication. Proflavine and
other acridine dyes were used for this purpose. Nucleotide insertions or deletions close to the gene origin
resulted in a loss of gene expression. By recombining different mutant phages in Escherichia coli cells,
phenotypic revertants showing normal gene expression were obtained. An analysis of the revertants
demonstrated that gene expression was restored if the region with the deletion was located near the region
with the insertion, or vice versa. Gene expression could also be restored if two additional insertions (or
deletions) were introduced near the region with the initial insertion (or, respectively, deletion). The
following conclusions were drawn: (1) Insertion or deletion of a single nucleotide at the beginning of the
coding region appeared to result in aloss of all the coding potential of the corresponding gene instead of
simply a point mutation; the inactivation could be the result of a shift of the reading frame. (2) Deletion or
insertion located close to the initial insertion or deletion, respectively, restored the coding potentia of the
sequence because the origina reading frame was restored. (3) Three, but no fewer, closely located
insertions or deletions also restored theinitia coding potentia of the nucleotide sequence. From the results
of these experiments, it follows that the code is triplet, and that triplets are read sequentialy without
commas from a strictly fixed point in the same frame. These experiments also provided additional
evidence that the code is degenerate: if many of the 64 possible triplets were nonsense ones, it was highly
probable that at least one nonsense triplet appeared in the region between the insertion and deletion or
between the three insertions where the readout occurs with a shift of frame; this would lead to an
interruption of the polypeptide chain synthesis.

Deciphering the nucleotide triplets also began in 1961 when Nirenberg and Matthaei discovered the
coding properties of synthetic polyribonucleotides in cell-free translation systems. The possibility of
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Figure2.1. Amino acid residues from which proteins are synthesized, and the corresponding codons.
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preparing synthetic polyribonucleotides of various compositions using a specia enzyme, polynucleotide
phosphorylase, was first demonstrated by Grunberg-Manago and Ochoa several years earlier (1955). The
composition of polynucleotides synthesized in the system that they described depended only on the
selection of ribonucleoside diphosphates supplied as substrates; homopolynucleotides such as polyuridylic
acid, polyadenylic acid, and polycytidylic acid prepared from UDP, ADP, and CDP, respectively, were the
simplest polyribonucleotides synthesized. Using poly(U) as a template polynuclectide for E. coli
ribosomes, Nirenberg and Matthael (1961) demonstrated that this template directs synthesis of
polyphenylalanine. It has been concluded that the triplet UUU codes for phenylalanine. Similarly,
experiments with polyadenylic and polycytidylic acids have shown that AAA codes for lysine, and CCC
for proline.

Further elucidation of the genetic code was based on the use of synthetic statistical
heteropolynucleotides of a different composition, which was set by the number and ratio of substrate
nucleoside diphosphates in the polynucleotide phosphorylase reaction (Nirenberg et al., 1963; Speyer et
al., 1963). Thus, it was demonstrated that the statistical poly(U, C) copolymer directed the incorporation of
four amino acids into the polypeptide chain; these were phenylaanine, leucine, serine, and proline. If the
U-to-C ratio in the polynucleotide was 1:1, then all four amino acids were incorporated into the
polypeptide with equal probabilities. If the U-to-C ratio was 5:1, the probabilities of amino acid
incorporation were as follows. Phe > Leu = Ser > Pro. Thus phenylalanine should be coded by triplets
consisting of three U or of two U and one C. Leucine and serine are coded by triplets consisting of two U
and one C or of two C and one U. Prolineis coded by triplets consisting of three C or of two C and one U.
Unfortunately, this approach could provide only the composition of the coding triplets, not their nucleotide
seguence, since the nucleotide sequence of the template polynucleotide used was statistical.

Due to the invention of a new technique by Nirenberg and Leder (1964), the nucleotide sequences
of the coding triplets were soon determined. They found that individual trinucleotides possessed coding
properties: after association with the ribosome they supported the selective binding of aminoacyl-tRNA
species with the ribosome. For example, UUU and UUC triplets stimulated the binding of phenylalanyl-
tRNA, UCU and UCC the binding of seryl-tRNA, CUU and CUC the binding of leucyl-tRNA, and CCU
and CCC the binding of prolyl-tRNA. By 1964, methods for synthesizing trinucleotides with the desired
sequence were available. In the subsequent two years awide variety of trinucleotides were tested and, asa
result, virtually the whole code was deciphered (Fig. 2.2).

The end of the story was marked by the use of synthetic polynucleotides with aregular nucleotide
sequence as templates in the cell-free ribosomal systems of polypeptide synthesis. Methods alowing
regular polynucleotides to be synthesized have been developed by Khorana, who has aso verified the
genetic code by directly using these polynucleotides as templates (Khorana et al., 1966). In complete
agreement with the previously established code dictionary, the use of poly(UC),, as atemplate resulted in
the synthesis of a polypeptide consisting of alternating serine and leucine residues, while poly(UG),
directed synthesis of the regular copolymer with aternating valine and cysteine residues. Poly(AAG),
directed the synthesis of three homopolymers: polylysine, polyarginine, and polyglutamic acid.

2.3. Some Features of the Code Dictionary

The complete code dictionary is given in Fig. 2.2. Of the 64 triplets termed codons, 61 are meaningful or
sense ones: they code for 20 amino acids of natural polypeptides and proteins. Regularly three codons —
UAG (“amber”), UAA (“ochre”), and UGA (“opa”) —normally do not code for amino acids and therefore
are sometimes called nonsense codons. The nonsense triplets play an important part in tranglation, sincein
MRNA these codons serve as signal s for the termination of polypeptide chain synthesis; at present they are
usually referred to as termination or stop codons.

At the same time UGA triplet may also code for the 21st amino acid of a number of proteins,
selenocysteine (Chambers et al., 1986; Zinoni et al., 1987). This, however, requires the presencein mRNA
of an additional structural element, either immediately adjacent to UGA from its 3-side (in the case of
Prokaryotes), or located beyond the coding sequence, in the 3'-proximal untranslated region of mMRNA (in
Eukaryotes) (see Chapter 10, Section 10.2.2).

As seen from Fig. 2.2, the degeneracy of the code does not extend to al 20 main amino acids. Two
amino acids, methionine and tryptophan, are coded by one codon each, i.e. by AUG and UGG,
respectively. On the contrary, three amino acids, specifically leucine, serine, and arginine, have six codons
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Figure2.2. Codon dictionary (F.H.C. Crick, Cold Spring Harbor Symp. Quant. Biol. 31, 1-9, 1966).

each. The remaining amino acids, with the exception of isoleucine, are coded either by two or by four
codons; only isoleucine is coded by three codons.

It should be emphasized that the triplets coding for a given amino acid differ in most cases only in
the third base. Only when the amino acid is coded by more than four codons do differences occur in the
first and second positions of the triplet as well. A group of four codons differing only in the third
nucleotide and coding for one and the same amino acid is often called the codon family. The code
dictionary contains eight such codon families: for leucine, valine, serine, proline, threonine, aanine,
arginine, and glycine.

The code presented in Fig. 2.2 isuniversal for the protein-synthesizing systems of most bacteria and
for the cytoplasmic extraorganellar protein-synthesizing systems of multi-cellular Eukaryotes, i.e. animals,
fungi, and plants.

2.4. Deviations from the Universal Code

By the end of the 1970s and during the 1980s it was discovered that the universality of the genetic codeis
not absolute, and some exceptions are possible (Barrell et al., 1979; Yamao et al., 1985). Among living
organisms, now two genera of eubacteria, Mycoplasma and Spiroplasma, are known to have two codons
for tryptophan, the universal UGG and the “neighboring” UGA, which is a stop codon in other organisms.
In one genus of Ciliates (Protozoa), Euplotes, UGA codes for cysteine. Two other universal stop codons,
UAA and UAG, were reported to code for glutamine in other genera of Ciliates (Tetrahymena,
Paramecium, Stylonicia, Oxytricha) and in at least one genus of unicellular green algae (Acetabularia).
Also, in some yeast (Candida) the universal leucine codon CUG codes for serine. The known cases of
variations in the genetic code are summarized in Table 2.1 (see Watanabe & Osawa, 1995). Further
exceptions of the universal genetic code may be discovered in future, especialy in unicellular Eukaryotes
(Protozoa, algae and fungi).

Organelles of eukaryotic cells, including mitochondria, possess their own protein-synthesizing
systems. The protein-synthesizing systems of animal and fungal (but not plant) mitochondria typically
show a number of significant deviations from the universal code (Table 2.2). Tryptophan in these
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mitochondria is coded by both UGG and UGA; UGA is therefore not used as a termination codon. In
mitochondria of all Vertebrates, most (but not all) Invertebrates and some fungi the universal isoleucine
codon AUA codes for methionine, so that methionine is determined there by two triplets, the universal
AUG and the “neighboring” AUA. The triplets AGA and AGG do not code for arginine in mitochondria
of most animals; they are stop codons in vertebrate mitochondria and codons for serine in mitochondria of
many Invertebrates (Echinoderms, insects, mollusks, nematodes, Platyhelminthes). In yeast mitochondria
(Saccharomyces, Torulopsis) the whole codon family CUU, CUC, CUA, and CUG codes for threonine
but not for leucine, although in other fungi, such as Neurospora and Aspergillus, these codons correspond
to leucine as given by the universal code.

Table 2.1. Variations in eubacterial and in nuclear genetic code from "universal" genetic code.

Organism UGA UAA CUG
(Stop) UAG (Leu)
(Stop)
Eubacteria
Mycoplasma Trp — —
Spiroplasma Trp — —
Y easts.
Candida — — Ser
Ciliates
Tetrahymena — GIn —
Paramecium — GIn —
Sylonicia — GIn —
Oxytricha — GIn —
Euplotes Cys — —
Unicellular green algae
Acetabularia — GIn —

Table 2.2. Variationsin mitochondrial genetic code.

Organism UGA AUA AAA AAA CUN UAA
Stop lle Lys AGG Leu Stop
Arg
Vertebrates Trp Met — Stop — —
Tunicates Trp Met — Gly — —
Echinoderms Trp — Asn Ser — —
Arthropods Trp Met — Ser — —
Molluscs Trp Met — Ser — —
Nematodes Trp Met — Ser — —
Platyhelminths Trp — Asn Ser — Thr?
Coelenterates Trp ND ND — ND ND
Y easts Trp Met — — Thr —
Euascomycetes Trp — — — — —
Protozoa Trp — — — — —
ND = not determined; — = same as universal code.

After K.Watanabe and S. Osawa, in “tRNA: Structure, Biosynthesis, and Function” (D. Soll and U. RgjBhandary,
eds.), ASM Press, Washington DC, 1995.
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2.5. Structure of mMRNA

2.5.1. Primary Structure

In contrast to DNA, messenger RNA, aswell asother O O N\HZ
cellular RNA  species, is a singlestranded P H<

polynucleotide. It consists of four kinds of linearly o O /L A
arranged ribonucleoside residues — adenosine (A), Ha o N N
guanosine (G), cytidine (C), and uridine (U) —
sequentially connected by phosphodiester bonds
between the 3-position of the ribose of one nucleoside O, O  OH N ?
and the 5'-position of the adjacent one (Fig. 2.3). The P Y/ NH
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participate in forming the internuclectide bond, is H> o N N~ NH
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nucleoside with free 3'-hydroxyl is referred to as the
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nucleotide sequences from the 5'- to the 3-end, i.e. in o O NH,
the direction of the internucleotide phosphodiester \:p< H \N c
bond from the 3'-position to the 5'-position of the o O ‘ -
neighbor (3-P-5 bond direction). This direction HZC/ H N~ O
corresponds to the polarity of mMRNA readout by the ;O:
ribosome.
The terminal 5'-position in natural MRNAS is
always substituted. In prokaryotic organisms this end SN OH
is either simply phosphorylated (Fig. 2.3) or carriesthe . N o
triphosphate group. Eukaryotic mRNAs generally OH c X
have a special group, the so-called cap, at the terminal 2 o
5-position (Furuichi & Miura, 1975; Furuichi et al.,
1975). The cap is the N'-methylated residue of n
guanosine 5'-triphosphate linked with the 5'-terminal OH
nucleoside by the 5-5' pyrophosphate bond (Fig. 2.4). o, O 0
Eukaryotic cells possess a special system including P HwNH
guanylyl transferase and methyl transferase, enzymes o O H ) U
that are responsible for mRNA capping. In addition, / H/\N "0
the capping is usually accompanied by methylation of HC O
the 2'-hydroxyl group of ribose and the base in the 5'-
terminal nucleoside adjacent to the cap. Often the 5'- \L\V
terminal residue in mMRNA is a purine nucleoside, OH OH
either G or A.

The 3-terminal hydroxyl of natura MRNA  Figure2.3. Nucleotide residuesin RNA.
remains unsubstituted. Thus, this end possesses two
hydroxyl groupsin cis-position (cis-glycol group) (see
Fig. 2.3).

2.5.2. Functional Regions

The physical length of the mRNA chain is aways greater than the length of its coding sequence. The
coding sequence includes only part of the total mMRNA length. The first codon is preceded by a noncoding
(untrandated) 5'-terminal sequence (5-UTR) the length of which varies for different mRNAs.
Furthermore, the terminal codon is never located at the 3'-end of an mMRNA chain, but is always followed
by a noncoding 3'-terminal sequence (3-UTR). In addition, most eukaryotic mMRNAs contain a long
noncoding sequence of adenylic acid residues at their 3'-end. This poly(A) tract (tail) is added to MRNA
after the end of transcription by a special enzyme, polyadenylate polymerase.

I dentifying the factors that determine the starting point of the coding nucleotide sequence within an
MRNA chain is an important problem. Each polypeptide is known to begin with a N-terminal methionine
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residue, and therefore the first codon in the coding sequence should be that of methionine. In most cases
AUG, and less frequently GUG or UUG (in Prokaryotes), play the role of the initiation codon (see Chapter
15). The codon AUG codes for methionine both when it is the first codon of the mMRNA coding sequence
and when it occursin internal positions. The codon GUG, however, codes for valine in internal positions
and for the initiator methionine only if it occupies the first position in the coding sequence. The same is
true for codon UUG coding for leucine in internal positions. In some exceptional cases, AUU or AUA in
Prokaryotes and ACG or UUG in Eukaryotes may also serve asinitiation codons for the first methioninein
the chain. The identification of theinitiation codons, however, does not solve the starting point problem of
the coding sequence. The difficulty is that by no means every AUG (the more so GUG or UUG) triplet
becomes an initiation codon. Generally, translation cannot be initiated from internal AUG, GUG, or UUG
triplets. If an mRNA chain is scanned from its 5'-end, AUG as well as GUG and UUG triplets may be
found repeatedly both in frame with the subsequent coding sequence and out of frame, but they cannot
initiate trandation. Finally, many AUG, GUG, and UUG triplets located within the coding sequence but
out of the reading frame fortunately do not initiate synthesis of erroneous polypeptides. Thus, in contrast to
all other codons, both sense and nonsense ones, the choice of a given codon as an initiation point depends
not only on the codon structure, i.e. its nucleotide composition and sequence, but also on the position of
the codon in the mRNA. Certain structural elements in mRNA confer the capacity to serve as initiation
codon to a given AUG (or GUG, or UUG). Specifically the nucleotide sequence preceding the initiation

codon, as well as the particular secondary and tertiary

structures of this mRNA region, are vital for the

CHs o corresponding triplet to be exposed as an initiation
I\‘I+ o codon (Chapter 15).
/) N A given mRNA polynucleotide chain does not
. H f\ L necessarily contain just one coding sequence. In
A\ / \CHQ N / NH2 : . .
0 s 0 N prokaryotic mRNAs it is common for one
\ polynucleotide chain to contain coding seguences for
\\ / CAP severgl prc_)teins. Such mRNAs are usualy called
o 0O OH polycistronic mRNASs. (This term comes from the word
\ cistron, which S. Benzer introduced as an equivalent of
\\ / NH> agene). Different coding sequences (cistrons) within a
given mRNA chain are usually separated by internal
H< jj noncoding seguences. Such an internal noncoding
HzC sequence begins from the termination codon of the
preceding cistron. The next cistron begins from an
initiation codon such as AUG (or GUG).
O CH3 In contrast to Prokaryotes, in eukaryotic
\\ / ] organisms mRNASs are as a rule monocistronic, i.e.
N they code for just one polypeptide chain. The
o O eukaryotic mRNA coding sequence is flanked both at
HC o X the 5-end and a the 3-end by noncoding
(untrandlated) sequences (5'- and 3-UTRs), the 3-UTR
being typically very long (comparable with the length
OH In of the coding sequence). It has already been mentioned
O\\ / that the vast majority of eukaryotic mMRNAs have also
P NH> poly(A) tracts of various length at the 3'-end. The 5'-
0, \ end is usualy modified by the cap (Fig. 2.4), which
/ H< ‘ A appears to be essential for the association between the
H,C 0 N N/ H MRNA and the ribosome prior to initiation.
; ; It is appropriate to emphasize here that the
mechanisms responsible for searching for the initiation
N oH codon in prokaryotic and eukaryotic transation

systems are different. Prokaryotic ribosomes form a
complex with mRNA and recognize the initiation
Figure24. Cap structure at the 5-end of  codon independently of the 5-end; it is for this reason
eukaryotic mRNA. that they can initiate from internal sites in the
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polycistronic mRNA. In contrast, eukaryotic ribosomes usually need the mRNA 5'-end to form the
association complex; the cap contributes to such an association (see Chapter 15). With eukaryotic mRNA
it is the first AUG from the 5-end that in most cases serves as an initiation codon, athough there are
exceptionsto thisrule. At the same time some special eukaryotic mMRNAS use the alternative mechanism of
internal initiation which is found aso intrinsic to the eukaryotic protein-synthesizing system; in such a
case the initiation codon (AUG) situated far away from the 5-end is preceded by a massive structural
element, the so-called internal ribosome entry site, or IRES (see Section 15.3.3).

2.5.3. Folding

The three-dimensional structures of mMRNASs have yet to be determined. Measurements of various physical
parameters of severa mRNASs have demonstrated that these molecules may possess extensively folded
structures with alarge number of intrachain interactions due to the Watson-Crick complementary base pair
formation, as well as non-canonical hydrogen bonding between nucleotides. Although mMRNAS are not
double helices of the DNA type, they do have a well developed secondary structure because of the
complementary pairing of different regions of the same chain with each other; this results in a large
number of relatively short double-helical regions being formed. About 70% of al the nucleotide residues
in the chain may typically participate in the complementary pairing and, correspondingly, in the formation
of intramolecular helices. Most of the double-helical regions appear to be formed by the complementary
pairing of adjacent sectionsin the polynucleotide chain; the model of the formation of such short helicesis
given schematically in Fig. 2.5. The complementary pairing of distant chain sections may result in the
additional folding of the structure. These interactions are based mainly on A:U and G:C pairing (Watson-
Crick pairs), as well as on G:U pairing (see
Section 3.2.2).

There is evidence suggesting that the
secondary and tertiary structures of mRNA may
play an important role in trandation and its
regulation. This problem will be considered in
Chapters 15to 17.

It should be emphasized that after
initiation of trandation the ribosomes may
perform a readout more or less independently on
the secondary and tertiary structure of mRNA. It
is likely that they sequentially unfold the mRNA
chain while moving along (of course, the chain
sections refold after the ribosomes have moved
away). At the moment, very little is known about
the part played by the secondary and tertiary
MRNA structures in the rate with which
ribosomes move along the RNA chain, i.e. the
rate of polypeptide elongation. It is known that
this rate is non-uniform and it may well be that it
depends on the presence and stability of the
secondary and tertiary structure in different
MRNA regions.

As already mentioned, the presence of a
special three-dimensional structure at UGA
codon in the coding sequence determines the
incorporation of selenocysteine, instead of
inducing the regular stop signal (see Section
10.2.2 for more detail). Also some specia folds
within  coding sequences may provoke

Figure 25. Schematic mode illustrating the
formation of a secondary structure (double-helical
hairpins) by pairing of the adjacent sections of the
frameshifting, or even jumping of translating RNA polynucleotide chain (P. Doty, H. Boedtker, J.
ribosomes over a section of MRNA during R. Fresco, R. Haselkorn & M. Litt, Proc. Natl. Acad.

elongation (see Sections 12.4.2 and 1243) &I USA 45, 482-499, 1959; A. S. Spirin, J. Mol.
Biol. 2, 4360446, 1960).

21



ALEXANDER S. SPIRIN

Particular attention should be paid to noncoding mRNA sequences. Specifically, their function may
be to create the specialized three-dimensional secondary and tertiary structures that control initiation,
elongation, sometimes termination and reinitiation. In Prokaryotes the non-coding intercistronic spacers
affect the transition of ribosomes from one cistron to another. In Eukaryotes the 5'- and 3'-untranslated
regions determine the binding to mMRNA of special recognition proteins which affect trandation and also
may govern conservation and degradation of mRNA, its intracellular transport and specific intracellular
localization.

2.6. Messenger Ribonucleoproteins of Higher Eukaryotes

The presence of complexes between mRNA and proteins, i.e. messenger ribonucleoprotein particles, was
first discovered in the cytoplasm of animal embryonic cells (Spirin et al., 1964; Spirin & Nemer, 1965).
They were called informosomes. Soon after it became clear that all mMRNA in the eukaryotic cytoplasm of
all cell types, at least in animals and higher plants, existsin the form of messenger ribonucleoproteins, or
MRNPs.

Now several classes of mRNA-protein complexes in the cytoplasm may be distinguished: (1)
Polyribosomal mRNPs, i.e. the mRNA-protein complexes within translating polyribosomes. (2) Free
mMRNP particles which are principally translatable, but either arein transit to polyribosomes, or represent a
pool of excess MRNA for trandation, or are not capable of efficiently competing with other, stronger
mMRNAs for initiation factors (“weak” mRNAS). (3) Non-translatable mRNP particles where initiation of
trang ation is blocked by specific 5-UTR-bound repressors (see Section 17.5). (4) Masked mRNP particles
which are inactive in translation, stable, and stored in the cytoplasm until receiving a signal for unmasking
(Section 17.6); they are typical of germ cells and other dormant states.

All the cytoplasmic mMRNPs mentioned above have characteristic features in common. First, they
always have arelatively high proportion of protein: the protein to RNA ratio is universally about 3:1 to 4:1
in the free MRNPs and somewhat lower, down to 2:1 in the polyribosomal mRNPs. For comparison,
ribosomes have the protein to RNA ratio from 1:2 in prokaryotic particles to 1:1 in eukaryotic ribosomes.
Second, at |least two major families of proteins are present in stoichiometry over one protein per RNA. One
isrepresented by a basic protein (or a couple of closely related proteins) with a molecular mass of about 35
kDa, which is usually designated as “p50”, or “Y-box protein(s)” (see Section 17.2.2); this protein (or
proteins) possesses a high affinity to various heterologous mMRNA sequences, and much lower affinity to
poly(A) tails. The other is a protein with the molecular mass of about 70 to 80 kDa (p70, or PABP,
poly(A)-binding protein) having a predominant affinity to poly(A) sequences. A great variety of minor
protein species are also bound within the mRNP particles. Third, the mRNP particles are found to be rather
resistant to removal of Mg*™, in contrast to ribosomal particles.

The protein(s) designated as p50, or Y -box protein(s) seems to be major MRNP protein component
of all cytoplasmic mRNPs, both in dormant germ cells and in actively translating somatic cells. The same
major mMRNA-binding protein(s) can be detected both in free mRNP particles and in polyribosomal
MRNPs. It seems likely that the pSO mentioned is the main protein component (mMRNP core protein)
physically forming the cytoplasmic mMRNPs of eukaryotic cells, like histones form DNP. The role of the
protein may be some kind of structural organization and sequence-nonspecific packaging of eukaryotic
MRNA into mRNP particles. This universal form of the existence of eukaryotic mRNA is available for
intracellular transport, translation, masking, degradation, etc., depending on other protein components
involved. Under certain circumstances, with participation of a specific masking protein (see Section 17.6),
the protein may be responsible for some conformational rearrangements of mRNPs, for example, their
condensation into inactive (masked) particles.

Among minor protein components of MRNPs, an important role belongs to protein kinases that may
govern the composition and the activity of mRNPs by inducible phosphorylation of other mRNP proteins.
Also other enzymatic activities and proteins serving translation, including some initiation factors, can be
found associated with mRNPs. Schematic representation of the distribution of mRNA-binding proteins
among different functional regions of eukaryotic mMRNA isgivenin Fig. 2.6.

Generally, the massive loading of eukaryotic mMRNA with proteins suggests that the following
points may be very important in considering mRNA interactions with the translation machinery. (1) The
binding of proteins may modify, melt, induce, or switch structural elements in mRNA, thus affecting its
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eEF's, ARSases mRNP CORE PROTEIN ENHANCER COFACTORS
elF's RIBOSOMES KINASES PABP
CAP( | 5-UTR | CODING SEQUENCE 3-UTR |
POLY (A)
REPRESSORS mRNP CORE PROTEIN MASKING PROTEINS
KINASE LOCALIZATION PROTEINS

DEHYDROGENASES DESTABILIZATION PROTEINS

Figure 2.6. Schematic representation of the distribution of mRNA-binding proteins among different regions of
eukaryotic mRNA (Reproduced from A.S. Spirin, in “Translational Control”, JW.B. Hershey, M.B. Mathews & N.
Sonenberg, eds., p.p. 319-334, CSHL Press, 1996, with permission).

trandational activity. (2) Specifically in Eukaryotes, the mRNA-binding components involved in
trandlation, such as ribosomes, tranglation initiation factors, translational repressors and activators, must
interact with mRNPs, rather than with mMRNAS. The pre-bound mRNP proteins may exert either competing
(antagonistic) or attracting (synergistic) effect on the binding of the translation components to mRNA. (3)
Numerous protein-protein interactions within mRNPs are very likely. This can create additional
possibilities for three-dimensional folding and packaging of mRNPs thus controlling the accessibility of
MRNA for translation, degradation, transporting systems, intracellular localization “anchors’ and possible
association with cytoskeleton structures.
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Chapter 3

TRANSFER RNA AND AMINOACYL-tRNA
SYNTHETASES

3.1. Discovery

Information on the amino acid sequences of proteins is written down as nucleotide sequences of the
messenger RNA. The template triplet (codon) should determine unambiguously the position of a
corresponding amino acid. However, there is no apparent steric fit between the structure of amino acids
and their respective codons. In other words, codons cannot serve as direct template surfaces for amino
acids. In order to solve this problem, in 1955 Francis Crick put forward his “ adaptor hypothesis’ in which
he proposed the existence of special small adaptor RNA species and of specialized enzymes covalently
attaching the amino acid residues to these RNAs (see Hoagland, 1960). According to this hypothesis each
of the amino acids has its own species of adaptor RNA, and the corresponding enzyme attaches this amino
acid only to a given adaptor. On the other hand, the adaptor RNA possesses a nucleotide triplet
(subsequently termed the anticodon) that is complementary to the appropriate codon of the template RNA.
Hence, the recognition of a codon by the amino acid is indirect and is mediated through a system
consisting of the adaptor RNA and the enzyme: a specific enzyme concomitantly recognizes an amino acid
and the corresponding adaptor molecule, so that they become ligated to each other; in its turn, the adaptor
recognizes an mRNA codon, and thus the amino acid attached becomes assigned specifically to this codon.
In addition, this mechanism implied the energy supply for amino acid polymerization at the expense of
chemical bond energy between the amino acid residues and the adaptor molecules.

This model was soon fully confirmed experimentally. In 1957 Hoagland, Zamecnik, and
Stephenson, and simultaneously Ogata and Nohara, reported the discovery of a relatively low-molecular-
weight RNA (“soluble RNA™") and a special enzymefraction (“pH 5 enzyme”) that attached amino acidsto
thisRNA. It was demonstrated that the aminoacyl-tRNA formed was indeed an intermediate in the transfer
of amino acids into a polypeptide chain. Subsequently, this RNA was termed transfer RNA (tRNA); the
enzymes were called aminoacyl-tRNA synthetases (ARSases).

The cell contains a specific aminoacyl-tRNA synthetase for each of the 20 amino acids
participating in protein synthesis (the individual aminoacid-specific ARSases will be designated below as
AlaRS, ArgRS, AspRS, etc.). Therefore, prokaryotic cells contain 20 different ARSases.. The situation
with eukaryotic cells is more complex, particularly because, in addition to the main cytoplasmic
synthetases, there are special sets of ARSases for chloroplasts and mitochondria.

The number of different tRNA species is always greater than the number of amino acids and
aminoacyl-tRNA synthetases. For example, in E. coli 49 tRNA species encoded by different genes have
been discovered (some tRNA species are encoded by multiple genes, so that the total number of tRNA
genes approaches 80). This implies that several different tRNAs may be recognized by the same ARSase
and, correspondingly, can be ligated to the same amino acid; such tRNAs are called isoacceptor tRNAS.
Some isoacceptor tRNAs differ only in a few nucleotides and possess the same anticodon (thus
recognizing the same codons), but in most cases different isoacceptor tRNA species have different
anticodons and therefore recognize different codons for a given amino acid. In E. coli there are about 40
tRNA species carrying different anticodons including tRNA for selenocysteine (recognizing UGA) and a
specia initiator tRNA (having the same anticodon as methionine tRNA). An example of isoacceptor
tRNAsis 5 different leucine tRNA speciesin E. coli, with anticodons CAG, GAG, U*AG (U* ismodified
uridine), CAA, and U*AA, recognizing 6 leucine codons, among them, tRNAl'-eu recoghizes the leucine
codon CUG (anticodon CAG), and tRNAS'-eu recognizes the leucine codons UUA and UUG (anticodon
U*AA). The situation is similar in the cytoplasm of eukaryaotic cells.

Cellular organelles (mitochondria and chloroplasts) of eukaryotic cells contain their own sets of
tRNA species which are simpler than those of the cytoplasm, and also, as a rule, they have their own
ARSases. Only 22 to 23 tRNA species encoded by the organelle genome can be found in animal
mitochondria, and they are sufficient to recognize all 62 sense codons of mitochondrial mMRNA. Thus,
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there usually exists just a single species of tRNA which corresponds to each amino acid and to all codons
of a given amino acid. The exceptions are tRNA-® and tRNAS® where two species correspond to two

different codon boxes.

3.2. Structure of tRNA

3.2.1. Primary Structure

In 1965 Holley and co-workers reported the nucleotide sequence of the first tRNA molecule . This
molecule was yeast alanine tRNA (Fig. 3.1). Since then, hundreds of sequences of different tRNA from
various sources have been determined. All of these structures have several common features.

Thelength of tRNA chains varies from 74 to 95 nucleotide residues (though in animal mitochondria

Yeast tRNAA2
1G ¢
U m?
U Y

Ghu mG~  AGg
G GCGC cU
C e | I | TY ¢
hu.,UGCG UCCGG
GA MG BN G
Uu u
G-C
C-G
GeU
G-—C
pG—C
A
C
C
AOH

Figure 31.  Alanine tRNA of yeast (tRNA;A'®: nucleotide
sequence and secondary structure in the form of the “cloverleaf”.
(RW.Holley, JApgar, G.A.Everett, J.T.Madison, M.Marquisee,
S.H.Merrill, JR.Penswick & A.Zamir, Science 147, 1462-1465,
1965). Y, hU and T are pseudouridine, dihydrouridine and
ribothymidine, respectively (see Fig, 3.2), | isinosine (see Fig. 3.3),
and m'G, m,?G and ml are methylated guanosine and inosine (see
the text).
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it may be reduced down to 60 or even 50
nuclectides). At the 3-end all tRNA
species contain a universal trinucleotide
sequence, CCAqy; it is the terminal
invariant adenosine that accepts the
amino acid residue when the aminoacyl-
tRNA is being formed.

The anticodon triplet is located
approximately in the middle of the
tRNA chain (IGC in positions 34 to 36
in Fig. 3.1). As arule, the 5-side from
the anticodon contains two pyrimidine
residues, whereas the 3'-side most often
contains two purine residues, athough
the second residue on the 3'-side may be
a pyrimidine, as in the case of the
tRNAA2 (Fig. 3.1). These seven
nuclectide residues together form the
so-called anticodon loop (AC loop)
which interacts with the mRNA and
possesses a characteristic  three-
dimensiona structure (see below).

Approximately one-third of the
way along the tRNA chain from its 3™
end there is a region common to most
tRNA species; this region contains a
sequence  GTYC or, much less
frequently, GUYC (or GmYYC in
archaebacteria), and is flanked on both
sides by purine residues. In the
eukaryotic initiator tRNAM®, this
sequence is substituted for by GAY C or
GAUC. This sequence is the principal
conservative sequence of tRNA. In
mitochondrial tRNAs, however, the
corresponding sequence region varies
strongly and even may be absent at all.

Some other conservative parts of
the sequence in the region of nucleotide
residues 8 to 25 should be mentioned.
Severa invariants and semi-invariants
are present here: U or its thio-derivative
(s*U) in position 8, G or its methyl-
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derivative (m?G) in position 10, AG or AA in
positions 14 or 15, GG in positions 17 to 21, and AG
in positions 21 to 24 of different tRNAs.

In addition to the four main types of
nuclectide residues (i.e. A, G, C, and U), the tRNA
polynucleotide chain is characterized by a variety of
modified nucleosides frequently referred to as
“minor” nucleosides. These nucleosides are the
result of post-transcriptional enzymatic modification
of the usual nucleotide residues at specific positions
of the tRNA polynucleotide chain. Up to now,
several dozen various modified nucleosides have
been identified. Ribothymidine (5-methyluridine,
abbreviated T or m°U) and pseudouridine (5-
ribofuranosyl-uracil, Y) are found in nearly all
tRNAs and are particularly characteristic of the
universal sequence GTYC (Fig. 3.2). 56-
Dihydrouridine (D or hU) is also an almost universal
minor residue, especially in the region of residues 15
to 24. Bacterial tRNAs typically contain 4-
thiouridine (s*U) in position 8. The most common
minor residues are various methylated derivatives of
the usual nucleosides, such as 1-methylguanosine

(m'G), NZ%methylguanosine  (M?G), N2N?
dimethylguanosine (mzzG), 7-methylguanosine
(m’G),  2-O-methylguanosine  (Gm),  1-

methyladenosine (m*A), 2-methyladenosine (m?A),

9 °
HN l‘\lH HN)EH
H

o o N H
Ribose Ribose

Pseudouridine (Y) Dihydrouridine (D or hU)

S O
N N CHe
I‘?i bose I‘?i bose

4-Thiouridine (s4U) Ribothymidine (T)

Figure 3.2. Modified uridine derivatives widely
occurring in tRNAs. The full list of modified
nucleosides in tRNAs and their formulas can be found
in: P.A.Limbach, P.F.Crain & JA.McCloskey (1995)
“tRNA: Structure, Biosynthesis, and Function” (D.Soll
& U.L.RajBhandary, eds.), ASM Press, Washington,
D.C., p.p. 551-555.

NO-methyladenosine (m®A), 2-0-

methyladenosine (Am), 3-methylcytidine

(m3C), 5-methylcytidine (m°C), 2-O- o ?

methylcytidine (Cm), etc. " 0—CHa N OCHz—COOH
Thefirst position of the anticodon may /j H

contain non-modified G and C, but A and U OJ\N O/KN -

are amost aways derivativized. The Lo Lo

exceptions are mitochondrial and a few
special tRNA species (see below). The A in
the first position of the anticodon is usualy
deaminated into inosine (I) (Fig. 3.3). I in this
position is particularly characteristic of
eukaryotic tRNAs, such astRNA''€ tRNAVE,
tRNAS®, tRNAP®, tRNATM tRNAAIR and |
tRNAA™Y. The U derivatives present in the  HN

first anticodon position are 5-methoxyuridine
(mo°U) or 5-carboxymethoxyuridine (cmo®U
or V) in tRNAA2 tRNASY | and tRNAVY of
bacteria; 5-methylaminomethyl-2-thiouridine
(mnm°2U)  in  bacterial  tRNA®Y  and
tRNALYS, 5 (methoxycarbonylmethyl)-2-
thiouridine (mcm®s2U) in tRNACY  and
tRNALYS of fungi; or 5
(methoxycarbonylmethyl)uridine (mecm®U) in
tRNAAY of fungi (see Fig. 3.3 for some of
them). The presence of unmodified U has
been demonstrated for one species of
tRNAC! in several bacteriaand for one of the

-
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Figure3.3.
position of the tRNA anticodon.
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)
Ribose
HN

HoN /KN

N
é?i bose

Queuosine (Quo or Q)

Some modified nucleosides occurring in the first
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/CH3 H
NH*CHszH:C\CHs
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T I )
Ny N Ny

\
Ribose

)
’Tlibose

N6- I sopentenyl-adenosine (i6A) N6- (threoninocarbonyl) adenosine (t6A)

yeast tRNAL®. The unmodified U,
however, typica of mitochondrial
tRNAs.

In some tRNAs, such as
tRNAA® tRNAAS tRNAHIS and
tRNATY" of bacteriaand animals, the
first position of the anticodon
contains a hypermodified G
derivative, the so-called queuosine
(Quo or Q), the chemical name of
which is  7-{[(cis-4,5-dioxy-2-
cyclopenten-1-yl)amino]methyl} - 7-
deazaguanosine (see Fig. 3.3).

Hypermodifications are
found to be typical of the position of
the purine nucleoside adjacent to the

’\"HCOOCHs anticodon on the 3-side. For
(‘ZHCOOCHg example, the residue flanking the
CH, anticodon at the 3-side is N°-
eh, 9 isopentenyl  adenosine  (i°A) in

H N eukaryotic tRNASYS, tRNAS®, and

/ N \ tRNATY; 2-methylthio-N®-
HoC J\ ‘ / isopentenyladenosine (NE-
NT Sy N isopentenyl-2-methylthioadenosine,
(‘3H3 Ribose ms?i®A) in théa analogous bacterial

tRNAs; and N°-(threoninocarbonyl)-

WybLtosine (yW or Y) adenosine  (t%A) in  tRNA''®

tRNATI, tRNALYS, and tRNAM® of
both Eukaryotes and bacteria (Fig.
3.4). This position is even more
hypermodified in the tRNAP' of all
Eukaryotes, where it is represented
by the so-called wybutosine (yW or Y) or its hydroxy-derivative (oyW) (see Fig. 3.4).

Figure3.4. Some hypermodified nucleosides occurring in the position
adjacent to the anticodon at its 3'-side.

3.2.2. Secondary Structure

An analysis of even the first tRNA primary structure (i.e. tRNAAIR of yeast) revealed a number of
interesting features concerning possible chain folding into the secondary structure. First of al, the 5'-
terminal section (positions 1 to 7) has a marked complementarity with the 3-end-adjacent section
(positions 66 to 72) if the sections are arranged in an antiparallel fashion. In addition, three inner sections
of the tRNA chain display self-complementarity when folded upon themselves; because of this they are
capable of forming hairpin-like structures. Pairing these complementary sequences results in the structure
schematically presented in Fig. 3.1, commonly called a cloverleaf structure. It is remarkable that without
exception the nucleotide sequences of al the tRNA species studied so far reveal similar self-
complementarity features and correspondingly can be folded into very similar cloverleaves.

The parts of the cloverleaf structure have been designated as follows: the acceptor stem (AA stem),
with the universal 3'-terminal sequence CCA which accepts an amino acid residue; the dihydrouridylic
arm (D arm), with the corresponding loop varying somewhat in length and containing, as a rule, between
one and five dihydrouridylic acid residues; the anticodon arm (AC arm), with an anticodon loop of
constant length equal to seven nucleotides; and the thymidyl-pseudouridylic arm (TY arm), which has a
loop with the universal GTY CGA or GTY CAA sequence. In addition, the cloverleaf contains a variable
loop (V loop) between the anticodon and TY arms; in tRNAAIR this loop is only five nucleotides long
whereas in other tRNA speciesit may reach 15 to 20 nucleotide residues in length (the latter is the case for
tRNAL® tRNASY and bacterial tRNATY").

In animal mitochondrial tRNAs D-arm or T-arm may be reduced or fully absent.
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Structurally, the paired
(double-stranded) part of each arm
of tRNA is a double helix. The
RNA double helix contains 11
pairs of nucleotide residues per
turn. The parameters of this helix
are similar to hose of the A-form of
DNA. The double helix isthe main
element of tRNA secondary
structure.  In  addition to the
canonical Watson—Crick base pairs
G:C and A:U, the double-stranded
regions of tRNA often contain the
G:U pair, which is close by its
steric parameters to the canonical
pairs (Fig. 3.5).

The secondary structure of
unpaired regions, such asloops and
the acceptor ACCA- or GCCA
terminus, is of a different type. A
single-helical  arrangement  of
several residues maintained by
base-stacking interactions can
occur here. The structure of the

anticodon loop is particularly
interesting (Fig. 3.6); three
anticodon bases and two

subsequent bases adjacent to the
anticodon from the 3-side are
stacked with each other and form a
single-stranded, right-handed
helix; the first base of the
anticodon is located at the top of
the helix, and the groups capabl e of
forming hydrogen bonds of al
three anticodon bases are exposed
outward. Such an orientation of the
anticodon bases is extremely
important for interaction with the
MRNA codon. The features of the
primary structure of the anticodon
loop contribute specifically to the
maintenance of the spatia
arrangement  described: the
hypermodified purine base directly
adjacent to the anticodon from the
3-side as well as the next base,
usually also a purine, provides for
stable stacking interactions in the
single-stranded helix, while the
two “small” pyrimidine bases at
the 5'-side of the anticodon, and
particularly the adjacent invariant
U, make a sharp bend in the chain
(between the anticodon and U) and

Figure3.5. Basepairingin RNA double helices: ball-and-stick drawing.
Top to bottom, A:U and U:A; G:C and C:G; G:U and U:G. Solid circles
are carbons, shaded circles - nitrogens, large open circles - oxygens, and
small open circles - hydrogens; solid sticks are N-glycosidic bonds
between the base and ribose.

Figure3.6. Anticodon loop of yeast phenylalanine tRNA: ball-and-stick
skeletal model without hydrogens. The path of the backbone is given in
solid black; three anticodon residues are shaded. (The three-dimensional
structure of the yeast tRNAP® s determined by X-ray crystallography: S.-
H. Kim, F.L. Suddath, G.J. Quigley, A. McPherson, J.L. Sussman, A. H.-J.
Wang, N.C. Seeman & A. Rich, Sience 185, 435440, 1974; JD.
Robertus, J.E. Ladner, J.T. Finch, D. Rhodes, R.S. Brown, B.F.C. Clark &
A. Klug, Nature 250, 546-551, 1974).
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maintain the loop conformation, particularly at the expense of a hydrogen bond between the invariant U
and the phosphate group of the third residue of the anticodon.

3.2.3. Tertiary Structure

The three-dimensional structure of tRNA was. first reported for yeast tRNAP™. This structure was
determined independently by the groups of Alexander Rich and Aaron Klug in 1974 through the use of X-
ray analysis of tRNAPhe crystals (Kim et al., 1974; Robertus et al., 1974). A great deal of indirect evidence
as well as direct determinations of the three-dimensional structures of several other tRNA species has
demonstrated that the main pattern of tRNA chain folding into the tertiary structure is universal.
Schematically, this folding may be represented as follows. The acceptor stem and the T-arm are arranged
along a common axis, forming a continuous double helix of 12 nuclectide pairs in length; the anticodon
arm and the dihydrouridylic arm are also arranged along a common axis and yield another double helix,
this one 9 nucleotide pairs long. These two helices are oriented toward each other at approximately aright
angle so that the dihydrouridylic loop is brought into proximity with the T-loop, and the interaction
between the GG invariant and the Y C invariant fastens them together (Fig. 3.7). As aresult, the structure
looks like the letter L with the tops of its two limbs corresponding to the anticodon and the acceptor 3'-end.
The short, single-stranded bridge between the acceptor stem and dihydrouridylic helix (residues 8 and 9),
part of the dihydrouridylic loop, and the additional variable loop are superimposed on the dihydrouridylic
helix in the region of the inner corner of the L-shaped molecule, resulting in the formation of the so-called
core of the molecule with a number of tertiary interactions. In a schematic drawing of the model of the

ACarm ACam
CmAA GmAA
v Y U Y
Cm A Cm A
A=Y A-Y
G-mC G-msC
A-U A-U
g:gA Vam g:G Vam
GCa m3G Gm7G mG G\
G " GAGC cu 22 A
hU L1 . TY ¢ C-mG G,
u pcuome  mEUBUGT T G-C \ rSG
G As. GACAC.. mi A-U A
Darm U-A Cu G-C\
A A
U-A TY am U
A—U Dam G G
_ G hu
_ Y |
C-G Cl TGUGUMCUUAGGCGp
pG—C G LTTT LTl
A mA , cCACA GAAUUCGCACCA,,
g TY am AA am
AOH
AA am

Figure3.7. Schemeillustrating the folding of the tRNA helical regions into the tertiary structure (yeast tRNAPhe).
(After S--H. Kim, G. J. Quigley, F. L. Suddath, A. McPherson, D. Sneden, J. J. Kim, J. Weinzierl, & A. Rich, Science
179, 285-288, 1973; 185, 435440, 1974).
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yeast tRNAP™, the core can be seen as a concentration and intertwining of the chain sections in the region
of the corner, especidly at itsinner side (Fig. 3.8).

Each limb of the L-shaped tRNA molecule is about 70 A long, and the molecule has a “thickness’
of around 20 A. The distance between the anticodon and the acceptor end is 76 to 78 A. All three bases of
the anticodon on the top of one of the limbs are turned toward the inner side of the corner in the L-shaped
molecule.

There are alarge number of non-canonical (non-Watson—Crick) interactions between chain basesin
the tRNA tertiary structure. First, the corner of the L-shaped molecule is stabilized by both the stacking
interactions and the hydrogen bonding between the dihydrouridylic loop and the T loop. The interaction
between the invariant G19 and C56 is of the Watson—Crick type, whereas the interaction between the
invariant G18 and Y 55 is unusual, including the hydrogen bonding of 0 at C4 of the pyrimidine ring both
with N1 and with the nitrogen atom at C2 of the purine ring of the G. In addition, there is an unusually
strong stacking interaction between three guanosine residues in the same corner: G57 is found to be
intercalated between G18 and G19. Moreover, G57 through N at C2 seems to form hydrogen bonds with

ANTICODON

wio 9y

wJip g

AA arm Tarm

Figure 3.8. Schematic drawing of the three-dimensional structure of yeast tRNAPE (Redrawn, with minor
modifications, from S.-H. Kim, Nature 256, 679-681, 1975, with permission; seealso A. Rich & S.-H. Kim, Sientific
American 238, 52062, 1978).
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Figure3.9. Basetriple interactionstypical
of the tRNA tertiary structure: ball-and-stick
drawings.

Top, C13:G22:m’G46.

Bottom, U12:A23:A9.

Atom and bond designations asin Fig. 3.5.

A

the ribose residues of G18 and G19, whereas through its N7 it
forms a hydrogen bond with the ribose of Y 55.

Even more complex tertiary interactions are observed
in the core. As has already been mentioned, different sections
of the polynuclectide chain are inter-wound here. A
characteristic feature is the non-canonical purine-purine G:A
or A:G pairing (depending on the RNA species) between
residues 26 and 44. G:C pairing, or A:U pairing in other
tRNA species, between residues 15 and 48, is unusua for
double helices: in this case the orientation of chains is
parallel. Even more unusua is A:U pairing between residues
14 and 8 where N7 of the purine ring participates in the
formation of the hydrogen bond. Triple hydrogen bond
interactions, such as U:A:A, or the equivaent G:C.:G or
U:A:G in other tRNASs, between residues 12, 23, and 9,
respectively, are characteristic of this part of the molecule
(Fig. 3.9 bottom). The triple hydrogen bond interaction is
found also for C:G:G, or the equivalent U:A:A in other
tRNAS, between residues 13, 22, and 46, respectively (Fig.
3.9top).

Computer images of the atomic space-filling model
and the skeletal model of full yeast tRNAP™ molecule
(viewed from the side of its TY loop) are given in Fig. 3.10
(compare with the schematic representation in Fig. 3.8).

B

Figure 3.10.  Spacefilling (Ieft, A) and skeletal (right, B) models of yeast phenylalanine tRNA. (E. Westhof, P.
Dumas & D. Moras, Protein Data Bank of Brookhaven National Laboratory, PDB ID code 4TRA, 1989).

3.3. Aminoacyl-tRNA Synthetases

Despite the universality of the main features of the three-dimensional structure of tRNAS, aminoacyl-
tRNA synthetases (ARSases) show marked differences depending on their amino acid specificity. As a
rule, ARSases are relatively large proteins with a molecular mass around 100,000 daltons, although both
smaller (about 50 kDa for bacterial CysRS and GIuRS) and larger (above 200 kDa for GlyRS, AlaRS and
PheRS) enzymes also occur. One third of ARSases are monomeric, half of ARSases are homodimers (a,
type), and the three large ARSases mentioned above are tetramers of a, or asb, type (see Table 3.1). The
molecular masses of subunits of dimeric and tetrameric enzymes range from 35,000 to 90,000 daltons,
often being about 50,000 daltons. In the cases of large monomeric enzymes, such as bacterial and fungal
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VaRS, LeuRS and I1eRS with a molecular mass of 100,000 to 120,000 daltons, it appears that their single
polypeptide chain consists of two homologous regions forming two similar domains, each with a
molecular mass of about 50,000 to 60,000 daltons. At the sametime, ArgRS, CysRS, GIuRS and GInRS of
bacteria consist of a single polypeptide chain (also a4 type) with a molecular mass of 50,000 to 60,000
daltons, and do not appear to be subdivided into two homologous regions.

From the analysis of subunit and domain structure of ARSases it is tempting to suggest a
generalized pattern of their principal organization. Indeed, most synthetases have a molecular mass around
100,000 daltons and consist either of two subunits or two similar halves (superdomains). Therefore, the
principal building unit, i.e. subunit or superdomain, has a molecular mass ranging mainly between 40,000
and 60,000 daltons, and many of the aminoacyl-tRNA synthetases would be considered as dimers or
pseudo-dimers of the building unit, i.e. (40,000 — 60,000), . The synthetases with greater molecular
masses, around 200,000 daltons, may be “duplicated” enzymes of this type. In reality, however, the non-
repeating unit in some cases can be markedly larger; bacterial AlaRS, for example, consists of four
identical subunits, each with a molecular mass of about 100,000 daltons, and shows no evidence of any
repeats in its amino acid sequence. On the other hand, such relatively small, one-subunit enzymes as
CysRS and ArgRS (molecular mass 52,000 and 64,500 daltons, respectively) do not display two
homologous superdomains in their structure.

In any case, according to functional tests the molecules of some (but not all) ARSases possess two
sets of substrate-binding sites; in other words, they are dimers in the functional sense as well. The active
sites, however, are not independent and can markedly affect each other in the dimeric or two-superdomain
enzymes, thus displaying a certain cooperativity (see below).

Despite the apparent structural diversity of ARSases, they have been found to possess structural
motifs that provide the basis for revealing homology between some of them and for unification of
homol ogous species into classes (Eriani et al., 1990). There are two main distinct classes of ARSases, each
including 10 enzymes (Table 3.1). Class | consists of Arg-, Cys-, GIn-, Glu-, lle-, Leu-, Met-, Trp-, Tyr-,
and Val-RSases. They are predominantly monomers, with the exception of Trp- and Tyr-RSases which are
homodimers. The monomeric globule is subdivided into different domains. The N-termina region of the
molecule is responsible for the binding of all three substrates, namely ATP, amino acid and the acceptor
stem of tRNA, and for the catalysis of the reactions between them. This region is characterized by the

Table 3.1. Classification of E. coli aminoacyl-tRNA synthetases.

Class| (ATP binding site: Rossmann fold) Classll (ATPbinding site: antiparallel b-sheet)

Sub-

class Amino  Oligomeric Aminoacylation Amino  Oligomeric Aminoacylation
acid state site acid state site

a Leu a 2'-OH His as 3-OH
lle a 2'-OH Pro a, 3-OH
vd a 2'-OH Ser ar 3-OH
Cys a 2'-OH or 3-OH Thr ar 3-OH
Met a, 2'-OH

b Glu a 2'-OH Asp as 3-OH
Gln a 2-OH Asn a, 3-OH
Arg a 2'-OH Lys ar 3-OH

c Tyr a, 2'-OH or 3-OH Gly aoh, 3-OH
Trp a, 2'-OH Ala ay 3-OH

Phe a2b2 2'-OH

After J. Cavarelli and D. Moras, in “tRNA: Structure, Biosynthesis, and Function” (D. S6ll and U. RajBhandary, eds.),
p. 412, ASM Press, Washington DC, 1995.
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presence of the so-called Rossmann dinucleotide-binding fold (earlier found in dehydrogenases, kinases
and many other proteins utilizing ATP or other high-energy nuclectides), as well as by two conserved
sequences - His-lle-Gly-His and Lys-Met-Ser-Lys-Ser - localized within or in the vicinity of the catalytic
center. The classical Rossmann fold is formed by repeating bab-motif in such a way that six-stranded
parallel b-sheet isfound to be sandwiched between two pairs of a-helices (see, e.g., domain 1in Fig. 10.4
and G-domain in Fig. 12.2). The C-terminal half of the enzyme participates in the specific recognition of
tRNA molecule by interacting with its anticodon loop and stem. The enzyme as a whole approaches tRNA
molecule from the side of its D-loop and from inside of the L, contacting with the minor groove of the
acceptor helix (Fig. 3.11).
Class Il includes Ala-, Asn-,
Asp-, Gly-, His, Lys, Phe, Pro-,
Class I1 Ser-, and Thr-RSases, all of which
being composed of two or four
subunits (Table 3.1). Their folding
pattern is quite different from that of
the class | ARSases. First of al, their
ATP-binding and catalytic domain is
constructed as a seven-stranded anti-
paralel b-sheet (see, e.g., domain 2
in Fig. 10.4 and domain Il in Fig.
12.2), in contrast to the Rossmann
fold of class | ARSases with its
paralel b-sheet between two layers
of helices. The catalytic domain also
contains relatively conserved, class-
Figure 3.11.  Space-filling models of the complexes of tRNAs with  defining sequence motifs, but having

ARSases of the two classes. nothing in common with the motifs
Class|: GINRS:tRNA®" complex. in class | enzymes. This large
Class|l: AspRStRNAA® complex. domain involved in ATP-binding,

The opposite sites of approach of the tRNA molecules by the enzymes  gmino acid bindi ng, tRNA acceptor
are demonstrated. (Reproduced from M. Ruff, S. Krishnaswamy, M. o' pivding and . catalvsis m
Boeglin, A. Poterszman, A. Mitschler, A. Podjarny, B. Rees, J.C. constitute ai in the case;/of A a_y
Thierry & D. Moras, Science 252, 1682—-1689, 1991, with permission). ' -
Asn-, Lys, and Ser-RSases, the C-

terminal part of the enzyme, whereas
the N-terminal part participates in interactions with the distal region of tRNA such as anticodon. In other
class Il synthetases, however, the catalytic domain may be at the N-terminal end (e.g., in Thr-, Pro-, His-,
Gly- and Ala-RSases). Each subunit of the enzyme binds one tRNA molecule. On the whole, the enzyme
approaches the tRNA molecule from the side of its variable and TY loops and contacts with the major
groove of the acceptor stem helix (Fig. 3.11), i.e. differently from the way of the interaction in the case of
class | synthetases.

Several characteristic features of eukaryotic aminoacyl-tRNA synthetases, primarily of animal
aminoacyl-tRNA synthetases, should be discussed. Like many other proteinsthat play arolein the protein-
synthesizing machinery of the eukaryotic cell (see, for example, Section 10.2.1), some eukaryotic, and
particularly mammalian, synthetases are organized in large multienzyme complexes (Dang et al., 1982;
Mirande et al., 1983). For instance, a complex with a molecular mass of about 10° daltons and containing
nine ARSase activities, namely Arg-, Asp-, Glu-, GIn-, lle-, Leu-, Lys-, Met- and Pro-RSases, can be
isolated from mammalian cells. Two of these activities, GIURS and ProRS, are carried by a single
polypeptide. The existence of these enzymes in the form of a complex is not, however, vital to their
activity: on one hand, the enzymes may be present in cells individually and not in the aggregate; on the
other hand, they appear to function independently on each other in the complex. A smaller complex
including VaRS and the elongation factors eEF1A and eEF1B (the so-called “heavy form” of elongation
factor 1, or eEF-1, see Section 10.2.1), was & so demonstrated in mammalian cells.

In addition, the eukaryotic ARSases can be directly associated with polyribosomes. Although the
association is quite loose and reversible, at each given moment a large proportion of cellular ARSases are
in a labile association with the functional ribosomes. These characteristic features of eukaryotic systems
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appear to be due to the molecular attributes of the enzymes. It has been demonstrated that in contrast to
prokaryotic ARSases, their eukaryotic anal ogs possess an affinity to high-molecular-mass RNA, including
MRNA and ribosomal RNA (Alzhanova et al., 1980). This additional property of eukaryotic ARSases
correlates with the facts that, compared with prokaryotic enzymes, the synthetases of eukaryatic cells are
characterized by somewhat larger subunits, and polypeptide chains of eukaryotic ARSases have extensions
at the N-terminus especialy rich in basic amino acids. The non-specific affinity for RNA (i.e. RNA-
binding capacity) of eukaryotic ARSases may be responsible for their concentration and partial
compartmentation on the protein-synthesizing particles.

3.4. Aminoacylation of tRNA

Theligation of an amino acid to the tRNA 3'-end catalyzed by ARSase is coupled with ATP cleavage. The
overall equation of the process may be written as follows:

E
Aa+ ATP + tRNA==AatRNA + AMP + PP,

where Aaisthe amino acid, AatRNA is the aminoacyl-tRNA, and PP,. is the inorganic pyrophosphate. It
has been demonstrated that the enzyme catalyzes two different reactions comprising two consecutive steps
of the above process.

A reaction proceeding at the first stage that is catalyzed by ARSase is the so-called amino acid
activation, where the carboxy! group of the amino acid attacks the bond between the a- and b-phosphates
of ATP, resulting in the formation of a mixed anhydride aminoacyl adenylate and inorganic pyrophosphate
(Fig. 3.12):

E
Aa+ ATP=—=Aa-AMP + PP,

This reaction is reversible and may be conveniently traced by pyrophosphate exchange: if [32P]—
pyrophosphate is added to the reaction mixture, the label is soon detected in [32P]—ATP. Aminoacyl
adenylate formed in the reaction remains bound to the enzyme and is not released into solution.

The reaction, and consequently the overall reaction, is markedly shifted in the direction of
aminoacyl adenylate and aminoacyl-tRNA formation due to the hydrolysis of the inorganic pyrophosphate
which is catalyzed by pyrophosphatase. Therefore, the production of pyrophosphate in the amino acid
activation step and the subsequent hydrolysis of the pyrophosphate to the inorganic orthophosphate play an
important part in providing the energy that ensures the direction of the entire process.

A reaction catalyzed at the second stage by the same ARSase involves the so-called accepting of
the amino acid where the 2'- or 3'-hydroxy! of the ribose residue of the tRNA 3'-terminal adenosine attacks
the anhydride group of the aminoacyl adenylate, resulting in the formation of an ester bond between the
aminoacyl residue and the tRNA, with the accompanying release of AMP (Fig. 3.12):

E
Aa-ATP + tRNA="Aa-tRNA + AMP.

It is noteworthy that different ARSases possess different specificity with regard to the position of
the ribose hydroxyl participating in the transacylation reaction (Table 3.1). All class | ARSases catalyze
the coupling of amino acids to the 2'-position of the ribose of the 3'-terminal adenosine residue. TyrRS and
CysRS, however, may catalyze the reaction with both the 2'- and the 3'-hydroxyl groups. At same time
class |1 synthetases catalyze the reaction of the 3'-hydroxyl with the amino acid residue; the only exception
among them is PheRS that ligates the amino acid to the 2'-position of tRNA. Thisis of no great importance
to the subseguent fate of the aminoacyl-tRNA formed because in an aqueous solution the aminoacyl
residue spontaneously migrates between the 2'- and 3'-positions (through the formation of 2', 3-
derivative), and eventually the two forms are in equilibrium.

Thus, an ARSase uses three substrates of a different chemical nature: ATP, an amino acid, and
tRNA. Correspondingly, it must possess three different substrate-binding sites. ATP is the universa
substrate for all ARSases, whereas for the amino acid and tRNA, each ARSase displays high specificity.

As has aready been mentioned, in many cases ARSases are dimers or pseudodimers, and,
correspondingly, they possess two sets of substrate-binding sites. The substrate-binding sites both within
each subunit (or the equivalent domain) and on different subunits (or domains) are interdependent.
Frequently synergism is observed: the binding of one substrate molecule facilitates the binding of the
other. On the other hand, there is a negative cooperativity in the binding of two tRNA molecules: the
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Figure3.12. Reactions of amino acid activation (1) and acceptance of aminoacy! residue by the tRNA molecule (2),
catalyzed by ARSase.

binding of one tRNA molecule makes the binding of the other one less tight.
An example sequence of substrate addition to the dimeric enzymeis schematically presented in Fig.

3.13. Beginning with the enzyme free of substrates (upper part of the scheme), the first stages are often
found to involve the binding of small substrates, such as ATP and the amino acid; and the binding of one
of these may stimulate the binding of the other (synergism). The substrates bound to the enzyme interact to
yield aminoacyl adenylate, and the resulting pyrophosphate is released into solution. The binding of the
small substrates and the formation of aminoacyl adenylate stimulate tRNA binding, resulting in the
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aminoacylation of tRNA by the enzyme and the
release of AMP into solution. The aminoacyl-tRNA,
when present in a single copy per dimeric enzyme

molecule, may dissociate from the enzyme rather l/‘ATPO
slowly, but the binding of the second tRNA molecule
stimulates the dissociation. This leads to the cycle
shown in the lower part of Fig. 3.13, where one of the
tRNA-binding sites is permanently occupied and the AA o
enzyme displays the reactivity of only haf of its l/
substrate-binding sites (“ half-of-the-sites-reactivity” ).

Under conditions where the enzyme works in ﬁ
substrate excess, the pathway shown in the lower part
of Fig. 3.13 istheroute that appearsto occur. State 1 is I\> PP
exhibited when the active site of one subunit (or
domain) is occupied by aminoacyl-tRNA while the
other one is vacant. Therefore, only the substrate-

binding sites of the other active center of the enzyme
are capable of binding substrate ligands. The

consecutive or independent binding of the small ﬁ

substrates, ATP, and the amino acid (states 2 and 3) Aa-tRNA
results in the formation of the enzyme-bound <:
aminoacyl adenylate (state 4), which in turn stimulates 6 ?
tRNA association with the second active center of the é?5 1 é
enzyme (state 5). Because of the negative

cooperativity mentioned above, the binding of tRNA tRNA /T

with the second active center weakens the holding of 4

aminoacyl-tRNA in the first binding center; as aresult, é? 3 2 é?
this aminoacyl-tRNA dissociates into solution, leaving > A

the enzyme with one active center occupied and the PP AA
other vacant (state 6). Thus, the two active centers of a ﬂ

dimeric (or two-domain) enzyme appear to work
aternately. The final product aminoacyl-tRNA is not
released into solution immediately after its synthesis
has been completed, but “waits’ until the second
substrate tRNA enters its binding site. It should be
pointed out again that the above model is just an
example of a possible reaction pathway and cannot be
regarded as general.

Figure 3.13. Possible sequence of events in the
functioning of the two-domain (or dimeric) ARSase.

3.5. Specificity of tRNA Aminoacylation

3.5.1. Specificity for Amino Acids

To provide unambiguous mMRNA decoding during translation, aminoacyl-tRNA synthetases should
possess an extremely high specificity when selecting amino acids and tRNAS as substrates. In the case of
amino acid selection the enzyme has to discriminate between substrates, which sometimes possess very
similar structures, such as isoleucine and valine. The error rate in tRNA aminoacylation is indeed
extremely low, and even for related amino acids, e.g. isoleucine and valine, it does not appear to exceed
one per 10,000 under normal physiological conditions.

However, analysis of the stages of amino acid binding and the subsequent reversible formation of
aminoacyl adenylate measured by ATP-pyrophosphate exchange has shown that the enzyme cannot
provide such high specificity in the discrimination of related amino acids at these stages. For example,
I1eRS synthetase can effectively bind valine and form valyl adenylate. Similarly, VaRS can bind and
activate isoleucine as well as a number of other amino acids, e.g. alanine, serine, cysteine, and threonine.
The phenylalanine enzyme activates methionine, leucine, and tyrosine. Nevertheless, none of the listed
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misactivated amino acids becomes accepted by tRNA. The point is that a number of ARSases, in addition
to amino acid discrimination at the binding stage, may possess a specia error-correcting mechanism which
acts after the aminoacyl adenylate has been formed (Baldwin & Berg, 1966). Basically, the binding of the
cognate tRNA by the enzyme resultsin a hydrolytic release of the free amino acid if the amino acid residue
was noncognate for the enzyme. It seemsthat at least in some cases misactivated amino acid bound to the
enzyme as aminoacyl adenylate is normally transferred to tRNA, but the ester bond between the
noncognate amino acid and tRNA is hydrolyzed immediately by the enzyme:

Val + ATP + lleRS===Va-AMPIIeRS + PP;;
Va-AMPI1IeRS + tRNA!e ===V a-tRNA!'®|1eRS + AMP;

Val-tRNA"€]IeRS + H,0 —=Val + tRNA' + ||eRS,

Thisimplies that the enzyme has a second chance to discriminate between the aminoacyl residues, now in
the form of their ester derivatives; if the residue is noncognate, then the water moleculeis activated and the
ester bond is attacked. In the case of the hydrolysis of valyl-tRNA''® by 11eRS, the free hydroxyl of the
tRNA terminal ribose has been seen to play an important part.

In some other cases a different correction (proofreading) mechanism may be in operation, when a
noncognate aminoacyl adenylate is hydrolyzed by the enzyme prior to the transfer of the aminoacyl
residue to tRNA.

3.5.2. Specificity for tRNA

It has already been stated that the binding of tRNA with ARSase is a multi-step process. The initial tRNA
binding is not very specific, and so the enzyme may interact with a number of noncognate tRNAs. The
I1eRS, for example, can bind tRNAVE | and its bi nding is only one-fifth the strength of the binding of the
cognate tRNA!'€. The enzyme interacts with tRNAC!Y aswell; this |atter binding, however, is 10,000 times
weaker than the binding of the cognate tRNA'E Generally, very different affinities are found for various
combinations of ARSases with noncognate tRNA species, from an amost total absence of affinity to an
affinity close to that of the cognate tRNA. The affinity of the enzymes to tRNA usually increases with the
decrease in pH and ionic strength and is stimulated by organic solvents; this suggests that ionic interactions
contribute considerably toward binding. Correspondingly, the same factors stimulate the nonspecific
binding of tRNA by ARSases. Magnesium ions, however, frequently have the opposite effect: they may
decrease the binding of noncognate tRNA species to an ARSasg, i.e. increase binding specificity. The
latter effect is usually considered to be the result of the action of magnesium ions upon the conformation of
both the enzyme and tRNA.

The initial binding of tRNA to the enzyme is a fast step, i.e. the rates of both forward and reverse
reaction (association and dissociation) are high. This fast step of initial recombination may be followed by
a slower step, when the complex somehow rearranges. Such a rearrangement takes place only if the
enzyme has bound the cognate tRNA. This is the recognition stage during which the main discrimination
between the cognate and noncognate tRNA species is accomplished. Thus, the first binding step involves
only arough selection of tRNAs, and the main function of this step is the rapid scanning of the various
tRNA species. If the bound tRNA is noncognate, it will be inactive in the induction of the structural
rearrangement of the enzyme complex and, hence, isincapable of entering the next stage; as aresult, it will
be dissociated easily from the fast reversible initial complex. Only if the cognate tRNA is bound, is the
next phase, involving the rearrangement of the complex and proper fitting of tRNA and the enzyme,
required for the subsegquent aminoacylation reaction initiated:

fast,
not very slow,
specific specific
ARSaseAa-AMP + tRNA (ARSaseAa AMPtRNA) —>

(ARSaseAa-AMPIRNA)"'—=ARSaseAa-tRNA + AMP.
This mechanism, however, is not universal for all ARSases. For example, the TyrRS from E. coli and the
SerRS from yeast, as well as the ArgRS, show a very high specificity even at the stage of the initial
complex; they bind little of the noncognate tRNA species.
Regardless of which mechanism isrealized, thefinal result isavery high specificity of the selection
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of tRNA by the enzyme. This raises the problem of the specific tRNA-protein recognition. It is apparent
that certain specific regions of the tRNA molecule are involved in this recognition. There are two major
regions of tRNA molecule which are in most cases directly involved in the recognition by the enzyme: the
acceptor stem and the anticodon. This is not a general rule, however. For example, such tRNAs as
tRNAA2 and tRNASE are recognized by their cognate synthetases without participation of their
anticodons, mainly by specific binding of the acceptor stem. On the other hand, tRNAM® seems to be
specifically recognized by its synthetase predominantly at the anticodon.

The acceptor stem is involved in the recognition in most cases of tRNA-ARSase interactions. The
base of the forth nucleotide from the 3' end (position 73) is often designated as a “discriminator base”
(Crothers et al., 1972), because it divides tRNAs into four recognition groups: A73 must be present in
tRNAs specific for Ala, Arg, lle, Leu, Lys, Pro, Tyr, Val; G73intRNAsfor Asn, Asp, GIn, Glu, Trp; C73
in tRNAHIS and U73 in tRNASYS and tRNACY. Further discrimination may be determined by the end-
proximal base pairs. For example, the presence of the pair G3:U70 in the acceptor stem determines the
recognition of the tRNA by AlaRS (provided A73 is present). For the recognition of tRNACI by the
cognate synthetase the stem should include the pairs UL:A72, G2:C71 and G3:C70, in addition to the
unpaired “discriminator” G73. The recognition at the acceptor stem is considered to be the earliest in
evolution of ARSases.

The anticodon is the second magjor site of the recognition of tRNAs by ARSases. In sometRNAsall
three nucleotides of the anticodon seem to be important for the recognition (e.g., tRNAA®, tRNA®YS,
tRNACIN tRNAME tRNAPME tRNAT'P), whereas in others just one (C35 in tRNAA™9) or two anticodon
residues (C35C36 in tRNACY | A35C36/in
tRNAY) are known to be essential for the
recognition.

The tight interaction of the ARSase
with the acceptor stem and the anticodon
may induce serious conformationa
distortions in these regions of the tRNA
molecule. The tRNA®", when interacting
with its cognate GInRS (arepresentative of
class | synthetases), changes the
“classical” conformation of the 3' single-
stranded terminal sequence (Fig. 3.14):
now the strand makes a hairpin turn
toward the inside of the L, with the
disruption of the adjacent base pair of the
acceptor stem. The anticodon loop of
tRNAC" in the complex with the
synthetase also adopts an unusua
structure: the middle anticodon base U35
becomes stacked with the anticodon
adjacent base A37, whereas the C34 and
G36 of the anticodon are unstacked and
project outward to interact with the
corresponding protein groups (Rould et
al., 1991). It seems likely that the structure
distortions of this type are typical of
interaction of class| synthetases with their
tRNAS. Figure 3.14.  Superposition of the phosphate backbone of

On the contrary, the interaction of  uncomplexed yeast tRNAP™ (“classical” tRNA structure, filled
arepresentative of the class |1 synthetases,  circles; see Figs. 3.8 and 3.10) on that of the tRNAG" (filled
AspRS, with its tRNAAS stabilizes the  squares) complexed with the GInRS. Major differences are seen in
stacked helicad conformation of the the acceptor strand conformation, the anticodon loop, and the
GCCA single-stranded portion of the width of the grooves of the acceptor stem and anticodon stem.
acceptor end; like in the crystal structure (R_eproduced from M.A. Rould, J._J. Peron_a, D Soll & T.A. Steitz,
of tRNAPhe (see Fig. 3.8), it continues the Science 246, 1135-1142, 1989, with permission).
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acceptor stem helix. The anticodon loop, however, undergoes a large conformational change in order to
bind with the contacting protein groups. the U-turn conformation is disrupted with a concomitant
unstacking of all the anticodon bases, and the loop as a whole is moved toward the inside of the L
(Cavarelli et al., 1993).

3.5.3. Specific Modifications of Aminoacyl Residue after Aminoacylation

In addition to the ordinary tRNA species which accept amino acids and then immediately transfer them to
ribosomes, there are peculiar tRNAS presenting their aminoacyl residues for enzymatic modification, prior
to participation in translation.

The first, well known example is the formylation of amino group of one of the two Met-tRNA
species in bacteria (Marker & Sanger, 1964). Formylmethionyl-tRNA (F-Met-tRNA) is formed which
performs an important function in protein biosynthesis being the initiator tRNA: it enters the ribosome first
and starts tranglation at the initiation codon AUG or GUG, so that every polypeptide chain synthesized by
bacterial ribosomes begins with formylmethionine at the N-terminus. Both species - tRNAm'VIet and
tRNAM® - are aminoacylated by the same MetRS, but Met-tRNAM® is found to be a substrate for
methionyl-tRNA transformylase resulting in the formation of N—formylmethionyl-tRNAfMet:

Met-tRNAMetL+ N 19_ Formyitetrahydrofolate™ F-Met-tRN AMet + Tetrahydrofolate.

The enzyme is highly specific and attacks only Met-tRNA{M®. (For review see RejBhandary &
Chow, 1995).

Archaebacteria, many gram-positive eubacteria, cyanobacteria, plant chloroplasts, and plant and
anima mitochondria lack glutaminyl-tRNA synthetase (GINRS). At the same time they have a specia
tRNA which aminoacylated by GIuRS. The Glu-tRNA formed serves as a substrate for a specific
amidotransferase converting Glu-tRNA into GIn-tRNA:

GIu-tRNA + Glutamine + ATP—>GIn-tRNA + ADP + Glutamic acid + P.

Since this tRNA species recognizes glutamine codons, it is designated as tRNAC!", despite the fact
that it is aminoacylated by GIURS. (For review see Verkamp et al., 1995).

The 21st amino acid of natural proteins, selenocysteineg, is also formed on tRNA. Special tRNASC
with anticodon UCA is aminoacylated by regular serine tRNA synthetase (SerRS). The resultant Ser-
tRNASC s a specific substrate for selenocysteine synthase. The enzyme binds to Ser-tRNAS in such a
way that, in addition to specific recognition of tRNA moiety, the serine residue becomes covalently
attached via its amino group to the pyridoxa phosphate prosthetic group in the active center. Then the
dehydratation reaction takes place removing the cysteine hydroxy group and thus converting seryl residue
into aminoacryloyl residue. This intermediate reacts with selenophosphate resulting in the formation of
selenocysteinyl residue still linked to the pyridoxal phosphate by its amino group. The fina stage is the
release of the selenocysteinyl-tRNA from this covalent bond and from the complex with the enzyme. The
seguence of the reactions catalyzed by selenocysteine synthase (SCSase) is presented below:

Ser-tRNASEC + SCSase:Pyridoxal-P—SCSase:(Pyridoxal- P)- Ser-tRN A SeC—»
—>SCSase/(Pyridoxal- P)-Aninoacryloyl-tRNASC + H,0.
SCSase(Pyridoxal-P)- Aminoacryloyl-tRNASEC + Se-p—>
—>SCSase/(Pyridoxal- P)- Selenocysteinyl-tRNASEC + P,
SCSase(Pyridoxal- P)- Selenocysteinyl-tRN A S%—»>
—>SCSasePyridoxal-P + Selenocysteinyl-tRNAS,

(For review see Baron & Boeck, 1995).

42



TRANSFER RNA AND AMINOACYL-tRNA SYNTHETASES

BIBLIOGRAPHY

Alzhanova, A. T., Fedorov, A. N., Ovchinnikov, L. P., & Spirin, A. S. (1980), “Eukaryotic aminoacyl-tRNA
synthetases are RNA-binding proteins whereas prokaryotic ones are not,” FEBS Letters 120: 225-229.

Baldwin, A. N. & Berg, P. (1966), “tRNA induced hydrolysis of valyl adenylate bound to isoleucyl-tRNA synthetase”,
J. Biol. Chem. 241: 839-845.

Baron, C., & Boeck, A. (1995), “The selenocysteine-inserting tRNA species: structue and function”, in “tRNA:
Structure, Biosynthesis, and Function” (Soell, D. & RaBhandary, U. L., eds), p.p. 529-544. ASM Press,
Washington, DC.

Cavarelli, J., Rees, B., Ruff, M., Thierry, J. C., & Moras, D. (1993), “Y east tRNAASP recognition by its cognate class
11 aminoacyl-tRNA synthetase”, Nature 362: 181-184.

Crick, F. H. C. (1957). Discussion in “ The structure of nucleic acids and their role in protein synthesis’, Biochemical
Society Symposium (E. M. Crook, ed.), No. 14, pp. 25-26, Cambridge University Press, Cambridge.

Crothers, D. M., Seno, T. & Sodll, D. G. (1972), “Isthere adiscriminator sitein transfer RNA?’, Proc. Natl. Acad. <ci.
USA 69: 3063-3067.

Dang, C. V., Johnson, D. L., & Yang, D. C. H. (1982), “High molecular mass amino acyl-tRNA synthetase complexes
in eukaryotes,” FEBS Letters 142: 1-6.

Eriani, G., Delarue, M., Poch, O., Gangloff, J. & Moras, D. (1990), “Partition of tRNA synthetases into two classes
based on mutually exclusive sets of sequence motifs’, Nature 347: 203-206.

Hoagland, M. B. (1960), “The relationship of nucleic acid and protein synthesis as revealed by studies in cell-free
systems,” Nucleic Acids (E. Chargaff & J. N. Davidson, eds.), vol. 3, pp. 349-408. New Y ork, Academic Press.

Hoagland, M. B., Zamecnik, P. C., & Stephenson, M. L. (1957), “Intermediate reactions in protein biosynthesis,”
Biochim. Biophys. Acta 24: 215-216.

Holley, R. W., Apgar, J., Everett, G. A., Madison, J. T., Marquisee, M., Merrill, S. H., Penswick, J. R., & Zamir, A.
(1965), “ Structure of aribonucleic acid,” Science 147: 1462—1465.

Kim, S. H., Suddath, F. L., Quigley, G. J., McPherson, A., Sussman, J. L., Wang, A. H.-J,, Seeman, N. C., & Rich, A.
(1974), “Three-dimensional tertiary structure of yeast phenylaanine transfer RNA,” Science 185: 435-440.

Marker, K., & Sanger, F. (1964), “N-formyl-methionyl-s-RNA”, J. Mol. Bial. 8: 835-840.

Mirande, M., Cirakoglu, B., & J.-P. Waller (1983), “ Seven mammalian aminoacyl-tRNA synthetases associated within
the same complex are functionally independent,” Eur. J. Biochem. 131: 163-170.

Ogata, K. & Nohara, H. (1957), “The possible role of the ribonucleic acid (RNA) of the pH 5 enzyme in amino acid
activation,” Biochim. Biophys. Acta 25: 659-660.

RajBhandary, U. L., & Chow, C. M. (1995), “Initiator tRNAs and initiation of protein synthesis’, in “tRNA: Structure,
Biosynthesis, and Function” (Sodll, D. & RgjBhandary, U. L., eds.), p.p. 511-528. ASM Press, Washington, DC.

Robertus, J. D., Ladner, J. E., Finch, J. T., Rhodes, D., Brown, R. S., Clark, B. F. C., & Klug, A. (1974), “ Structure of
yeast phenylaanine tRNA at 3 Y resolution,” Nature 250: 546-551.

Rould, M. A., Perona, J. J,, Steitz, T. A. (1991), “Structural basis of anticodon loop recognition by glutaminyl-tRNA
synthetase”, Nature 352: 213-218.

Verkamp, E., Kumar, A. M., Lloyd, A., Martins, O., Stange-Thomann, N., & Soell, D. (1995), “ Glutamyl-tRNA asan
intermediate in glutamate conversions’, in “tRNA: Structure, Biosynthesis, and Function” (Soell, D. & RajBhandary,
U. L., eds), p.p. 545-550. ASM Press, Washington, DC.

43



ALEXANDER S. SPIRIN

44



RIBOSOMES AND TRANSLATION

Chapter 4

RIBOSOMES AND TRANSLATION

4.1. First Observations

By 1940 Albert Claude had succeeded in isolating from animal cells cytoplasmic RNA-containing
granules that were smaller than mitochondria. These granules varied from 50 to 200 mp in diameter and
later Claude began calling them microsomes. Chemical analysesindicated that Claude’ s microsomes were
“phospholipid-ribonucl eoprotein complexes”.

On the other hand, cytochemical studies by Caspersson (1941) and Brachet (1942) demonstrated
the preferentially cytoplasmic localization of RNA and the existence of a correlation between the amount
of RNA in the cytoplasm and the intensity of protein synthesis. Later, a number of scientists reported on
theisolation of RNA-containing particles, which were much smaller than microsomes, from the cytoplasm
of animal and plant cells as well as from bacteria. Electron microscopy and sedimentation analysisin the
ultracentrifuge indicated that these particles were compact; had a more or less spherical shape; were
homogeneous in size, with a diameter of 100 to 200 A; and exhibited sharp sedimentation boundaries
corresponding to sedimentation coefficients of from 30S to 100S. The first unambiguous evidence that
such particles from bacteria are ribonucleoproteins was probably obtained by Schachman, Pardee, and
Stanier in 1952.

Improved techniques of microtomy and electron microscopy of ultrathin sections of animal cells
resulted in the detection of uniform dense granules, with a diameter of about 150 A, directly in the cell.
Palade's electron microscopic studies (1955) demonstrated that small dense granules are abundant in
animal cell cytoplasm. These granules were seen either attached to the membrane of the endoplasmic
reticulum or freely dispersed throughout the cytoplasm. Claude’ s microsomes were identified as fragments
of the endoplasmic reticulum with these granules attached. It became clear that the Palade granules were
ribonucleoprotein particles and that they accounted for most of the cytoplasmic RNA involved in protein
synthesis (Palade & Siekevitz, 1956).

Purified preparations of ribonucleoprotein particles were isolated and studied in several |aboratories
between 1956 and 1958; these investigations included isolating 80S particles from yeast, accomplished by
Chao and Schachman (1956); from plants, by Ts o, Bonner, and Vinograd (1956); and from animals, by
Petermann and Hamilton (1957); and isolating 70S particles from bacteria (E. coli), by Tissieres and
Watson (1958). In 1958 the first symposium devoted to these particles and their participation in protein
biosynthesis took place (First Symposium of the Biophysical Society at the Massachusetts Ingtitute of
Technology, Cambridge, Mass., February 5, 6, and 8, 1958); during this symposium it was suggested that
ribonucleoprotein particles be called ribosomes (see Raoberts, 1958).

Studies of the functiona role played by ribosomes proceeded hand-in-hand with their structural
description. The experiments of Zamecnik and co-workers provided the first convincing demonstration
that ribonucleoprotein particles of microsomes are responsible for the incorporation of amino acids into
newly synthesized proteins (Littlefield et al., 1955). This was followed by other experiments conducted at
the same laboratory which demonstrated that the free ribosomes unattached to the endoplasmic reticulum
membranes also incorporate amino acids and synthesize the protein released into the soluble phase
(Littlefield & Keller, 1957). The functions of bacterial ribosomes were the subject of intense studies
conducted by Roberts' group; the 1959 publication of McQuillen, Roberts, and Britten finally established
that proteins are synthesized on ribosomes and then distributed throughout the bacterial cell.

4.2. Localization of Ribosomesin the Cell

Ribosomes are abundant in cells involved in intense protein synthesis. In the bacterial cell they are
dispersed throughout the protoplasm and account for about 30%, sometimes even more, of its dry weight.
In electron micrographs all the intracellular space, except nucleoid (DNA) regions, looks stuffed with
ribosomes (Fig. 4.1). About 10* ribosomes, on average, are present in one bacterial cell,

The relative content (concentration) of ribosomes in eukaryotic cells is lower; here, the number of

45



ALEXANDER S. SPIRIN

Figure 4.1.  Electron micrograph of ribosomes on an ultrathin
section of a bacterium Vibrio alginolyticus. The cells are fixed with
osmium tetraoxide. Ribosomes look as the abundant granular material
filling in the cytoplasm. (Courtesy of L.Ye. Bakeyeva, Moscow State
University).

Figure 4.2.  Electron micrograph of ribosomes on an ultra-thin
section of arat liver cell. Fixation with glutaraldehyde. Ribosomes on
the membranes of rough endoplasmic reticulum, as well as some
clusters of free ribosomes, are seen. (Courtesy of Yu.S. Chentsov,
Moscow State University).
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ribosomes varies considerably
depending on the protein-synthesizing
activity of the corresponding tissue or
individual cell. Most of the ribosomes
are found in the cytoplasm. In the cells
with an active protein secretion and a
developed network of endoplasmic
reticulum, a marked proportion of
cytoplasmic ribosomes are attached to
the endoplasmic reticulum membrane,
specifically to the surface facing the
cytoplasmic matrix (Fig. 4.2). The
ribosomes are distributed non-
uniformly on the reticulum: they may
be abundant in one part and virtually
nonexistent in others. These ribosomes
synthesize proteins which are directly
transported into the membrane lumen
for subsequent secretion. Protein
synthesis for “house-keeping”
purposes inside the cell takes place
primarily upon the free cytoplasmic
ribosomes that are not associated with
the membrane but are scattered in the
cytoplasmic matrix. That is why the
cytoplasm  of  embryonic, non-
differentiated, rapidly growing or
proliferating cells contains mainly free
ribosomes.

The formation of all ribosomes
present in the cytoplasmic matrix, both
membrane-bound and free ones, takes
place in the nucleolus of the
eukaryotic cell, and ribosomes can
naturally also be detected in this
compartment of the cell nucleus; it is
thought, however, that nucleolar
ribosomes are not active in protein
synthesis.

In addition, the eukaryotic cell
contains different populations of
ribosomes in such intracellular
organelles as mitochondria and, in the
case of plant cells, chloroplasts.
Ribosomes of these organelles differ
from cytoplasmic ribosomes in that
they are dightly smaller and have a
different chemical composition and
different functional characteristics.
These ribosomes are formed directly
in the organelles.
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4.3. Prokaryotic and Eukaryotic Ribosomes

Two main types of ribosomes can be found in nature (Fig. 4.3). All prokaryotic organisms, including
gram-positive and gram-negative eubacteria, actinomycetes, and blue-green algae (cyanobacteria), as well
as archaebacteria (archaed), contain 70S ribosomes. These ribosomes exhibit a sedimentation coefficient
of about 70S; their molecular mass is approximately 2.5° 10° daltons, and their linear dimensions (mean

diameter) in a lyophilized state about
200 to 250 A; in chemical composition

they are pure ribonucleoproteins, i.e. PROKARYOTICTYPE | EUKARYOTIC TYPE
they consist of only RNA and protein. RIBOSOMES RIBOSOMES
The RNA-to-protein weight ratio in
. o . 70S RIBOSOMES CYTOPLASMIC 80S
them is about 2:1; correspondingly, OF EUBACTERIA, RIBOSOMES
the partial specific volume of 70S BLUE-GREEN ALGAE | OF ANIMALS, FUNGI
. . 3 AND CHLOROPLASTS AND PLANTS
ribosomes is about 0.60 cm®/g, and
buoyant density in CsCl is 1.64 g/cm®. MOL. MASS, 25 106 4 106
RNA is present in the ribosomes DALTONS '
. 2+
ma‘T"V ®s a '\’;9 , and perhaps SIZE 200- 250 A 250 - 300 A
partially as a Ca”", salt; magnesium
may account for up to 2% of the RNA : PROTEIN, 01 11
: : : WIW - -
ribosomes dry weight. Furthermore,
ribosomes may contain various ~0S RIBOSOMES
amounts (up to 2.5% of the dry OF ARHAEBACTERIA
weight) of such organic cations as
spermine, spermidine, cadaverine, and MITOCHONDRIAL
putrescine. The amount of water RS MBOSMES
bound in 70S ribosomes is not high,
; o MITOCHONDRIAL
pang about 1 g/g; in other words, 555 RIBOSOMES
ribosomes are rather  compact ("MINIRIBOSOMES")
unswollen particles in an agueous OF MAMMALS
medium.
The morphology of 705 pigrea3  Prokaryotic and eukaryotic types of ribosomes.

ribosomes of prokaryotic organismsis

amost universal, and only ribosomes

of archaebacteria (archaea) have been shown to possess some differences from their eubacteria
counterparts (see Chapter 5).

The cytoplasm of al eukaryotic organisms including animals, fungi, plants, and protozoans
contains the somewhat larger 80S ribosomes. The molecular mass of these ribosomes is about 4 ° 108
daltons, and the linear dimensions (mean diameter) are about 250 to 300 A. Like prokaryotic ribosomes
they contain only two types of biopolymers — RNA and protein — but the protein content is markedly
greater; the RNA-to-protein ratio in 80S ribosomes is about 1:1 by weight, the partial specific volumeis
about 0.65 cm®/g, and the buoyant density in CsCl is about 1.55 to 1.59 g/cm?®. It isimportant to point out
that the absolute content of both RNA and protein per particle in 80S ribosomes is markedly greater thanin
70S ribosomes. The ribosomal RNA of 80S ribosomesis also bound with divalent cations, Mg2* and Ca2*,
aswell as with small amounts of polyamines and diamines, e.g. spermine, spermidine, and putrescine.

Again, it should be mentioned that the morphological characteristics of al 80S ribosomes
regardless of whether they have been obtained from animals, plants, or lower Eukaryotes are universal.
The chloroplasts and mitochondria of eukaryotic cells, however, contain ribosomes that differ from the
80S type. The chloroplast ribosomes of higher plants belong to the true 70S type and are difficult to
distinguish from the ribosomes of eubacteria and blue-green algae by the above characteristics or by more
subtle molecular features. Mitochondrial ribosomes are more diverse; their properties depend on the
taxonomic position of the organism from which they originate. Mitochondrial ribosomes of fungi and
mammals have been studied in some detail. Mitochondrial ribosomes from fungi (Saccharomyces or
Neurospora) resemble prokaryotic 70S ribosomes but are slightly larger (about 75S) and contain relatively
more protein; the absolute content of ribosomal RNA seems almost identical to that found for typical 70S
ribosomes. Mitochondria ribosomes of mammals, however, are, significantly lighter than typical 70S
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ribosomes. The absolute content of ribosomal RNA per particle is also significantly lower. That is why
they are sometimes called “mini-ribosomes’. The sedimentation coefficient of mini-ribosomes from
mammalian mitochondria is only about 55S, and the total mass of ribosoma RNA per particle is about
two-thirds of that in typical 70S ribosomes. At the same time, mammalian mitochondrial ribosomes
contain a high proportion of protein, so their total size does not seem to differ greatly from that of
prokaryatic ribosomes. On the whole, despite some unusual features mammalian mitochondrial ribosomes
are similar to prokaryotic 70S ribosomes in some of their characteristics, including functional ones.

4.4. Sequential Readout of mMRNA by Ribosomes; Polyribosomes

Throughout the course of protein synthesis, the ribosome is associated with a limited section of the
template polyribonucleotide. Since the ribosome-bound sections of the template are protected from
nuclease action, they may be isolated after nuclease treatment of the ribosome-template complexes. Such
sections have been found to have a length of 40 to 60 nuclectide residues. It must be noted again that the
length of the mRNA coding sequence usually exceeds 300 nucleotides. Therefore, in order to read the
entire mMRNA coding sequence, the ribosome should sequentially run over the template (or thread through
itself) from the 5'-terminal part of the coding sequence to the 3'-terminal part. In other words, the ribosome
should work as a tape-driving mechanism.

At what rate, then, would the ribosome move along the MRNA? In a bacterial cell (e.g. E. coli) a
polypeptide with a length of 300 amino acids is synthesized for about 20 seconds at 37°C, i.e. one
ribosome runs over about 40 to 50 nucleotides per second. The rate of mRNA readout in Eukaryotes can
approach 30 nucleotides per second, but regulatory effects may reduce it to 5 to 10 nucleotides per second
(see Chapter 13).

While moving along the template polynucleotide from the 5'-end to the 3-end, the ribosome, after
some time, moves away from the 5-terminal section of the template. As a result, this section becomes
exposed and is capable of binding with another free ribosome. The second ribosome will start the readout,
and moving away from the 5-terminus will give the third ribosome an opportunity to bind and start
reading, etc. In this way, moving aong the template one after another, a number of ribosomes
simultaneously perform a readout of the same information and, hence, synthesize identical polypeptide
chains (of course, at any given moment the chains on different ribosomes are at different stages of
completion). This process is schematically presented in Fig. 4.4, where the ribosomes at the 3'-end of the
template contain an almost completed polypeptide, the ribosomes located in the middle of the mRNA carry
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Figure4.4. Schematic representation of a polyribosome.
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the polypeptide only half the length of the complete one, and the ribosomes near the 5'-end contain only
short peptides which have just started elongation. A structure in which the template polynucleotide is
associated with many transating ribosomes is called the polyribosome.

The early electron microscopic observations in the mid-1950s demonstrated that ribonucleoprotein
granules (ribosomes) are not dispersed uniformly in animal cell cytoplasm or in the preparations of
microsome-derived particles but are clustered in groups. Evidence that such aggregates of ribosomes
consist of particles that are connected by the mRNA chain and are engaged in translation was provided
simultaneously by several groups (Gierer; Warner, Knopf & Rich; Wettstein, Staehelin & Noll; Penman,
Scherrer, Becker & Darnell; Watson) in 1963. Polyribosomes were shown to be a form of actively
tranglating ribosomes both in Eukaryotes and Prokaryotes.

The eukaryotic polyribosomes often look as ordered structures, rather then like beads on a

Figure4.5. Electron micrograph showing predominantly circular, and sometimes spiral “G-like”, polyribosomes on
the rough endoplasmic reticulum of somatotrope cytoplasm from the rat pituitary. (Fig. 2 from A.K. Christensen, L.E.
Kahn & C.M. Bourne, Amer. J. Anat. 178, 1-10, 1987; reproduced with permission).
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randomly flexible thread. For example, most membrane-free polyribosomes from sea urchin eggs and
embryos were visualized in the form of zig-zags (Martin & Miller, 1983), although linear forms were also
present. The endoplasmic reticulum membrane-bound polyribosomes of protein-secreting cells are
represented mostly by circular (“O-like”) and spiral (“G-like’) forms (Fig. 4.5). The functional
significance of these distinctive arrangement patterns is not clear. In the case of circular polyribosomes it
can be speculated that such a shape provides an efficient reinitiation of translation due to the proximity of
the 5'-terminus to the termination codon: instead of the release of terminating ribosomes from mRNA they
can recycle directly onto the 5'-end of the message to begin a new round of translation (see Chapters 15
and 17, and specifically Figs 15.14 and 17.12).

Under conditions of intensive protein synthesis, the distance between ribosomes along the mRNA
chain within the polyribosome may be extremely short, and so the ribosomes may be packed together very
tightly. This means that there may be roughly 50 nucleotide residues of the template per ribosome in the
polyribosome. The implication here is that every 1 to 3 seconds, a ribosome finishes synthesizing the
protein molecule near the 3-end of the mRNA coding section and then jumps off the template or
reinitiates; correspondingly, one new ribosome will become associated with the template at its 5-end and
will start moving toward the 3'-terminus. In more common cases about 100 nucleotide residues of mRNA
per ribosome have been estimated. Also gaps and tails non-covered by ribosomes can be sometimes
visualized along mRNA in polyribosomes; they may reflect the existence of some barriers inducing
temporary stops (pauses) during elongation and the presence of untranslatable terminal sequences.

The existence of polyribosomes as a form of trandating ribosomes in the cell explains the
observation that ribosomes are abundant in the cell while the amount of mRNA is low. Indeed, ribosomal
RNA accounts for about 80% of the total cellular RNA, whereas the mRNA content does not, as a rule,
exceed 5%. Thisiseasily understandable if one takesinto account that the translation machinery of the cell
is organized on the basis of polyribosomes: one mMRNA is translated by many ribosomes, and one part of
the trand atable mRNA corresponds to 100 to 200 parts of ribosomal RNA by weight.

4.5. Stages of Translation: Initiation, Elongation, and
Termination

A ribosome begins to read MRNA from a strictly definite point of its sequence, i.e. from the beginning of
its coding region. It has already been noted that this point generally does not coincide with the 5'-terminal
MRNA nucleotide and as arule is located at a certain, sometimes significant, distance from the 5-end of
the polynucleotide chain. The ribosome should in some way identify the readout origin, bind to it, and then
begin tranglation. The series of events that provide for the beginning of trandlation is called initiation.
Initiation requires a specia initiation codon, initiator tRNA, and proteins, which are referred to as
initiation factors.

After initiation the ribosome consecutively reads mMRNA codons in the direction of its 3-end. The
MRNA readout implies concomitant synthesis of the polypeptide chain coded by the mRNA. Synthesis
takes place on the ribosome by the sequential addition of amino acid residues to the nascent polypeptide
chain; it isin this way that the peptide elongation is accomplished. Each new amino acid residue is added
to the carboxyl terminus (C-terminus) of the peptide; in other words, the C-terminus of the peptide is the
end that grows. The addition of one amino acid residue corresponds to the readout of one nuclectide triplet.
This whole process involving the actual translation of mMRNA coding region is termed elongation.

When aribosome reaches the mRNA termination codon, synthesis of the polypeptide stops. In the
presence of the termination codon the ribosome does not bind any aminoacyl-tRNA; instead, specialized
proteins called termination factors come into play. These factors induce the release of the synthesized
polypeptide from the ribosome. This stage is designated as termination. After termination the ribosome
may either jump off the mRNA or continueto slip aong it without, however, trang ating. When aribosome
Comes across a hew initiation codon either on a new mRNA chain or on the same chain downstream from
the termination codon, a new initiation takes place. Thus each ribosome passes through the whole
trandlation cycle including initiation, elongation, and termination; such an epicycle resultsin the readout of
the whole mRNA coding segquence and synthesis of a complete polypeptide. Thereafter, a given ribosome
may repeat the cycle with the same mRNA chain, another mRNA chain, or another coding sequence in the
same chain (Fig. 4.4).
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4.6. Chemical Reactions and Overall Energy Balance of Protein
Biosynthesis

Thus, proteins are synthesized from amino acids in three consecutive chemical reactions. The first two
reactions are catalyzed by aminoacyl-tRNA synthetases (ARSases), and the third and final one is
accomplished by the ribosome (RS):

ARSase
(1) Aa+ ATP—>Aa-AMP + PP;;
ARSase
(2) Aa-AMP + tRNA—>Aa-tRNA + AMP;

(3) AatRNA + X-Aa'-tRNA'iX-Aa'-A&tRNA +tRNA".
In the first reaction the amino acid carboxy! group reacts with the polyphosphate group of ATP, resulting
in the replacement of a pyrophosphate residue by the aminoacyl residue; a mixed anhydride, the aminoacy!
adenylate, is formed. In the second reaction the adenylate residue is exchanged for tRNA, an ester bond
being formed between the carboxyl group of the aminoacy! residue and the ribose hydroxyl of the tRNA
terminal nucleoside. The third reaction catalyzed by the ribosome is the substitution of tRNA residue
(tRNA") by the aminoacyl-tRNA; this results in the formation of an amide (peptide) bond between the
amino group of the aminoacyl-tRNA and the carboxyl group of the other aminoacyl residue (Ad). If a
complete protein molecule consists of n aminoacyl residues, the overall balance of the reactions may be

written as follows:

AR RNAs, RS .
nAa+n ATPMprotem+ nAMP +n PP,

Furthermore, pyrophosphate is hydrolyzed in the cell by pyrophosphatase to orthophosphate:
nPP,+nH,O0—>2nP.

The free energy of the hydrolysis of ATP pyrophosphate bonds under standard conditions (DG?) is
about —7 to -8 kcal/mole. The anhydride bond of the aminoacyl adenylate and the ester bond of the
aminoacyl-tRNA possess similar values of free energy of the hydrolysis under standard conditions. The
free energy of the hydrolysis of the peptide bond in an infinitely long polypeptide (protein) under standard
conditions is equal to only —0.5 kcal/mole. It can therefore be seen that the whole process of protein
synthesis involves releasing a considerable amount of free energy; in other words, protein synthesisis a
thermodynamically spontaneous and energetically ensured process:

nAa+nATP——protein+ nAMP + nPP,—n" 7 kcal.

If pyrophosphate hydrolysis is added, the overall energy balance will be —n" 15 kcal per mole of protein.
Thus, the free-energy gain under standard conditions for a protein of about 200 aminoacyl residues will be
roughly 3000 kcal/mole.

An analysis of the energy balance of each of the three reactions shows that the first two reactions do
not by themselves achieve any gain in free energy (under standard conditions), and therefore the pre-
ribosomal stages should not be shifted markedly toward the synthetic side; the shift, however, will be
generated provided pyrophosphate is hydrolyzed in a parallel reaction. The main difference in the free-
energy levels between substrates and products is found in the third reaction. This implies that the shift of
the overall reaction toward synthesisis provided mainly by the ribosomal stage.

It is surprising that despite the full energy support of protein biosynthesis at the expense of ATP (or
the ester bond energy of aminoacyl-tRNA), the ribosomal stage still requires two GTP molecules per
amino acid residue:

2nGTP +2nH,O0—>2n GDP + 2n P,.

This gives an additional free-energy gain of about 15 kcal per mole of amino acid (under standard
conditions).

Thus, the sum total of all the chemical reactionsin protein synthesis may be written as follows:
ARSases, PPase, tRNAs, RS

nAa+nATP+2nGTP+3nH,0O protein+n AMP + 2n GDP + 4n P,.
Thetotal energy balance of the overall reaction DG? is equal to about —30 kcal per mole of amino acid or —
6000 kcal per mole of protein with alength of 200 amino acid residues.
Here, only the chemical aspect of the process has been taken into account. It isimportant to analyze
to what extent this estimate may be changed if we take into account entropy loss due to the ordered
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arrangement of the amino acid residues along the chain of synthesized protein, and due to the fixed three-
dimensional protein structure. It seems that the entropy loss due to amino acid ordering in the polypeptide
chain may introduce only asmall correction, around 2.5 kcal per mole of amino acid. Asregards the three-
dimensiona ordering of the chain in the protein molecule, the entropy loss (decrease) is significant here,
but it is compensated by the enthal py gain resulting from non-covalent interactions of amino acid residues.
Thus, in any case, the protein synthesis is accompanied by dissipation of alarge amount of free energy.

The meaning of the expenditure of such a tremendous excess of energy is an enigma and an
extremely interesting problem in molecular biology. Energy excess which is dissipated into heat and not
used for any accumulated useful work (in the form of chemical bonds or nonrandom arrangement of
residues) should play an important part in the functioning of the protein-synthesizing system. It is likely
that this energy excessis necessary to support the high rates and high fidelity of protein synthesis.

4.7. Cell-free Translation Systems

One of the most remarkable discovery of the 1950s was the understanding that protein synthesis does not
require the integrity of the cell and can be performed after cell disruption. This laid the basis for the
creation of the so-called cell-free trandation systems. The incorporation of amino acids into proteins in
cell homogenates, in cell extracts, and in cell-free fractions containing microsomes was demonstrated long
time ago; perhaps the first examples were the cell-free systems from animal tissues, specifically from rat
liver, described by Siekevitz and Zamecnik in 1951 and by Zamecnik in 1953. It was shown soon
thereafter that the incorporation of amino acids corresponding to protein synthesis in a cell-free system
proceeds on ribonucleoprotein particles or ribosomes (Zamecnik’s group, 1955). Cell-free protein-
synthesizing systems with bacteria (E. coli) ribosomes were devel oped almost simultaneously in Zillig's,
Zamecnik's, and Tissieres' groups during 1959 and 1960 (Schachtschabel & Zillig, 1959; Lamborg &
Zamecnik, 1960; Tissieres, Schlessinger & Gros, 1960). All of these systems were programmed by
endogenous MRNAS; in these systems ribosomes simply continued to synthesize polypeptides upon the
MRNA molecules to which they were attached at the time of cell disruption. In 1961 Nirenberg and
Matthaei improved the system, separated ribosomes from endogenous messages, and introduced the
exogenous template for polypeptide synthesis (Matthaei & Nirenberg, 1961; Nirenberg & Matthaei, 1961).
One of their main achievements was the use of synthetic polynucleotide templates prepared by
polynucleotide phosphorylase, including the simple templates, such as poly(U) and poly(A). It is this
innovation that made possible to break the genetic code.

Today, cell-free protein-synthesizing systems may be reconstituted from well-characterized, highly
purified components, including ribosomes, template polynucleotides, and a set of aminoacyl-tRNAs or a
system of tRNA aminoacylation, i.e. tRNA, amino acids, ATP, and aminoacyl-tRNA synthetases. In
addition, the system should be supplied with a set of special proteins called elongation factors, as well as
with GTP. The simplest cell-free ribosomal system of polypeptide synthesis, which can be used to study
the fundamental mechanisms of trandation, includes only six high-molecular-mass components plus GTP,
for example, the poly(U)-directed system may be reconstituted from the following ingredients:

E. coli 70S ribosomes,

Poly(V),

Phe-tRNA,

EF-Tu (protein with a molecular mass of 47,000 daltons),
EF-Ts, (protein with a molecular mass of 34,000 daltons),
EF-G (protein with a molecular mass of 83,000 daltons),
GTP.

Asaresult of poly(U) translation, polyphenylalanine is synthesized.

For trandating natural cellular mMRNA and viral RNA, the prokaryotic cell-free system should be
supplemented by a complete set of aminoacyl-tRNA, three proteins necessary for initiating translation
(IF1, IF2, and IF3), and three proteins necessary for terminating translation (RF1, RF2, and RF3). When
eukaryotic 80S ribosomes are used for cell-free tranglation, al corresponding protein factors should be of
eukaryotic origin. These include the elongation factors, namely eEF1 which is equivalent to bacterial EF-
T, plus EF-T, and eEF2 equivalent to bacterial EF-G, numerous initiation factors (elF1, elF2, elF3,
elF4A, elF4B, elF4C, elF5, etc.), and one high-molecular-mass termination factor (eRF). In addition,
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initiation in eukaryotic systems requires ATP.

Usually, however, crude cell extracts comprising all these endogenous components and factors are
used in aroutine laboratory practice. Pre-incubation of the cell extract at physiological temperatureis often
sufficient to remove the endogenous mRNA from the ribosomes, due to the digestion of it by endogenous
nucleases. The vacant ribosomes of the extract accept either exogenous natural mRNA or synthetic
polynucleotides as templates. The treated extract including ribosomes, tRNAS, ARSases, and trandation
factors, in addition to an exogenous message for polypeptide synthesis, should be also supplemented with
amino acids, ATP, GTP and ATP/GTP regenerating system (either phosphoenol pyruvate and pyruvate
kinase, or creatine phosphate and creatine kinase, or acetyl phosphate and acetyl kinase).

An alternative strategy isthe use of partially fractionated cell extract. Thus, ribosomes and all RNA
are removed from the extract by ultracentrifugation with subsequent DEAE cellulose treatment, and the
remaining extract fraction (the so-called S100 fraction which means “ supernatant prepared at 100,000 g”)
is combined with purified ribosomes, total tRNA, and mRNA. In this case the S100 fraction contains all
necessary protein translation factors and ARSases. Again, amino acids, ATP, GTP and ATP/GTP
regenerating system should be added.

Sometimes it is expedient to produce mRNA immediately in the translation system, rather than to
add an isolated mRNA (DeVries & Zubay, 1967; Gold & Schweiger, 1969). It is found to be easy in the
case of prokaryotic systems, since prokaryotic cell extracts contain RNA polymerase. Then a
corresponding DNA species, such as plasmid, isolated gene, synthetic DNA fragment, or viral DNA, is
added to the DNA-free extract instead of mMRNA, and the proper mRNA is synthesized by the endogenous
RNA polymerase in situ. In this case ribosomes start to translate the nascent chains of mRNA, even prior
to the completion of their synthesis. That iswhy such systems are called coupled transcription-translation
systems. Of course, the coupled systems should be supplemented with all four nucleoside triphosphate for
RNA synthesis, rather then with just ATP and GTP required for trandlation alone.

The eukaryotic extracts are prepared from the cytoplasmic fraction, so that they lack an endogenous
RNA polymerase activity. This limitation can be overcome by addition of a prokaryotic RNA polymerase
- usually bacteriophage T7 or SP6 RNA polymerase - to the eukaryotic extract, in order to produce mRNA
insitu using DNA species with corresponding T7 or SP6 promoters. In this case, however, no real
coupling between transcription and translation takes place, since the bacteriophage RNA polymerases
work much faster than the translation system. Nevertheless, the eukaryotic transcription-translation
systems of this type are found to be practical and productive.

The ionic strength and specifically the Mg?* concentration are important factors for the cell-free
systems. The usual range of Mg?* concentrations, within which ribosomes are active in the cell-free
system, extends from 3 to 20 mM; the optimum is somewhere between these values and depends on the
ribosome origin and monovalent cation (K* or NH,") concentration, as well as on the concentration of di-
and polyamines; it aso depends on the incubation temperature. As a rule, SH-compounds, such as
mercaptoethanol, dithiotreitol or glutathione, should be present in the trandation mixture in order to
maintain the reduced state of trandation factors.

One principal shortcoming of all cell-free trandation and transcription-translation systems should
be mentioned: in contrast to the in vivo protein synthesis, they have short lifetimes and, as a consequence,
give a low yield of the protein synthesized. This makes them useful only for analytical purposes and
inappropriate for preparative syntheses of polypeptides and proteins. Indeed, the bacterial (E. coli) cell-
free systems are usually active during 10 to 60 min at 37°C. The systems based on rabbit reticulocyte
lysate or wheat germ extract are capable of working during one hour, athough in some cases the lifetime
may be prolonged up to 3 or 4 hours.

It has been found (Spirin et al., 1988) that the above shortcoming can be conquered, if the
incubation is performed under conditions of continuous removal of the products (synthesized polypeptide,
AMP, GDP, inorganic phosphates, etc.) and continuous supply with the consumable substrates (amino
acids, ATP and GTP). This can be achieved with the use of a porous barrier limiting the reaction mixture.
One way isto pass the flow of the substrate-containing solution through the reactor (continuous-flow cell-
free system); the outflow will remove the products through the barrier including the protein synthesized,
provided the proper membrane is selected. It is interesting that the components involved in translation (or
transcription-translation) are retained in the reactor volume under these conditions, even when some of
them (in an individual state) are smaller than the barrier (membrane) pores. From this it is likely that the
components of the protein-synthesizing system in a functional state are present as large dynamic
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complexes with each other. Another way, but still based on the same principle, is to put the reaction
mixture into a dialysis bag or other dialysis device against a large volume of the substrate-containing
solution; during incubation there will be the remova of the low-molecular-mass products and the
provision with new portions of the consumable substrates through the dialysis membrane (continuous-
exchange cell-free system). In this case, however, the protein synthesized is retained in the reactor. The
lifetimes of the systems described, especially of the flow system, increases up to 50 hours at |east, both for
prokaryotic and eukaryotic ones. The yields of proteins synthesized are typically around 100 to 200 ng,
and may be up to 1 mg in some cases, from 1 ml reactor.

The most important information regarding translation and its molecular mechanisms has been
obtained with the aid of cell-free systems of different types.
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Chapter 5

MORPHOLOGY OF THE RIBOSOME

by Victor D. Vasiliev and Alexander S. Spirin

5.1.

When examined by electron microscopy the
isolated bacterial ribosomes at first
approximation look like compact rounded
particles with linear sizes of about 200 to
250 A (Fig. 5.1), and somewhat larger, from
200 to 300 A, in the case of eukaryotic
ribosomes. Ribosomes from different
organisms and cells, whether prokaryotic or
eukaryotic ones, have a strikingly similar
appearance.

A characteristic feature of one of the
visible ribosomal projections is a groove
dividing the ribosome into two unequal parts
(Fig. 5.2). This subdivision reflects the fact
that the ribosome consists of two separable
subparticles, or ribosomal subunits. Under
certain conditions, e.g., if the concentration
of magnesium ions in the medium is
sufficiently low, the ribosome dissociates
into two subunits with a mass ratio of about
2:1 (Fig. 5.3). The prokaryotic 70S ribosome
dissociates into  subunits with the
sedimentation  coefficients
50S (molecular mass 1.65 °
10° datons) and 30S
(molecular mass 0.85 ~ 10°
daltons):

70S® 50S + 30S

The eukaryotic
ribosome dissociates
60S and 40S subunits:

80S® 60S + 40S
The dissociation can

80S
into

Size, Appearance, and Subdivision into Subunits

Figure 5.1.  Electron micrograph of the 70S ribosomes
isolated from Escherichia coli. To achieve the contrast
necessary for the particles to be seen in the el ectron microscope,
the isolated 70S ribosomes are applied on an ultra-thin carbon
film; the film with attached particlesis treated by uranyl acetate
solution and dried in air. The particles become embedded in
uranyl acetate that fills cavities and grooves. The ribosomal
particles having lower electron density than uranyl acetate
appear negatively stained against the background of uranyl
acetate. The arrows indicate the L7/L12 stalk described in the
text. (Original photo by V. D. Vasiliev).

be also induced by Na*, Li*,
and urea, as well as by high
concentrations (above 0.5
M) of such “physiological”
monovalent cations as K*
and NH,*. The dissociation
of Escherichiacoli 70S
ribosomes following a
decrease of the Mg
concentration is illustrated

Figureb5.2.  Electron micrographs of individual Escherichia coli 70S ribosomes
illustrating their subdivision into two unequal subunits; the images are oriented
such that the small subunit is at the top and the large subunit is at the bottom.
(Origina photos by V.D. Vasiliev; see dso C.E. Hall & H.S. Slater, J. Moal. Bial.
1, 329332, 1959; H.E. Huxley & G. Zubay, J. Mal. Biol. 2, 10-18, 1960; V.D.
Vasiliev, FEBSLett. 14, 203-205, 1971).

A: Ribosomes contrasted by metal shadowing. In this case, to achieve the
necessary contrast the suspension of isolated 70S ribosomes is applied to a carbon
film surface and freeze-dried; the particles are shadowed by metal (tungsten or
tungsten-rhenium alloy) using vacuum evaporation at an angle of about 75° to
film surface; this yields shadow-cast particles.

B: Negatively stained ribosomes, prepared as described in the legend to Fig. 5.1.
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Figure 5.3.  Sedimentation pattern (analytical
ultracentrifugation with schlieren optic) of the E.
coli 70S ribosomes and the products of their
dissociation achieved by lowering the MgZ+
concentration in the medium.

A: 70S ribosomes in 10 mM MgCl,, 100 mM
NH,CI.

B: 30S and 50S subunits in 1 mM MgCl,, 100
mM NH,CI.

70S
Na’, Li" Mg', ca
K, NH,” || oL T
UREA METHANOL
+
@ 50S

Figure 5.4. Scheme of ribosome dissociation
into subunits. Some factors inducing the
dissociation and promoting the reassociation are
indicated.

by the sedimentation patterns shown in 5.3.

The dissociation is reversible. The restoration of a
proper Mg?" concentration and the removal of
dissociating agents result in reassociation of ribosomes.
The reassociation is also promoted by Ca2*, diamines and
polyamines, and alcohols. Some factors contributing to
and counteracting the dissociation of ribosomes are
indicated in Fig. 5.4.

After dissociation, the ribosomal subunits can be
separated in the preparative ultracentrifuge, and then
studied individually. A unique asymmetrical shape of
each of them has been detected and is described below.

5.2.

Different electron microscopic projections of the bacterial
(Escherichia coli) ribosomal 30S subunit and the
corresponding crude morphological model are shown in
Fig. 5.5. The 30S subunit is somewhat elongated, and its
length is about 230 A. The subunit may be subdivided into
lobes which are referred to as the “head” (H), “body” (B),
and “side bulge’ or “platform” (SB). The groove
separating the head from the body is quite distinct.

The eukaryotic 40S subunit has a similar
morphology, although two additional details of structure
may be mentioned. The first is a protuberance, or
“eukaryotic bill” on the head. Second, the end of the body
distal to the head appears to be bifurcated due to the
presence of some additional mass; this bifurcation is
referred to as the “eukaryotic lobes’ (Fig. 5.6).

More reliable information about ribosomal
subunits can be derived from electron microphotographsiif
averaged images rather than individua ones are
examined. Averaging alows the dstatistical noise on
electron microphotographs to be eliminated. This
contributes towards a better visualization of the common
featuresin the images of a given particle type. For such an
averaging a set of particle images in the same projection
is digitized using microdensitometer and processed with
computer. The images are aligned precisely with respect
to each other and then summed together to give an
“average’ image. All non-reproducible details of original
images such as resulted from variations of stain
distribution around the particle, radiationinduced
structural alterations, variations in the background support
film, are removed, leaving the common eements
remained on the averaged image. Examples of such an
averaging for negatively stained 30S subunits of
Escherichiacoli are given in Fig. 57 A. All three
projections show that the head is separated from the
remainder of the subunit by a distinct deep groove, the
‘neck’ being rather thin. An example of the averaging for
negatively stained 40S subunits of rat liver ribosomes is
presented in Fig. 5.7 B. Again, the “neck” is thin, and the
bill of the head can be seen clearly in two of the

Small Subunit
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Figure 5.,5.  Electron micrographs of individual 30S
ribosomal subunits of E. coli and a model of them in
three projections (V.D. Vasiliev, Acta Biol. Med. Germ.
33, 779-793, 1974). The upper two rows show metal-
shadowed particles, prepared as described in the legend
to Fig 5.2 A. The next two rows show uranyl acetate-
stained particles, prepared as described in the legend to
Fig. 5.1. The lower row isthe model. The left columnis
the images of the 30S subunit and its model in the
projection when it is viewed from the side opposite to
that facing the 50S subunit in the complete ribosome.
The middle column is the images of the 30S subunit and
its model in the narrow side (frontal) projection. The
right column is the images of the 30S subunit and its
model in the projection when it is viewed from the side
facing the 50S subunit in the ribosome. (Original photos
by V.D. Vasliev).

5.3. Large Subunit

Figure 5.6.  Electron micrographs of the individual
40S subunits of rat liver ribosomes and a model of them
inthreeprojections (V. D. Vasiliev, O. M. Sdlivanova, G.
Lutsch, P. Westermann, & H. Bielka, FEBS Letters 248:
92-96, 1989). The upper two rows show metal-shadowed
particles, prepared as described in the legend to Fig. 5.2
A. The next two rows show uranyl acetate-stained
particles, prepared as described in the legend to Fig. 5.1.
The lower row isthe model. Three columns of images are
the 40S subunit and its model in the same projections as
those for the 30S subunit shown in Fig. 5.3. (Original
photos by V.D. Vasiliev).

projections; the bifurcated tail, or eukaryotic lobes,
are also prominent.

It should be noted that the small ribosomal
30S subunit of archaebacteria (archaea) has a
morphology which is intermediate between that of
the eubacterial 30S subunit and the eukaryotic 40S
subunit: the archaebacterial subunit has a
characteristic bill on the head but does not possess
the eukaryotic lobes at the end of the body.

Different projections of the bacterial 50S subunit and its crude model is shown in Fig. 5.8. This subunit is
more isometric than the small one, the linear size being equal to 200 to 230 A in all directions. Three
peripheral protuberance can be distinguished: the central one (CP) may be termed the head; the lateral
finger-like protuberance is called the L7/L12 stalk; and still another lateral protuberance, located on the
other side of the central protuberance, is referred to as the side lobe or L1 ridge (in the case of E. coli 50S
ribosomal subunit, the two lateral protuberances contain ribosomal proteins L7/L12 and L1, respectively;
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see Section 7 for more details).
Averaged images of the
large ribosomal subunit of E. coli
(Fig. 5.9) make al details traceable
in individual particle images
clearly revealed. Again, the deep
groove is seen to separate the head
(CP) from the remainder of the
subunit, the groove being deeper
on the side of the L1 ridge than on
the side of the L7/L12 stalk. One
can see that the body of the subunit
is bifurcated on the side opposite
the head. In addition, the averaged
images demonstrated that many of
the smaller details are not random

Figure5.7. Averaged images of negatively stained 30S (upper row) and ~ features byt are reproducible i.n
40S (lower row) ribosomal subunits in the same three projectionsasshown ~ Numerous images. The eukaryotic

in Figs. 5.5 and 5.6. (Original photos by V.D. Vasiliev).
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60S subunit has all the same main
morphological features.

5.4. Association of
Subunitsinto the
Complete Ribosome

In an intact ribosome the two ribosomal
subunits are joined in a very specific
manner. The flattened (or concave) side of
the 50S subunit is involved in the contact
between the subunits;, if the subunit is
viewed from this surface, the head of the
subunit is up, and the stalk is on the right
(Fig. 5.10 A). The subunits are associated in
the “head-to-head and the side lobe-to-side

Figure 5.8. Electron micrographs of the
individual 50S subunits of E. coli ribosomes and
a model of them (V.D. Vasiliev, O.M.
Selivanova & S.N. Ryazantsev, J. Mol. Bial.
171, 561-569, 1983).

A: Meta-shadowed particles prepared as
described in the legend to Fig. 5.2 A. Upper
row: the so-called crown-like projection when
the particle is viewed from its “back” convex
side turned away from the 30S subunit in the
ribosome.

Lower row: the lateral projection when the
particle is viewed from the side of its L1-ridge.
B: Negatively stained subunits prepared as
described in the legend to Fig. 5.1.

Upper row: the crown-like projection.

Lower row: the lateral projection.

C: The model of the 50S subunit viewed at
different angles when rotated around the vertical
axis.

(Original photosby V.D. Vasiliev).
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Figure5.9. Averaged images of the negatively stained 50S subunit in the crown-like projection. (Origina photos
by V.D. Vasiliev).

lobe” manner. The head-to-head association
may be seen clearly on an electron
microphotographs of the other projection of
70S ribosomes (Fig. 5.10 B). An electron
microscopic image of the “overlap”
projection demonstrates that the 30S
subunit covers only a part of the flattened
side of the 50S subunit (Fig. 5.10 A). The
region at the base of the stalk remains
exposed. This region appears to
accommodate  functionally  important
ribosomal sites (see Section 9). A
photograph of the low resolution model of
the 70S ribosome with the coupled 30S and
50S subunits in head-to-head and side lobe-
to-side lobe association is presented at the
bottom of Fig. 5.10.

Figure 5.10.  Electron micrographs of the
individual 70S ribosomes from E. coli and the
model in two different projections (V.D.
Vasiliev, O.M. Selivanova, V.l. Baranov & A.S.
Spirin, FEBS Lett. 155, 167-172, 1983). A: The
so-caled overlap projection when the 30S
subunit faces the viewer and covers a part of the
50S subunit.

B: The non-overlap or lateral projection viewed
from the side of the L7/L12 stalk.

The particles were stained with uranyl acetate as
described in the legend to Fig. 5.1. (Original
photos by V.D. Vasiliev).
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5.5. Morphology of the Ribosome at 25 A Resolution

Recently, further significant progress in electron microscopy of ribosomes has been achieved. It is based
on several developments of the ribosome imaging and image processing techniques. The method of cryo-
electron microscopy has been developed which allows to visualize the ribosomes embedded in thin film of
vitreous ice without any staining. The images are recorded under low-dose conditions and optimal use of
the phase contrast which contributes basically to the image formation of unstained biological samples. The
vitrification preserves the particlesin afully hydrated state, and investigation of the native structure of the
ribosomes becomes possible. Special computer programs making use of several thousands of images have
been created for three-dimensional reconstruction of the ribosome. The 3D reconstruction is based on
numerous projections that show the particles from different directions. In electron microscopy, in contrast
to medical X-ray computerized tomography, the necessary projections cannot be obtained by consecutive
image recording of the same particles under different angles to the electron beam. To prevent aradiation
damage each particle under investigation must be illuminated only once. Therefore, a full data set
necessary for 3D reconstruction is collected simultaneously from different particle projections of the same
microphotograph. The projections arise by chance and the problem is to assign an orientation to each of
them in a common coordinate system. Two different approaches were applied to solve this problem
resulting in 3D reconstruction of the bacterial ribosome with the resolution of about 25 A (J. Frank et al.,
1995, and M. van Heel and associates, 1995; see Figs. 5.11 and 5.12, respectively).

The overall shape of the new high-resolution models of the 70S ribosome (Figs. 5.11 and 5.12) is
very close to that of the foregoing low-resolution model derived by visual interpretation of the ribosome
images (Fig. 5.10). Although the surface of the ribosome is much more irregular at high resolution, the
main characteristic morphological features of both the subunits are well recognized. The small subunit
consists of a head, a side lobe and a body, and the large subunit is roughly hemispherical with three
protuberances.

The new models are similar, athough have somewhat different details. The Frank’s model (Fig.
5.11) appears rather solid, whereas the van Heel’s model (Fig. 5.12) is full of internal cavities and
channels. This seems to be resulted from different contouring of their density maps (different density

Figure 5.11.  Stereo representation of the three-dimensional density map of the E. coli 70S ribosome in the non-
overlap projection viewed from the L7/L12 stalk side (J. Frank, J. Zhu, P. Penczek, Y. Li, S. Srivastava, A. Verschoor,
M. Radermacher, R. Grassucci, R.K. Lata & R.K. Agrawal, Nature 376, 441444, 1995). The 3D reconstruction is
based on so-called random-conical-tilt-series approach. This elegant approach exploits the random azimutal
orientations of asymmetrical particles lined in one (or several) preferred orientation relative to the support film. It
starts from a pair of micrographs showing the same field both from a high tilt angle and without tilt. The tilted-field
image is recorded first and only particle images from this field enter the 3D reconstruction. The untilted-specimen
images are used as references to convert the random planar particle orientations in the real definite projections. The
first 3D reconstruction is then improved by iterative procedures. Finaly, the orientation of each projection is
determined individually by matching it to computed projections of the previous model. This 25A 3D reconstruction of
the 70S ribosome is obtained by combining 4300 individual images. (Courtesy of J. Frank, New York State
Department of Health, Albany).
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threshold values). In the model of van Heel and coworkers, approximately half the total volume of the
ribosome is found to consist of solvent regions, including the inter-subunit space and intra-subunit
channels and cavities that give the appearance of “Swiss cheese pieces’ to the ribosomal particles. The
density threshold chosen by Frank and coworkers was evidently lower, and one bifurcated channel in 50S
subunit part of their model is observed instead of an extensive network of channels of van Heel’s model.

The most important new feature visible on the reconstructed unstained, ice-embedded ribosome
(both 70S and 80S, see also Fig. 5.13) is a large cavity between the ribosomal subunits, in the region of
their necks. This inter-subunit space is sufficient to accommodate tRNA molecules, so that it is strongly
believed that the cavity serves as atRNA-binding pocket of the ribosome.

New specific details can aso be seen on each subunit. Generally, the shape and morphological
features of the coupled ice-embedded subunits are somewhat different from those of the isolated particles.

-

Figure5.12.  Stereo representation of the three-dimensional reconstruction of the E. coli 70S ribosome in the non-
overlap projection viewed from the side opposite to the L7/L12 stalk (H. Stark, F. Miller, E.V. Orlova, M. Schatz, P.
Dube, T. Erdemir, F. Zemlin, R. Brimacombe & M. van Heel, Sructure 3, 815-821, 1995). The 3D reconstruction is
based on “angular reconstruction” approach which allows to determine the relative angular orientations of the particles
arbitrarily arranged within a vitreous ice matrix. This 23A 3D reconstruction is derived from 2447 individual images.
(Courtesy of M. van Heedl and H. Stark, Fritz Haber Institute, the Max Planck Society, Berlin).

Figure5.13.  Stereo representation of the three-dimensional reconstruction of the 80S ribosome in the non-overlap
projection viewed from the rod-like stalk (A. Verschoor, S. Srivastava, R. Grassucci & J. Frank, J. Cell Biol. 133,
495-505, 1996). (Courtesy of J. Frank, New Y ork State Department of Health, Albany).
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The most marked differences are the structural changes of the small subunit in the neck and side lobe
(“platform”) regions. An additiona thin connection between the head and the body appears, so that a
channel penetrating the neck is formed instead of an open gap. The side lobe of the 30S subunit now is
further separated from the head when compared to the crude model of the isolated particle. It appearsto be
spade-shaped and forms awell-defined cavity with the head. Another structural elements are the “beak” in
the head region and the “toe” or “spur” extending from the end of the body distal to the head.

The large subunit seems to be less changed upon association into the full ribosome. The most
apparent difference with the isolated subunit is that the rod-like (L7/L12) stalk is truncated and rather
directed perpendicular to the subunit interface, instead of being stuck out from the subunit body in the
plane of the contacting surface of the isolated subunit.

It is noteworthy that the subunits in the full ribosome (at least in the “empty”, non-translating
ribosome) are seen as drawn apart, especialy at the side of the rod-like stalk, thus leaving a free access
from outside to the inter-subunit space. The numerous tight contacts between two subunits are clearly
visible mainly in the region of the side lobes (“platform” of the small subunit and the L1 ridge of the large
subunit). The contact between the heads of the two subunits looks less prominent and, possibly, non-
permanent. If the subunits are capable of swinging in and out (Section 9.6), the side |obe contact may serve
as amain hinge of the pulsating ribosome.

5.6. X-Ray Crystallography of the Ribosome

It is remarkable that the ribosomal particles including full ribosomes and their isolated subunits can be
crystallized, and in some cases the crystals are well ordered and diffract X-rays up to about 3A resolution.
Generally, the crystallographic studies of ribosomal particles have demonstrated the similarity of the X-ray
electron density maps with the electron microscopy maps. Fig. 5.14 shows the result of the first X-ray
crystallographic study of a ribosomal particle where the electron density map at 9A resolution was
obtained for the 50S subunit of the archaean ribosome. It is seen that all morphological features reveaed
earlier by electron microscopy are confirmed. At the same time, several important details of the ribosome
structure have been defined more precisely. Further work with X-ray crystallography of ribosomes is
aimed at the solution of the problem of detailed quaternary structure of the particles.

5S rRNA region g

Figure5.14. The 50S ribosomal subunit of archaebacterium Haloarcula marismurtui shown in the crown
view from the side that interacts with the 30S subunit: a surface rendition of a 9A resolution X-ray
electron density map. (Reproduced from N. Ban, B. Freeborn, P. Nissen, P. Penczek, R. A. Grassucci, R.
Sweet, J. Frank, P. B. Moore & T. A. Steitz, Cell 93, 1105-1115, 1998, with permission).
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Chapter 6

RIBOSOMAL RNA

by Alexey A. Bogdanov and Alexander S. Spirin

6.1. Introduction

Ribosomal RNAs (rRNAs) comprise 50 to 70% of the mass of the ribosomal particles. They principally
determine the size and the shape of the ribosomal subunits. The rRNA molecules form a framework for
specific positioning of ribosomal proteins in the ribosome. rRNA plays the leading role in ribosome
function participating in every aspect of protein synthesis. Therefore, it can be said without exaggeration
that the ribosomeisin the first place its RNA.

It should be noted that this concept was not generally accepted among molecular biologists until the
early 1980s. In the 1970s, despite the growing numbers of findings that indicated to the participation of
rRNA in organization of ribosomal functional centers (such as discovery of mMRNA-rRNA interaction
during trandation initiation by Shine and Dalgarno, 1974, or identification of rRNA mutations that
affected ribosome activities), it was generally believed that active centers of the ribosome were formed
mainly by ribosomal proteins, whereas rRNA in the ribosome served only as a scaffold for specific protein
binding. The shift from the protein to the RNA paradigm came after realization that the primary, secondary
and tertiary structure of rRNA is highly conserved throughout evolution. The discovery of catalytic RNAs
also strongly strengthened the concept on the function-defining role of rRNA in translation. Now there is
strong belief that the ancient ribosome was composed entirely of RNA, and the modern ribosome proteins
only help to organize intraribosomal structure of rRNA and fine-tune its activity.

6.2. Types of Ribosomal RNAs and their Primary Structures

As all other single-stranded polynucleotides, rRNAS respond to changes in ionic strength and temperature
by altering their structure from being completely unfolded to rather compact. At the same time, it is
customary to characterize and designate rRNAs (as well as ribosomal subunits) with their sedimentation
coefficients (Kurland, 1960) that are a function of macromolecular size and shape. In this connection, it
should be emphasized that the values of sedimentation coefficients generally used to mark different types
of rRNA are valid only within a limited range of conditions and practically obtained at ionic strength
0.1, 20°C, in the absence of Mg?* and other divalent cations.

The small ribosomal subunit (30S or 40S) contains one molecule of high molecular weight rRNA
that is designated as 16S rRNA in the case of ribosomes of E. coli and other bacteria, or 16S-like rRNA in
other cases (after the 16S rRNA of E. coli ribosomes). After 1978, when the first complete nucleotide
sequence of 16S rRNA was determined in Ebel’s and Noller’s laboratories (Carbon et al., 1978; Brosius
etal., 1978), many different rRNA genes were sequenced. The shortest 16S-like rRNA, only 610
nucleotides long, was found in mitochondrial small ribosomal subunits from the homoflagellate
Leishmania tarentolae. Relatively short 16S-like rRNAS (10-12S rRNA, 960-970 nucleotides long) were
also discovered in mitochondrial ribosomes of higher Eukaryotes; interestingly, cytoplasmic ribosomes of
the same organisms contain the longest 16S-like rRNA (18SrRNA, about 1880 nucleotideslong). The first
and best studied 16S rRNA of E. coli ribosomes consists of 1542 nucleotide residues.

The vast mgjority of 16S and 16S-like rRNAs are continuous (uninterrupted) polynucleotide
chains. However, several examples of split (fragmented) 16S-like rRNA were found in mitochondria of
some species. An example is the mitochondrial 16S-like rRNA of Chlamydomonas reinhardtii that
consists of four separate polynucleotides (Boer & Gray, 1988).

The large ribosomal subunit (50S or 60S) contains a high-molecular-mass rRNA called 23S rRNA
in the case of bacteria or 23S-like rRNA in other cases, and alow-molecular-mass rRNA designated as 5S
RNA. The bacterial 23S rRNAs are covalently continuous polynuclectide chains, as the 165 RNAs are. At
the same time the molecules of 23S-like rRNA of the large ribosomal subunits of cytoplasmic ribosomes
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of all Eukaryotes are discontinuous. They consist of two tightly associated polynuclectide chains: a high-
molecular-mass 28S rRNA fragment with the length of 4700-4800 nuclectide residues, and a low-
molecular-weight 5.8S rRNA fragment that is about 160 nucleotides long. In corresponding rRNA genes,
5.8S and 28S rRNA coding sequences are separated by an internal transcribed spacer (ITS), and the
corresponding rRNAs are formed as a result of removal of the ITS during the processing of a common
precursor. The 5.8S rRNA appears to be the structural equivalent of the 5'-terminal 160 nuclectide
segment of the prokaryotic 23S rRNA. In other words, the 5' end of 23S rRNA was split off during
evolution to form the eukaryotic 5.8S rRNA.

Another example of discontinuity among large-subunit rRNAs is the 23S-like rRNA of plant
chloroplast ribosomes. It contains 4.5S fragment (about 110 nuclectides long) that is the structural
counterpart of the 3'-terminal segment of E. coli 23S rRNA; the fragment is also tightly associated with the
high molecular mass rRNA. The mitochondria 23S-like rRNA of Chlamydomonas reinhardtii is
congtituted by eight separate RNA pieces (Boer & Gray, 1988). The most striking example of
discontinuous rRNA is Euglena gracilis cytoplasmic 23S-like rRNA that consists of 14 fragments
(Schnare & Gray, 1990).

Just as in the case of rRNA from small ribosomal subunits, large subunit rRNAs strongly differ in
length. For example, 23S rRNA from the 50S subunit of E. coli ribosomes consists of 2904 nucleotide
residues, whereas human cytoplasmic 28S rRNA is 5025 nucleotides long. It is interesting that both
cytoplasmic and mitochondrial yeast 23S-like rRNASs (26S rRNAS) have the similar size (3392 and 3273
nuclectide residues, respectively, in the case of Saccharomyces cerevisiag). Large ribosomal subunits of
mitochondrial ribosomes of higher Eukaryotes contain relatively short 23S-like rRNAs (1560-1590
nuclectide residues).

As mentioned above, in addition to one molecule of 23S rRNA or one 28S:5.8SrRNA complex the
large ribosomal subunits of cytoplasmic ribosomes of all Prokaryotes and Eukaryotes contain one 5S
rRNA molecule that is about 120 nucleotides long. The 5S rRNA of E. coli was the first ribosomal RNA
species whose primary structure was determined (Brownlee et al., 1967). The 5S rRNA forms a separate
domain of the large subunit. In contrast to the 5.8S rRNA it is not tightly associated with 23S-like rRNA
and therefore cannot be considered as a component of this rRNA. 5S rRNA was also found in chloroplast
ribosomes but is apparently absent from mitochondrial ribosomes except land plant mitochondria.

Besides “normal” G, A, U and C residues the high-molecular-mass rRNAs contain modified
nuclectides. They are mostly represented with pseudouridine (y ) and methylated (both at the base and at
the 2'-OH of ribose) nucleoside residues. Although some modification sites in rRNAs are extremely
conserved in evolution (such as mA1518/mA1519 and m G527 in the 16S-like rRNA, see Fig. 6.1) the
number of modified residues in rRNA differ strongly in different organisms and increases dramatically
from eubacteriato multicellular Eukaryotes. For instance, E. coli rRNA has 9y residues per 70S ribosome
(1in 16S rRNA and 8 in 23S rRNA), whereas vertebrate rRNASs contain about 95y residues. The latter
ones contain also about 100 2'-methylated ribose residues and 10 methylated bases. The distribution of
modified residues through the rRNA molecules and their possible role in the organization of rRNA
structure will be discussed in the following sections. It has to be noted that several sequence-specific
methylases and pseudouridylases have been found in E. coli. In eukaryotic cells small nucleolar RNAs
(snoRNAS) participate in rRNA modifications forming complementary rRNA-snoRNA complexes at
modification sites.

6.3. Secondary Structure of RibosomaL RNASs

6.3.1. General Principles

The present-day view of macromolecular structure of rRNA (aswell as all other single-stranded RNAS) is
based on ideas developed in the late 1950s and early 1960s (Fresco et al., 1960; Spirin, 1960; Cox, 1966).
It was postulated that rRNA is built of numerous, rather short double-stranded regions, in which base-
pairing occurs between neighboring RNA segments connected by single-stranded sequences. Early
secondary-structure models of the E. coli 16S and 23S rRNA were generated by maximizing Watson—
Crick base-pairing within the putative helical regions. In addition it was taken in consideration that double-
stranded regions in rRNA can be formed not only between neighboring sections, but also between quite
distant regions of the polynucleotide chain. The models satisfied the physico-chemical data accumulated
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by that time. It was clear, however, that more information was needed to get realistic models of rRNA
secondary structure.

The break-through in rRNA secondary structure study occurred when several rRNA sequences
became known. This allowed Woese and co-workers (1980) to propose and use successfully the
comparative sequence analysis of rRNA structure based on avery simple principle. This principle suggests
that “the functionally equivalent RNA molecules should form a comparabl e three-dimensional structure no
meatter how similar or divergent their sequences are”. In other words, if this principle is correct, rRNAs
from different organisms have to form isomorphic secondary and tertiary structures. First of all it means
that the coordinated compensatory base changes should be observed in homologous rRNA double-
stranded regions (e.g., A:U G:C). The crucia point of the comparative approach is therefore searching for
positional covariance in proposed secondary-structure elements (double helices).

Thus, the redlistic secondary structure models for archaebacterial, eubacterial, eukaryotic,
mitochondrial and chloroplast rRNA have been created and corroborated by the comparative method, in
combination with experimental approaches (e.g., chemical modifications, enzymatic probing, RNA-RNA
cross-linking, complementary oligonucleotide binding, etc.) that alow to distinguish between single-
stranded and double-stranded regionsin RNA molecules (Woese et al ., 1983).

6.3.2. Secondary Structure of the Small-Subunit rRNA

The current versions of secondary structures for prokaryotic (E. coli), eukaryotic (Saccharomyces
cerevisiae) and mitochondrial (Caenorhabditis elegans) 16S or 16S-like rRNAS are presented in Figs. 6.1,
6.2, and 6.3. The most important features of these structures are as follows.

rRNA chain folds back into a series of structural motifs; these are () ideal hairpins with external
(end) loops, e.g. the hairpin 1506-1529 (here and below all examples are taken from E. coli 16S rRNA
secondary structure model, Fig. 6.1), (b) helices with a single bulged nucleotide, e.g. the helix 27-37:547—
556, or with a pair of bulged nucleotides, like in the helix 61-106, (c) helices with larger bulge (side)
loops, such as the hairpin 289-311, (d) the so-called compound hairpins or helices with interior loops
where double-helical regions alternate with non-complementary regions, e.g. the hairpin 1241-1296, and
(e) different sorts of branched and bifurcated helices, such as the structures in the regions 122—239 and
997-1044.

Although rRNA helices are formed predominantly due to antiparallel Watson—Crick base paring
(more then 80% base pairs in the al known rRNAS), G:U and U:G pairs also occur with relatively high
frequency (13%). Among other possible non-canonical base pairs, A:G (G:A) and U:U are observed more
frequently (3% and 1% respectively).

One can expect that rRNA helices are in the A-type conformation (see also Section 3.2.2). When
synthetic or nucleolytic fragments of rRNA were studied by NMR spectroscopy or X-ray crystallography
it was proved that indeed they adopted conformations very close to the classical A-form.

Conformations of single-stranded regions within rRNA molecules are unknown. NMR studies of
short RNASs representing different elements of rRNA secondary structure demonstrate that both external
(end) and internal (side) loops may have quite complicated and well ordered structure. For example, the
structure of the UUCG tetraloop closed by C:G pair (it is present in the E. coli 16SrRNA at positions 420—
423, 1029-1032, and 1450-1453) is characterized by an additional wobble G:U base pairing in the double-
helix stem, with guanosine in the syn conformation, so that the loop proper includes only two nucleotides
(UC). A sharp turn in the phosphodiester backbone is stabilized by the hydrogen bond between the amino
group of the cytidine and the oxygen of the UpU phosphate and the extensive base stacking (Figure 6.4).

Another example of an ordered three-dimensional structure of an external loop region in rRNA is
the conformation of GNRA tetral oops, one of the most common tetraloop familiesin rRNAS (see positions
159-162, 187-190, 297-300, 380383, 898-901, 1013-1016, 1077-1080, 1266—1269 and 1516-1519 in
Fig. 6.1). It was shown by NMR studies that they include G:A base pair in the double-helix stem and,
hence, are also characterized by a two-nucleotide loop with a sharp turn (Heus & Pardi, 1991). Theturnis
stabilized by a hydrogen bond between the G base and the RpA phosphate, a hydrogen bond between the R
(A or G) base and the guanosine 2'-OH, and extensive base stacking. The “U-turn” motif typical of the
anticodon loop structure of tRNAS (see Section 3.2.2 and Fig. 3.6) can be identified in the structure under
consideration. The nucleotide N (C, A, U or G) is on the top, and its base is not engaged in any intraloop
interactions and therefore seems to be prepared for tertiary base pairings
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Figure 6.1.  Secondary structure model for E. coli 16S rRNA. Watson—Crick base pairs are connected with short
lines. Dots, open and closed circles show non-canonical base paring. Every 10th nucleotide position is marked, and
every 50th position is numbered. Tertiary interactions are shown with long solid lines. The universal core sequences
are shaded, and variable regions are shown in boxes. (R. R. Gutell, Nucleic Acid Res. 21: 3051-3054, 1993; S. A.
Gerbi, in Ribosomal RNA: Structure, Evolution, Processing, and Function in Protein Biosynthesis, R. A. Zimmermann
& A. Dahlberg, eds., p.p. 71-87, CRC Press, Boca Raton, 1996).
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Figure6.2. Secondary structure model for Saccharomyces cerevisiae cytoplasmic 16S-like rRNA (see the legend to
Fig. 6.1 for details and references).
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Secondary structure model for Caenorhabditis elegans mitochondrial 16S-like rRNA (see the legend to

The analysis of NMR structure of the internal loop in the E. coli 16S rRNA fragment formed with
sequences 1404-1412/1488-1498 (see Fig. 6.1) has shown that it adopts a fully helical conformation with
base pairs U1406:U1495 and C1407:G1494 and the three adenines (A1408, A1492, and A1493) stacked
within the helix (Fourmi et al., 1996). On the other hand, it was noted that the bulges and the mismatches
can considerably alter the conformation (e.g., groove dimensions) of neighboring helical regions and result

in bending the structure.

There are three pseudoknot helices within the secondary structure of 16S rRNA shown in Figure
6.1: the helices 17-19/916-918, 505-507/524-526, and 570-571/865-866. They are highly conserved in
the 16S-like rRNAs and may play an important role in organization of ribosome functional centers.

It is customary to divide the 16S rRNA secondary structure into four parts: three major domains,
namely 5' domain, central domain and 3' major domain, and 3'-end minor domain. In many aspects these
domains behave like autonomous structural units. The major domains of 16S rRNA are enclosed by long-
range double helices: the helix 27-37/547-556 encloses, as a stem, the 5' domain, the helix 921933/
1384-1396 confines the 3' major domain, and the central domain is between these two helices. The
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sequence  912-920 and the
pseudoknot helix 17-19/916-918
connect the three major domains.
Interestingly, the two other 16S
rRNA pseudoknot helices are
positioned near the interdomain Ue C

7

junctions. 420 — U5 Gs

These long-range base-pair
interactions define aso a core C4_ Gg .
secondary ~ structure  that  is C,— G, O C3i-endo Sugar
universal among the 16S and 16S- G,o U, O C2i-endo Sugar
like rRNAs (see Fig. 6.1). The GeU _
universal core seems to comprise L 12 ] Anti Base
the most principa structural and ] Syn Base
functional part of the 16S-like ° Phosphate
rRNA molecules. Indeed, the vast . Hydrogen Bond
majority of mutations altering ] Stacking

ribosome activities are localized in

the 16S rRNA universal core. Most

of modified nucleotideresiduesare  Figure6.4. Traditional secondary structure of E. coli 16S rRNA hairpin
also clustered in the universal core 416427, and schematic diagram of its UUCG tetraloop conformation. (G.
(Brimacombe et al., 1993). The Varani, C. Cheong & I. Tinoco, Ir., Biochemistry 30: 3280-3289, 1991; F.
primordial ribosome is thought to  H--T-Allain & G. Varani, J. Mol. Biol. 250 333-353, 1995).

consist of its rRNA core.
Comparative analysis of

secondary structures of different 16S and 16S-like rRNAS reveals regions of variable size that interrupt the
universal core (see Fig. 6.1). They are not evolutionary conserved and have been termed “variable” or
“divergent” regions (as well as “expansion or contraction segments’). The positions in the E. coli 16S
rRNA secondary structure where variable regions occur (Fig. 6.1) can be expanded or contracted in rRNAs
of other organisms (compare with structuresin Figs. 6.2 and 6.3). The role of variable regions in ribosome
structure and function is unknown. Up to now no functionally meaning mutations have been found in the
variable regions of 16S-like rRNAs. It is worth noting that the breaks in the polynuclectide chain of the
discontinuous rRNA molecules (see above, Section 6.2) have been found to occur only in the variable
regions.

6.3.2. Secondary Structure of the Large-Subunit rRNA

As one can see from Fig. 6.5, that demonstrates the example of eubacterial 23S rRNA, the general
principles of organization of the small-subunit and large-subunit rRNA secondary structures are the same.
The relative frequencies of Watson—Crick and non-Watson—Crick base-pairs in the 16S-like and 23S-like
rRNAs are equal. Structure of several hairpin-loop fragments of bacterial 23S rRNA have been resolved
with atomic resolution and it was shown that their single-stranded regions, just as in the case of the 16S
rRNA, are well ordered.

The major difference between these two classes of moleculesisthat the 3' and 5' terminal sequences
of 23S and 23S-like rRNAS, in contrast to the 16S-like rRNAS, are mutually complementary and form a
long stable stem. In eukaryotic large-subunit rRNAs whose 5' terminal region is represented with 5.8S
rRNA, the 3'-end sequence of 23S-like (25S or 28S) rRNA form a double-helical structure with the 5'-end
seguence of the 5.8S rRNA, the latter being associated with the large rRNA due to formation of two more
double helices. In chloroplasts the 5'-end sequence of the 23S rRNA forms a double-helical complex with
the 3'-end region of the 4.5SrRNA.

The secondary structure of prokaryatic, eukaryotic, chloroplast and some mitochondrial 23S-like
rRNASs consist of six domains (I-V1) enclosed by long range double helices. In the case of the E. coli 23S
rRNA they are the helix 15-24/516-525 (domain 1); the helix 579-584/1256-1261 (domain 11); the helix
1295-1298/1642-1645 (domain 111); the helix 1648-1667/1979-1988 (domain |V); the helix 2043-2057/
2611-2625 (domain V), and the helix 2630-2644/2771-2788 (domain V1). There are approximately 15
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Figure 6.5. Secondary structure model for E. coli 23S rRNA (see). The universal core is shaded, and the most
variable regions are shown in boxes. (R. R. Gutell, M. W. Gray & M. N. Schnare, Nucleic Acid Res. 21: 3055-3074,
1993. See also the legend to Figure 6.1 for details and references).

A, 5-half.

B, 3-half.
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pseudoknots in the E. coli 23S rRNA secondary structure (see Fig. 6.5); most of them are localized near
the inter-domain regions, asin the case of the 16S-like rRNAS.

Domains | and Il have not been found in small mitochondrial 23S-like rRNAs. That is why the
nucleotide sequences of these domains are not included into the universal core of 23S and 23S-like rRNAs
presented in Fig. 6.5. All main functional sites of the large ribosomal subunit determined by genetic
studies were localized in the universal core of 23S-like rRNAs, and no mutations affected the ribosome
activities were found within the variable regions.

Interestingly, the modified nucleotides in both prokaryotic and eukaryotic 23S-like rRNAs are
clustered mainly in domains I, IV and V, that are the most functionally important domains of 23S-like
rRNAS (see below, Sections 9.3 and 9.4).

6.3.3. Secondary Structure of 5S rRNA

In contrast to the large ribosomal rRNA, the length of 5S rRNA polynucleotide chain is highly conserved
in ribosome evolution. It varies from 115 to 125 nucleotide long. In addition, al 5S rRNA molecules
known to date have very similar secondary structures. The 5S RNA forms an independent structural
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Figure 6.6.  Secondary structure models for 5S rRNA. (N. Delihas, J. Andersen & R. P. Singhal, Progr. Nucleic
Acid Res. Moal. Biol. 31: 160190, 1984. See also the text for details).

A, ageneric prokaryotic 5S rRNA; positions that can be occupied by any nucleotide residue are indicated by stars.

B, ageneric eukaryotic 5S rRNA; positions that can be occupied by any nucleotide residue are indicated by stars.

C, E. coli 5SrRNA.

D, human 5S rRNA.
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domain in the large ribosomal subunit. However, it seems to be premature to consider the 5S rRNA as a
part of the rRNA universa core of the large subunit since 5S rRNA coding sequences are absent from
mitochondrial genomes of fungi, protozoa, algae and animals, and the question whether mitochondrial
ribosomes in these organisms can function without 5S rRNA or they utilize somehow nuclear-encoded 5S
rRNA remains to be open.

The model for secondary structure of 5S rRNA was proposed by Fox and Woese (1975) entirely on
the basis of the comparative phylogenetic analysis (see Section 6.3.1). Since then the model has been
verified in numerous studies, mainly by chemical or enzymatic probing and NMR spectroscopy, and had
not undergone any serious aterations. A recent generalized version of this model (the so-called three-stem
model; Fig. 6.6) contains five helices (I-V) and five single-stranded elements consisting of two internal
loops (B and E), two external loops (C and D), and one joint loop (A) that serves to connect helices |, |1
and V. The 3' and 5' terminal sections of 5S rRNA are base-paired forming a stem. The helices Il and 111
have conservative one-nucleotide and two-nuclectide bulges, respectively, that are believed to participate
in RNA-protein interactions. As seen from Fig. 6.6, several base pairs and some nucleotide residues at the
equivalent positions are also highly conserved throughout the evolution. The major part of the universal 5S
rRNA secondary structure, however, is organized from quite diverged sequences. On the whole, the 5S
rRNA gives us avery impressive example of correctness of the general principle of organization of rRNA
three-dimensional structure that has been formulated above, in Section 6.3.1.

The recent X-ray crystallographic analysis of the 3/5' termina stem of T. flavus 5S rRNA has
proved that helix | has the classical A-conformation. NMR studies of the E. coli 5S rRNA fragment
containing loop E have shown once again that single-stranded regions in RNA molecules may have rather
well ordered structure. In particular, the loop E appears to resemble a double helix but formed by non-
Watson—Crick base pairs such as G:G, G:A, reversed Hoogsteen A:U, and G:U stabilized by a single
hydrogen bond (Fig. 6.7).

Figure 6.7. A mode for three-dimensional structure of loop E of E. coli 5S rRNA as determined by NMR
Spectroscopy: a stereoscopic view (see the text for details). (A. Dallas, R. Rycyna & P. Moore, Biochem. Cell Biol. 73:
887-897, 1995).
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6.4. Tertiary Structure and Compact Folding of Ribosomal RNAs

6.4.1. General Principles and Properties

Combination of chemical, enzymatic and physical approaches led to the conclusion that much of the
double-helical structurein rRNAs of all typesissimilar in solution and within ribosomal particles. In other
words, athough some alterations in conformations of rRNA regions involved in interactions with
ribosomal proteins were detected (mainly by CD spectroscopy), one can argue that the intraribosomal
secondary structure of rRNA isknown in all mgjor details.

On the contrary, the tertiary structures of rRNAS, namely a mutual arrangement of the rRNA
secondary structure elements, both in solution and in the ribosome, are unknown. Nevertheless, serious
efforts have been made to solve this problem and at least three fundamental features of rRNA spatial
structure have been established:

(1) Within the ribosome, rRNAs are folded in a compact way, and the internal part of ribosomal subunitsis
represented almost entirely with their RNAs that form the so-called rRNA core.

(2) The overall shape and size of the isolated (naked) rRNA in solution can be similar, under certain
conditions, to those of the corresponding ribosomal subunit.

(3) Three-dimensional structure of rRNA in the ribosome can undergo alterations (conformational
changes) probably related to ribosome function.

In addition, several well-conserved tertiary Watson—Crick base pairs have been found by the comparative
analysis of rRNA sequences (shown in secondary structure models for both 16S-like and 23S-like rRNAS;
see Figs 6.1-6.3 and 6.5).

6.4.2. Compact Folding of rRNAs

It was aready emphasized that macromolecular size and shape of rRNA as well as any other single-
stranded RNA strongly depend on ionic strength, mono- and divalent ion concentrations, pH and
temperature (Spirin, 1960, 1964). rRNA can adopt conformations ranging from completely unfolded
threads (at zero ionic strength, high temperature or low pH) to tightly folded coils (at high ionic strength
and in the presence of Mg?*). The electron microscopy studies showed that at low, but not zero, ionic
strength rRNASs can acquire an intermediate, strongly elongated (rod-like) conformation that still retains a
substantial fraction of their secondary structure.

The systematic comparison of the size and shape of isolated high-molecular-mass rRNAs and
ribosomal subunits by sedimentation analysis, light, X-ray or neutron scattering and diffusion coefficient
measurements (see Vasiliev et al., 1986) showed that at Mg?* and monovalent ion concentrations optimal
for ribosome function in vitro (about 5 mM MgCl, at 100 mM NH,4CI or KCI) the isolated rRNA are much
less compact than within the ribosome. Neutron small-angle scattering measurements with variation of
contrast (allowing to estimate rRNA parameters within the ribosome, see Section 8.1) have demonstrated
that under these conditions the radius of gyration (Rg) for the RNA core of E. coli 50S subunit (6.5 nm) is
almost twice less than that for the isolated 23S rRNA in the same solvent. In accordance with this, under
the “physiological” ionic conditions the E. coli ribosomal subunits, despite their higher molecular weight
and lower net negative charge, have a greater electrophoretic mobility in polyacrylamide gels than
corresponding rRNAS. It can be expected because amass of basic ribosomal protein interacting with rRNA
in the ribosome should strongly contribute to ionic atmosphere of the RNA.

Y et, the external ionic conditions can be selected to maintain a compactly folded state of isolated
rRNA in solution (Vasiliev et al., 1986). These conditions include relatively high Mg?* concentration
(about 20 mM), elevated ionic strength (0.3 to 0.5), sometimes the presence of di- and polyamines and
alcohal. It is noteworthy that the same conditions are optimal for invitro reconstitution of ribosomal
particles from rRNA and ribosomal protein (see Section 7.6.2). Under these conditions the isolated rRNA
acquires a compact conformation approaching that in the ribosome. Nevertheless, the compactness of the
isolated rRNA does not fully attain that of the rRNA in the ribosome: the radius of gyration (Rg) of the
isolated rRNA in the compact form in solution is still one-fourth larger than the radius of gyration of the
rRNA insitu. The diffusion and viscosity measurements also point to a more compact way of rRNA
folding within the ribosome than in the free state. Thus, ribosomal proteins may exert not simply ionic
effects on rRNA, but probably impose also additional constrains on rRNA folding.
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6.4.3. Specific Shapes of the Folded rRNAs

In the late 1970s Vasiliev and co-workers provided evidence that the isolated rRNA under the conditions
when it acquires the compact state folds into particles with a shape similar to that of the corresponding
ribosomal subunit (Fig. 6.8). Both 16S and 23S rRNAs of E. coli prepared in a buffer containing selected
salt proportions were studied by electron microscopy. The shapes of these rRNAs were found to differ
sharply from one another. A substantial fraction of the 16S rRNA molecules had a specific Y- or V-like
configuration and was similar in the overall shape to that of the 30S subunit (Fig. 6.8 A). On the other
hand, the 23S rRNA images resembled those of the original 50S subunits: they had a characteristic central
protuberance with smaller protuberances on either side (Fig. 6.8 B). The conclusion was made that the
genera patterns of compact rRNA folding observed by electron microscopy with isolated rRNA samples
anticipate the major morphological features of the ribosomal particles.

Subsequent electron microscopic studies of RNA distribution within the ribosomal particles
demonstrated a surprisingly close resemblance between the shapes of the isolated and intraribosomal

Figure 6.8.  Electron micrographs of E. coli ribosomal RNAs in compact conformations. General views and
galleries of images. Specimens from proper solutions were freeze-dried and shadow-cast.

A: 16SRNA. Y-like and V-like particles are seen. (V. D. Vasiliev, O. M. Selivanova & V. E. Koteliansky, FEBS Lett.
95: 273-276, 1978).

B: 23S rRNA of E. coli. The arrowheads indicate the location of the central protuberance in the crown-like region of
roughly hemispherical particles. (V. D. Vasiliev & O. M. Zalite, FEBS Lett. 95: 273-276, 1980).

(Original photos of V. D. Vasiliev).
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Figure 6.9.  Computer-graphical representation of the three-
dimensional reconstruction of the 70S ribosomes in stereoscopic
views.

A: View from the solvent side of the 30S subunit.

B: View from the solvent side of 50S subunit.

Lighter parts of subunit images represent the distribution of rRNA
electron densities. (Adapted from J. Frank, P. Penczek, R. Grassucci
& S. Srivastava, J. Cell Biol. 115: 597-605, 1991).

6.4.4. Conformational Changes of rRNASs

rRNAs. First, the use of element-
specific  (spectroscopic) electron
microscopy revealed the distribution of
phosphorus, and therefore of RNA, in
the ribosomal subunits insitu (Korn et
al., 1983). Second, more recently the
method of cryo-electron microscopy in
conjunction with the random-conical
image reconstruction technique (see
Section 5.5) was applied to study E. coli
70S ribosomes and showed the spatial
distribution of high-electron-density
material, presumably RNA, within the
particles (Frank et al., 1991). In both
cases the RNA component within the
30S subunit was found to have an
asymmetric Y-like (or V-like) shape
similar to the electron microscopic
images of the isolated 16S rRNA in a
compact form, as earlier described by
Vasiliev et al.,, and well fitted the
subunit contours (Fig. 6.9 A). In the case
of the 50S subunit, the shape of their
RNA component was much more
isometric, characterized with three
reduced protuberances and also nicely
inscribed into the subunit shape (Figure
6.9B).

Thus, rRNASs have been shown to
be capable of specific self-folding into
compact particles of unique shapes. The
fact of the resemblance of the specific
shapes of rRNAs in isolated state and
within the ribosomal particles suggests
that the specific rRNA sef-folding
mainly determines the tertiary structure
of rRNA in the ribosome as well. From
the resemblance of the shapes of rRNAs
and the corresponding ribosomal
subunits it follows that the compact
folding pattern of rRNA principally sets
the morphology of the ribosoma
particles.

One of the first evidence of the key role of rRNA in determination of the specific structure of ribosomal
subunits came from the demonstration of unfolding of the ribosome compact structure in response to
decreasing Mg2+ concentration in solution (Fig. 6.10). It was found that ribosomal particles under these
conditions behave like typical polyelectrolytes, similarly to isolated RNAs, and their dimensions are
expanded due to repulsion of the negatively charged phosphate groups of the rRNAS. It is remarkable that
ribosomal proteins remain bound to rRNA in the course of the unfolding. At the same time, their presence
on rRNA certainly affects the unfolding process. In particular, in contrast to the unfolding of isolated
rRNAs, the unfolding of ribosomal particles proceeds as a step-wise cooperative process. Thus, after
removal of the most part of tightly bound Mgz+, decreasing of ionic strength causes abrupt transformation
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Molecular | Protein Buoyant
Morphology |sedimentation| mass, | content, | density in CsCl,
(schematically) coefficient | datons | %% g/em

50S 1.5 10° 33 1.65
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35S 1510 33 1.65
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Figure6.10. Schematic representation of the process of step-wise unfolding of ribosomal particles (50S subunits) in
response to Mg2+ depletion and ionic strength reduction (A. S. Spirin, N. A. Kisselev, R. S. Shakulov & A. A.
Bogdanov, Biokhimiya 28: 920-930, 1963; L. P. Gavrilova, D. A. lvanov & A. S. Spirin, J. Mol. Biol. 16: 473-489,
1966; R. Gesteland, J. Mol. Biol. 18: 356-371, 1966).
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of 30S and 50S subunits into 26S and 35S particles, respectively. The next step is the appearance of 15S
and 22S particles. These discrete steps of the ribosome unfolding are thought to reflect the destruction of
interdomain interactions and possibly certain types of tertiary RNA-RNA interactions stabilized by
ribosomal proteins. These discrete steps of the ribosome unfolding are not accompanied by a significant
melting of the secondary structure of rRNA. Further unfolding, however, proceeds more gradualy; the
transition from 15S and 22S particles down to strongly unfolded 5S particles upon deletion of Mg?* and
other counter-ions reflects predominantly a successive independent melting of numerous helical regions of
rRNA.

An interesting conformational change of the E. coli 30S subunit was observed at the early stage of
depletion of tightly bound Mg?*. Although the small subunits retained a rather compact form (their
sedimentation coefficient value was close to 30S) they lost their ability to bind tRNASs and 50S subunits.
The inactivation of the 30S subunits was reversible: after heating in solution with appropriate Mg?*
concentration they were converted into fully active particles. It was shown by chemical probing that the
spatial 16S rRNA structure undergoes specific local alterations within its 3'-domain during the
interconversion of active and inactive particles, and several nucleotide residues located at 16S rRNA
functional sites change their intramolecular contacts (se, e.g., Ericson & Wollenzein, 1989).

It is worth noting in this connection that several potential switches in rRNA structure based on
formation of alternative tertiary contacts have been discussed in the theoretical plane. In particular, it was
suggested that 16S rRNA pseudoknot elements (for example, the pseudoknot between positions 17-19 and
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916-918; see Fig. 6.1) could be disrupted and then formed again in the elongation cycle. From genetic
studies it follows that opening of 16S rRNA pseudoknots affects strongly some ribosome activities.
Neither of alternative pseudoknot structures, however, was supported by direct experimental evidence.

The direct evidence for a conformational switch in the 16S rRNA that affects the decoding process
has been obtained recently (Lodmell & Dahlberg, 1997). Using the combination of site-directed
mutagenesis and chemical probing it was shown that the interdomain compound hairpin 885-912 of the
16S rRNA in the E.coli 30S subunit can exist in two alternative conformations. In one of these
conformations the trinucleotide segment C912-U911-C910 is paired with the segment G885-G886-G887
(see Figure 6.1). In the alternative conformation, positions 912-910 are paired with G888-A889-G890.
These short duplexes are located in a very important region of the 16S rRNA molecule where all three
major domains meet together. (As it was aready emphasized, all the 16S rRNA pseudoknots are also
located near this region). Switches between the two alternative structures were shown to cause the
alterations in conformation of several functiona sites of the 30S subunit (rather distant in primary and
secondary structure of the 16S RNA) involved in tRNA and mRNA binding.

Generally, switches between alternative conformations in rRNA tertiary structure may take an
important part in ribosome functions. They may be relevant to functional switches during elongation cycle
(Section 9.1) and to the dynamic character of the ribosome work (Section 9.6).

6.4.5. Model of Three-
Dimensional Folding of
rRNA

There is a vast amount of biochemical data
that describe RNA-RNA and RNA-protein
contacts in the ribosome (see below, Sections
7.5 and 7.6), as well as the topography of
rRNA-bound proteins and certain nucleotide
residues of rRNA on the ribosome surface
(Sections 8.2 and 8.3). Numerous nucleotide
residues involved into direct interaction with
ribosome ligands, such as tRNA, mRNA,
protein factors and antibiotics, have been also
identified (Chapter 9). On the other hand, the
remarkable progress in  cryo-electron
microscopy of ribosomes combined with
image processing techniqgue have made
possible to analyze, at 20 to 25 A resolution,
the morphological details of their structure
comparable in their dimensions with RNA
helices (Section 5.5). This encouraged several
groups to suggest provisiona models of
tertiary structure of rRNAs within ribosomal
subunits by fitting of elements of well-
established secondary structure of rRNA into
certain elements of electron microscopy
ribosome structures. As an example, the
recent model of three-dimensional folding of
the 16S rRNA within the 30S subunit of
E. coli ribosome proposed by Brimacombe
and co-workers (Fig. 6.11) is considered here.

Figure6.11. Modéd of tertiary structure of 16S rRNA in the In the model, an attempt to solve the

30S subunit of the E. coli ribosome: Stereo view of the . . .
complete 165 rRNA molecule in the 30S suburit, viewed from ~ Propiem of matching the biochemical data
the interface side of the latter (obtained at single nucleotide resolution) with

(Adapted from F. Mueller & R. Brimacombe, J. Mol. Biol. the electron microscppy data (qbtained at
271: 524-544, 1997). about ten nucleotide resolution) was
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undertaken. The starting point of the modeling process was to fit the elements of the 16S rRNA secondary
structure which are involved in the organization of the decoding center (the biochemical data, see Section
9.2) into the “neck” region (the groove separating the 30S subunit head from its body, see Section 5.2) of
the high resolution electron microscopic image of the 30S subunit (Section 5.5) known to accommodate
MRNA. The 16S rRNA regions adjoining the decoding area were selected on the basis of intraaRNA and
RNA-protein cross-linking data. Then the structure derived was extrapolated to other regions of the 16S
rRNA molecule. The electron microscopy contour of the 30S subunit was used as an important set of
constrains at each stage of the modeling. This step-by-step process resulted in a pattern of the arrangement
of all helices and single-stranded regions of the 16S rRNA in the ribosomal subunit (Fig. 6.11). The model
agrees with the most of biochemical data on the interactions of the 16S rRNA with ribosomal proteins. It
looks like atomic-resolution model, although one has to remember that the authors selected this way of
presentation “ purely for visual purposes’.
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Chapter 7

RIBOSOMAL PROTEINS

7.1. Diversity; Nomenclature

Each of the two ribosomal subunits contains many different proteins most of which are represented by only
one copy per ribosome. Thisisafundamental difference between the structurally asymmetric ribosomal ri-
bonucleoprotein and symmetric viral nucleoproteins which are formed by the ordered packaging of many
identical protein subunits. The discovery in the pioneering studies of Waller (1961, 1964) that the ribos-
ome contains many nonidentical protein molecules established an important principle of the structural or-
ganization of ribosomes.

The best technique for analytically separating ribosomal proteinsis gel electrophoresis. Even one-
dimensional gel electrophoresis under denaturing conditions gives a considerable fractionation of ribosom-
al proteins by charge and molecular size. Moderately basic polypeptides predominate among ribosomal
proteins from most organisms, although several neutral and acidic proteins are always present aswell. The
molecular masses of ribosomal proteins are usualy in the range of 10,000 to 30,000 daltons. Just a few
proteins have a greater size, up to about 50,000 or 60,000 daltons (these are two proteins of the large subu-
nit of mammalian ribosomes and one protein of the small subunit of E. coli ribosomes, respectively). On
the other hand, the large subunit of both prokaryotic and eukaryotic ribosomes contains several (3 to 6)
low-molecular-mass proteins, or polypeptides, of only about 50 — 60 amino acid residuesin length, or even
less. The small (30S) subunit of prokaryotic ribosomes contains about 20 proteins, while there are around
30in the large (50S) ribosomal subunit. Eukaryotic ribosomes contain a broader spectrum of proteins. the
small (40S) subunit contains about 30 proteins, and the large (60S) about 50. Nearly all of these proteins
are present as a single copy per ribosome.
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Figure 7.1 Two-dimensional  electrophoretic )

. . L32 »
separation and nomenclature of proteins from -
Escherichia coli 30S ribosomal subunit (E. Kaltschmidt
& H.G. Wittmann, Anal. Biochem. 36, 401-412, 1970; Figure 7.2. Two-dimensional  electrophoretic
Proc. Natl. Acad. ci. USA 67, 1276-1282, 1970). First separation and nomenclature of proteins from
direction (horizontal): 4% polyacrylamide gel containing Escherichia coli 50S ribosomal subunit (L34 spot is
8 M urea, pH 8.6; second direction (vertical, downward): not seen on this electrophoregram). Reference and
18 % polyacrylamide gel containing 6 M urea, pH 4.6. separation conditions are the same asin Fig. 7.1.
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A complete analytical resolution of all ribosomal proteins may be achieved by two-dimensional gel
electrophoresis under denaturing conditions. For example, 8% polyacrylamide gel at pH 8.6 can be used
for electrophoresisin the first direction, and 18% gel at pH 4.6 in the second direction. These conditions
lead to almost complete separation of al proteins present in the 30S (Fig. 7.1) or 50S (Fig. 7.2) ribosomal
subunits of Escherichiacoli. The first electrophoretic separation in a less concentrated gel at neutral or
dlightly alkaline pH resultsin the migration of acidic and neutral proteins toward the anode (left), while the
basic proteins migrate toward the cathode (right); here the separation is largely on the basis of charge.
Electrophoresis in the second direction is conducted in a highly crosslinked gel at acidic pH, and all the
proteins migrate toward the cathode (downward); in this case the separation occurs largely on the basis of
the molecular size of the components (the smaller the size the greater the mobility).

Table7.1. Size of Escherichia coli ribosomal proteins.

Protein  Number of amino  Molecular mass Protein Number of amino  Molecular mass
acid residues (kDa) acid residues (kDa)
S1 557 61.2 L1 233 24.6
S2 240 26.6 L2 272 29.7
S3 232 25.9 L3 209 22.3
Y] 203 23.1 L4 201 22.1
S5 166 175 L5 178 20.2
S6 135 15.7 L6 176 18.8
S7 157(177) 17.1(19.8) L7/L12 120 12.2(four copies)
S8 129 14.0 L9 148 15.7
S9 129 14.7 L10 164 17.6
S10 103 11.7 L11 141 14.9
S11 128 13.7 L13 142 16.0
S12 123 13.6 L14 123 135
S13 117 13.0 L15 144 15.0
S14 98 11.2 L16 136 15.3
Si15 88 10.1 L17 127 14.4
S16 82 9.2 L18 117 12.8
S17 83 9.6 L19 114 13.0
Si18 74 8.9 L20 117 134
S19 91 10.3 L21 103 11.6
S20 86 9.6 L22 110 12.3
S21 70 8.4 L23 100 11.2
L24 103 11.2
L25 94 10.7
L26=S20 86 9.6
L27 84 9.0
L28 77 8.9
L29 63 7.3
L30 58 6.4
L31 62 7.0
L32 56 6.3
L33 54 6.3
L34 46 54

After B. Wittmann-Liebold, in “ Structure, Function, and Genetics of Ribosomes’ (B. Hardesty and G. Kramer, eds.),

p.331, Springer-Verlag, New Y ork, 1986.
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Separation in the above system provides the basis of the nomenclature of ribosomal proteins (Kalt-
schmidt & Wittmann, 1970). It has been proposed that ribosomal proteins be designated by numbering in a
downward direction, as seen from the two-dimensional electrophoretic separation patterns (Figs. 7.1 and
7.2). Proteins of the small ribosomal subunit (30S or 40S) are denoted by the letter S (S1, S2, S3, etc.),
while proteins of the large subunit (50S or 60S) are designated by the letter L (L1, L2, L3, etc.). The small
E. coli ribosomal subunit contains 21 proteins, from S1 to S21. The large ribosomal subunit contains 32
different proteins, from L1 to L34; the spot initially referred to as L8 is not an individual protein but a
complex between proteins L10 and L 12; the spots designated as L7 and L12 correspond to the same pro-
tein, L7 being the N-acetylated derivative of L12. Protein S20 of the small ribosomal subunit isidentical to
protein L26 of the large subunit. Therefore, there are 52 different ribosomal proteinsin the E. coli 70S ri-
bosome.

The acidic L7/L12 protein present in E. coli ribosomes (120 amino acid residues, molecular mass
12,200 daltons) is unique in the sense that there are four molecules of this protein per ribosome; it appears
to form atetramer with a molecular mass of about 50,000 daltons. With this exception, al other proteinsin
the E. coli ribosome seem to be present in a single copy per ribosome. The sizes of E. coli ribosomal pro-
teinsaregivenin Table 7.1..

Originally ribosomal proteins of each species had their own nomenclatures, according to their own
electrophoretic patterns. Thus, the E. coli ribosomal proteins were designated as EcS1, EcS2, ... EcL1,
EcL 2, etc., the ribosomal proteins of Bacillus stearithermophilus - as BsS1, BsS2, etc., those of Thermus
thermophilus - TtS1, TtS2, etc.. Similarly, the ribosomal proteins of yeast (Saccharomyces cerevisiae)
have the prefix Y, rat - R, human - H. Naturally, the same protein number may refer to non-analogous pro-
teins of different species. Now, when it becomes clear that most ribosomal proteins are evolutionary con-
served, the homology between proteins of different species can be found and thus the relation of proteins
can be established. This creates the ground for a universal nomenclature. The universal nomenclature for
ribosomal proteins of bacteria, including eubacteria and archaea, based on the protein numbers of E. coli
ribosomes is already in operation. The universal nomenclature for eukaryotic ribosomal proteins based on
the protein numbers of rat or human ribosomes has been also recently introduced. The correlation between

Table7.2. Correlation (homology) between prokaryotic (eubacteria and archaea) and eukaryotic
(fungi and mammals) ribosomal proteins.

Escherichiacoli Y east Escherichia coli Y east
Hal obacterium marismortui Rat Hal obacterium marismortui Rat
Ecor Hm S2 Y or RSa EcorHmML2 Y or RL8
S3 S3 L3 L3
A S9 L5 L11
S5 2 L6 L9
S7 S5 L7/L12 P1, P2
S8 S15 L10 PO
9 S16 L11 L12
S10 S20 L13 L3
S11 S14 L14 L23
S12 S23 L15 L27a
S13 S18 L18 L5
S14 S29 L22 L17
Si15 S13 L23 L23a
S17 S11 L24 L26
S19 Si15 L29 L35
L30 L7

After |. Wool, Y .-L. Chan and A. Gl ,ck, in “Trandlationa Control” (J.W.B. Hershey, M.B. Mathews and N. Sonen-
berg, eds.), pp. 685-732, CSHL Press, 1996.
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some ribosomal proteins of Prokaryotes and Eukaryotes is given in Table 7.2 Rat and human ribosomes
have 33 proteinsin the 40S subunit (from Sa, S2, S3, S3ato S30) and 47 proteinsin the 60S subunit (from
PO, P1, P2, L3 to L41). Like in the case of E. coli ribosomes, the acidic proteins of the large subunit, P1
and P2, which are analogs of the bacterial L7/L12, are present in more than one copy per ribosome: both
form homodimers, and the two dimers are combined together. It should be mentioned that at least 30 pro-
teins of mammalian ribosomes display some sequence homology with eubacterial ribosomal proteins and
thus can be correlated with corresponding E. coli proteins (Table 7.2)..

RP1 and RP2 are related to EcL 12 indeed. Homologs of these acidic proteins of the large subunit
are present in ribosomes of all studied organisms, both prokaryotic and eukaryotic ones.

7.2. Primary Structures

The primary structures of all the E. coli ribosomal proteins have been determined (Wittmann-Liebold,
1984). A comparison of the primary structures showed alack of any sequence similarities: each ribosomal
protein is unique by the criterion of its amino acid sequence, and no homologies between different ribos-
omal proteins have been detected. Thus the E. coli ribosome contains 52 different amino acid sequences
possessing neither common blocks nor homologous regions. A similar conclusion can be made from anal-
yses of amino acid sequences of ribosomal proteins of other eubacteria, archaebacteria and Eukaryotes.

No general peculiarities of the primary structures of ribosomal proteins, compared with normal sol-
uble globular proteins, have been found. Most sequences, however, contain a high number of lysine and ar-
ginine residues which are sometimes clustered in lysing/arginine-rich blocks; this fact appears to be
directly related to the RNA-binding properties of ribosomal proteins and results in the net positive charge
of their molecules. Many ribosomal proteins do not contain tryptophan.

A B C-terminal domains

Figure 7.3. Ribbon diagram of the structure of
ribosomal protein L7/L12.

A: The structure of the globular C-terminal domain of
the protein, as determined by X-ray crystallography
(M. Leijonmarck, S. Eriksson & A. Liljas, Nature 286,
824-826, 1980; A. Liljas, Prog. Biophys. Molec. Biol.
40, 161228, 1982).

B: The L7/L12 dimer structure, as determined by NMR
spectroscopy analysisin solution (from E.V. Bocharov,
A.T. Gudkov & A.S. Arseniev, FEBS Lett. 379, 291—
294, 1996; reproduced with permission).

N-terminal domains
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Several eukaryotic ribosomal proteins are phosphorylated at serine residues. These are, first of al,
the acidic proteins PO, P1 and P2. The phosphorylation is stable, i.e. unaffected by physiological changes,
and necessary for the ribosome assembly and function. Another phosphorylated protein is eukaryotic S6
where several seryl residues are clustered at the C-terminus and can be targets for different kinasesin re-
sponse to different physiological stimuli. This is the case of changeable phosphorylation. The phosphor-
ylation of protein S6 does not seem to be a prerequisite for ribosome assembly or function. Likein the case
of acetylation of N-terminal serine of prokaryotic protein L12, the functional significance of this variable
modification of protein S6 is unknown.

As already mentioned, the primary structures of ribosomal proteins are very conservative in evolu-
tion. Proteins of rat and human ribosomes are either fully identical (32 proteins), or differ just in several
amino acid residues per chain the identity varying from 90 to 100 %. This suggests that ribosomal proteins
of al mammals are ailmost identical. There is an extensive homology of amino acid sequences between the
equivalent ribosomal proteins of two taxonomically distant groups of eubacteria, gram-negative (Es-
cherichia) and gram-positive (Bacillus); asarule, at least 50% of the amino acid residues in the polypep-
tide chains of corresponding proteins are identical. Similarly, considerable homology of amino acid
sequences has been found for ribosomal proteins of various evolutionarily distant eukaryotic organisms;
animals, higher plants, and fungi display 40 to 80% sequence identity between the equivalent ribosomal
proteins. It is noteworthy that archebacteria (or archea) also show certain homology (from 20 to 50% iden-
tity) between their ribosomal proteins and the equivalent ribosomal proteins of eukaryotes, and somewhat
less homology with the ribosomal proteins of eubacteria. Finally, some homology (from 20 to 30 % identi-
ty) can be detected between sequences of eubacterial (E. coli) and eukaryotic ribosomal proteins, including
15 proteins of the 30S and 16 proteins of the 50S subunit (Table 7.2). Returning to eukaryotic ribosomes, it
can be stated that at least half of their ribosomal proteins have eguivalents or homologs among prokaryotic
ribosomal proteins, whereas others may be unique to Eukaryotes (see Wool et al., 1996).

7.3. Three-dimensional Structures

Generally, ribosomal proteins have compact, typical globular conformations with well-developed second-
ary and tertiary structures (Serdyuk et al., 1978; Ramakrishnan et al. 1981; Nierhaus et al., 1983). The
conformations of ribosomal proteins in the ribosome are stabilized by interactions with RNA and other ri-
bosomal proteins. When isolated from the ribosome, many ribosomal proteins are not stable and can be
easily denatured. That iswhy physical studies of isolated ribosomal proteins, and especially their crystalli-
zation and X-ray analyses, are performed mostly with the proteins of thermophilic organisms, such as Ba-
cillus stearothermophilus and Ther mus thermophilus, that are characterized by increased stabilities of their
three-dimensional structures.

At the same time, at |east some ribosomal proteins may possess noncompact “tails’. For example,
the E. coli protein S6 possesses a strongly acidic C-terminal sequence containing several glutamic acid res-
idues added at the end post-trandationally; it is unlikely that this sequence is included in the globular part
of thisprotein. Protein S7 isalso atypical compact globular protein with developed secondary and tertiary
structures, but in E. coli strain K it has an additional sequence at the C-end, which does not seem to be an
indispensable part of the globular structure.

The acidic protein L7/L12 has a number of distinctive features. It has already been pointed out that
this protein appears to form atetramer in the ribosome. In solution it is stable in the dimeric form (Moeller
et al., 1972). The dimers appear to be packaged in the tetramer which participate in the formation of arod-
like stalk of the large ribosomal subunit (see Chapter 5). The monomeric subunit of the L7/L12 protein
consists of two domains:. the globular C-terminal one with about 70 to 80 amino acid residues, and the non-
globular, purely helical N-terminal one with approximately 40 amino acid residues; they are connected by
an easily cleavable hinge.

The globular domain of the E. coli L7/L12 protein (fragment 47-120) was the first protein element
of the ribosome to be crystallized and studied by X-ray analysis. Its three-dimensional structure has been
solved at a 1.7 A level of resolution. The secondary structure of the domain includes a-helices and b-
sheets; their sequences along the polypeptide chain is as follows: baabab. The general pattern of folding
can be presented as the globule composed of two layers: three a-helices are arranged into one sheet while
the antiparallel b-structure consisting of three strands forms the other sheet (Fig. 7.3 A).

More recently the whole structure of the L7/L12 dimer was resolved by using NMR approach. The
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arrangement of momomersis parallel. Two globular domains arein aweak contact with each other, if any.
The monomers are firmly joined together by their N-terminal parts. The two a-helical N-terminal parts
form four-helix antiparallel bundle, as shown in Fig. 7.3 B. The N-terminal part of the dimer isresponsible
for interaction with protein L10 and integration with the ribosome, whereas the globular domains possess a
mobility relative to the rest of the ribosome, being hung on flexible hinges. It is not clear yet how two dim-
ersare arranged in tetremer.

The two layer pattern of domain formation similar to that found in the globular domain of protein
L7/L12 (Fig. 7.3 A) isvery typical of other ribosomal proteins (Fig. 7.4). Protein S6 of bacterial ribosomes
isaone-domain protein (babbab) where two a-helices lie on four-strand b-sheet. It isinteresting that this
folding pattern isidentical to those of domain V of EF-G (see Chapter 12, Fig. 12.2) and the nuclear spli-
ceosomal protein U1A of Eukaryotes. Protein S5 is a two-domain protein with tightly associated halves
where the C-terminal domain (bbaba) has an exposed b-sheet lying on two a-helices. The folding pattern

Figure 7.4.  Ribbon diagrams of severa ribosomal proteins with globular domains characterized by a two-layer
structure: a-helices lying on a b-sheet:

Protein S6 from Thermus thermophilus (M. Lindahl, L.A. Svensson, A. Liljas, S.E. Sedelnikiva, 1.A. Eliseikina, N.P.
Fomenkova, N. Nevskaya, S.N. Nikonov, M.B. Garber, T.A. Muranova, A.l. Rykonova & R. Amons, EMBO J. 13,
1249-1254, 1994).

Protein S5 from Bacillus stearothermophilus (V. Ramakrishnan & S.W. White, Nature 358, 768-771, 1992).

Protein L1 from Thermus thermophilus (S. Nikonov, N. Nevskaya, |. Eliseikina, N. Fomenkova, A. Nikulin, N.
Ossina, M. Garber, B.-H. Jonsson, C. Briand, S. Al-Karadaghi, A. Svensson, A. Aevarsson & A. Liljas, EMBO J. 15,
1350-1359, 1996).

Protein S8 from Thermus thermophilus (N. Nevskaya, S. Tishchenko, A. Nikulin, S. Al-Karadaghi, A. Liljas, B.
Ehresmann, C. Ehresmann, M. Garber & S. Nikonov, J. Mol. Biol. 279, 233-244, 1998). (Protein S8 from Bacillus
stearothermophilus has a very similar structure: C. Davies, V. Ramakrishnan & SW. White, Sructure 4, 1093-1104,
1996).
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of S5 has some similarities to that of domain IV of EF-G (see Fig. 12.2). Protein L1 is also a two-domain
protein; its RNA-binding domain is composed of two layers where two a-helices lie on four-strand b-
sheet. It is beleived that the b-sheet, and specifically its middle strands with their basic and aromatic amino
acid residues, takes an important part in RNA recognition and binding. Another two-domain protein - S8 -
has the N-terminal domain (ababb) where the three-strand b-sheet lies on the two a-helices and is ex-
posed for the interaction with RNA; the C-terminal domain of protein S8 has an unusual, mainly b-sheet
conformation.

Five-b-strand barrel structure is another folding motif spread among ribosomal proteins. The repre-
sentative is bacterial proteins S17 (Fig. 7.5 left). Protein S17 is an RNA-binding protein and extensively
interacts with ribosoma RNA. The same folding motif is known to occur among cytoplasmic mRNA-
binding and nuclear hnRNA-binding proteinsin Eukaryotes. Actually the b-barrel proteins can also be pre-
sented as two-layer globules where one b-sheet lies on the other, with RNA-binding site at one of them.
Long flexible loops between the strands are likely participants of RNA-binding as well.

On the other hand, fully a-helical proteins, e.g. protein S15 (Fig. 7.5 right), can occur among RNA-
binding ribosomal proteins.

C

N
S17 S15

Figure7.5. Ribbon diagrams of representatives of b-barrel and a-helica ribosomal proteins:

b-Barrel protein S17 from Bacillus stearothermophilus (T.N. Jaishree, V. Ramakrishnan & S.W. White, Biochemistry
35, 2845-2853, 1996).

a-Helical protein S15 from Thermus thermophilus (H. Berglund, A. Rak, A. Serganov, M. Garber & T. Hxrd, Nature
Structural Biol. 4, 20-23, 1997).

7.4. Protein Complexes

A relatively mild technique for dissociating ribosomal proteins from the ribosome includes treatment with
monovalent salts such as CsCl, LiCl, or NHACI at high concentrations. Asaresult of such treatment, many
proteins dissociate in groups rather than as individual molecules. This reflects a certain cooperativity of
protein retention within ribosomal subunits. In a number of cases such groups of proteins may be removed
from the particles as stable complexes. A pentamer formed by one molecule of protein L10 and the tetram-
er of protein L7/L12 is an example of such a stable complex of bacterial (E. coli) ribosomes. It can be se-
lectively removed from the 50S ribosomal subunit by treatment with 1:1 mixture of 1M NHA4Cl and
ethanol. Asaresult, the 50S subunit loses its stalk. Globular structures of both protein L10 and protein L7/
L12 within the complex are markedly more stable than in the individual state. The pentameric complex
may be loosely associated with yet another protein, L11.

Similarly, the pentameric complex P0:P12:P22 of acidic ribosomal proteinsis revealed in eukaryo-
tic ribosomes and can be selectively removed from the 60S subunit resulting in the loss of its stalk (rod-
like protuberance).

Another example of the complex is the pair of proteins S6:S18 in E. coli ribosomes. Individually,
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protein S18 is especialy unstable and can hardly be isolated in a globular (non-denatured) state. When
these proteins form a complex, however, they stabilize each other.

Protein-protein complexes may play an important part in the structure and function of the ribosome,
participating in the formation of protein quaternary structures on the ribosomal surface. Generaly, ribos-
omal proteins are not dispersed over the compactly folded ribosomal RNA but rather clustered. For exam-
ple, four clusters of ribosomal proteins can be mapped on the bacterial small (30S) subunit: $S4-S5-S12-
S16-S20 at the central part (“body”), S8-S15-S6-S18-S21-S11 on the side bulge, and S7-S9-S13-S19 and
S3-S10-S14 on the head. Such clusters may be protein complexes with quaternary structure. At the same
time, proteins of different clusters may intract with each other; for example, proteins S5 and S8 have com-
plementary hydrophobic areas on their surfaces that may be responsible for their contact within the ribos-
omal particle.

7.5. Interactions with Ribosomal RNA

The quaternary structures of ribosomal domains and subdomains are formed with the participation of both
ribosomal RNA and ribosomal proteins. Ribosomal proteins are arranged on rRNA and, at the same time,
may contribute to the compact folding of rRNA in the ribosome. They are thought to stabilize RNA-RNA
tertiary contacts in rRNAs and sometimes induce local aterationsin rRNA secondary and tertiary struc-
ture. The major role in stabilization and induction of alterations in rRNA structure is attributed to the so-
called primary, or core rRNA binding proteins. By definition, these proteins interact with rRNAs directly
and independently of other ribosomal proteins. Most of other ribosomal proteins (if not al of them) also
interacts with rRNAS but their binding to rRNA depends on the presence of the primary binding proteins.
Thus, in the course of ribosome assembly (see the next Section 7.6) these proteins stabilize and reorganize
local rRNA structuresin such away that new protein binding sites become available (at the same time, the
role of protein-protein interactions in this process should not be neglected).

The low-molecular-mass 5S ribosomal RNA may interact with several proteinsin the large subunit
(Horne & Erdmann, 1972), forming a complex located in the region of the central protuberance (see Chap-
ters 5 and 8). In E. coli ribosomes three proteins — L5, L 18, and L25 — form arather stable nucleoprotein
complex with the 5S RNA. In Thermus thermophilus ribosomes, however, protein L25 is replaced by an-
other protein, TtL5, which is twice larger than EcL25 and has just alow sequence homology with EcL 25.
In Eukaryotes only one protein (RL5 or YL3) is shown to form a stable complex with 5S RNA; it seems
that the N-terminal part of the protein is homologous to EcL 18, and the C-terminal part may be equivalent
to EcL5. In any case, the 5S RNA-protein complex |ooks less conservative that other elements of the ribos-
ome structure.

Of particular interest, of course, are the interactions between the ribosomal proteins and the high-
mol ecular-mass ribosomal RNA (16S and 23S prokaryotic RNAs or 18S and 28S eukaryotic RNAS), since
these RNA species serve as the main covalent backbone and the structural core of the ribosomal subunits.
As mentioned above, the primary (core) rRNA-binding proteins interact with the corresponding RNA sites
on the high-molecular-mass rRNASs, more or less independently of other proteins. In the case of the E. coli
30S ribosomal subunit, proteins $4, S7, S8, S15, S17, and S20 are the core proteins that can independently
interact with the 16S RNA (Mizushima & Nomura, 1970). Each of these proteins binds only to a specific
site on the 16S RNA, recognizing the corresponding nucleotide sequence and three-dimensional structure.
The location of the binding sites of the six above-mentioned proteins aong the 16S chain is shown sche-
matically in Fig. 7.6 A. It is seen that proteins $4, S17 and S20 are complexed in the region of the 5'-termi-
nal third of the 16S RNA (domain 1), proteins S8 and S15 interact with the middle part of the 16S RNA
(domain 1), while protein S7 has its binding site located in the region of the 3'-terminal third of this RNA
(domain I11).

As for the E. coli 50S ribosomal subunit, proteins L1, L2, L3, L6, L9, L11, L23 and L24 bind di-
rectly and specificaly to the 23S rRNA (Fig. 7.6 B). The pentameric complex (L7/L12)4:L10 should be
added to this list. The latter protects the whole three-way helical structure (positions 1030-1125) of do-
main Il of the 23S rRNA (see Fig. 6.5 A), thus suggesting that namely this peripheral element of the rRNA
together with the protein complex form the lateral protuberance, called L7/L12 stalk, of the 50S subunit.

For most of the primary rRNA binding proteins their binding sites on rRNAs were defined and
characterized in detail. At the first stage foot-printing approaches (based on both rRNA chemical modifi-
cation and RNAase limited digestion, see Section 9.2) and cross-linking techniques (based on the applica-
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tion of bifunctional reagents, see Section 8.2.1) were used to define the points of contacts between rRNA
and proteins (Fig. 7.6). This information helped to construct minimal rRNA fragments containing protein
binding sites and to reconstitute corresponding RNP complexes that were used successfully in physical
studies. As an example, the results of studies of the interaction of proteins S8 and S15 with a respective
E. coli 16S rRNA fragment are considered below.

As mentioned, in the 30S subunit proteins S8 and S15 interact with the central domain of the 16S
rRNA. Their rRNA binding sites were located in the adjacent double-helical segments, namely helix 21
(588-604/634—651) for protein S8, and helix 22 (655-672/734—751) for protein S15 (see Figs. 6.1 and
7.7). The protein S8 binding site contains the highly conservative irregular element 595-598/640-644
flanked with double-helical regions. Protein S8 was cross-linked to A595 in the conservative element, as
well asto U653 (Fig. 7.7 A). NMR spectroscopy study of the rRNA binding site for protein S8 has shown
that the base triple A595:A596:U644 is present in the core element (Fig. 7.7 B). It has been also proved
that U598 is base-paired with A640 in the protein S8-rRNA fragment complex, as shown in Fig 7.7 A, and
the formation of this base pair is promoted by the protein. The bulged A residues (A595 and A642, see Fig.
7.7 A) seem to be directly involved in protein S8 recognition. Indeed, the deletion of A642 strongly de-
creases the stability of protein S8 complex with 16S rRNA. On the whole, the NMR data suggest that S8-
RNA interaction is accomplished without significant changes in the RNA. At the same time, some base
pairs (e.g., A596:U644 and G597:C643, as well as U598:A640) are found to be more stable in the RNA-
protein complex than in the isolated rRNA fragment.

The studies of the 16S rRNA fragments that represent the protein S15 binding site led to the conclu-
sion that nucleotide residues responsible for the RNA-protein recognition are located in two regions
(marked by heavy linesin Fig. 7.7 A): at and near the three-way helical junction, and close to the internal
loop A663-G664-A665/G741-G742 (that probably also adapts double-helical conformation due to forma
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Figure7.6. Diagram showing distribution of ribosomal protein binding sites along rRNA chains.

A: Diagram of the binding sites of the 30S subunit proteins on the 16S rRNA. Primary binding proteins are encircled.
Cross-linking sites are indicated by filled arrowheads; centers of protection sites for proteins defined in foot-printing
experiments are indicated by open arrowheads. Sites of cross-linking of the 23S rRNA to 3' terminal region of the 16S
rRNA areindicated by arrows.

(Based on the data summarized by F. Mueller & R. Brimacombe, J. Mol. Biol. 271: 545-565, 1997).

B: Diagram of the binding sites of the 50S subunit proteins on the 23S rRNA and in the 5S rRNA-protein complex.
Primary binding proteins are encircled. Protein cross-linking sites are indicated by filled arrowheads. Protein binding
sites on the 5S rRNA are marked by lines. RNA-RNA cross-links (23S rRNA to 16S rRNA and 5S rRNA to 23S
rRNA) are indicated by long arrows.

(Based on the data summarized by R. Brimacombe, Eur. J. Biochem. 230: 365-383, 1995).
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Interaction of E. coli ribosomal proteins S8 and S15 with 16SrRNA.
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A: Secondary structure of the segment of the 16S rRNA central domain that contains the binding sites for proteins S8
and S15. The helices are numbered asin R. Brimacombe, Eur. J. Biochem. 230: 65-87, 1995. The sequences protected
from chemical modification the by proteins are marked by lines. The nucleotide residues that are the most important
for the RNA-protein recognition are shown in bold letters. (Based on the data summarized by T. R. Batley & J. R.
Williamson, J. Mol. Biol., 261: 536-549, 1996).
B: Non-Watson-Crick base pairs recognized by proteins S15 and S8 (R. T. Batley & J. R. Williamson, J. Mal. Biol.
261: 550-567, 1996; K. Kalurachchi K. Uma, R. A. Zimmermann & E. P. Nikonowicz, Proc. Natl. Acad. Sci. USA 94:
2139-2144, 1997).
C: Diagram showing a possible rearrangement of the 16S rRNA segment induced by protein S15 binding. (Adapted
fromR. T. Batley & J. R. Williamson J.R., see the reference above).
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tion of two A:G base pairs). The nucleotide residues that are directly involved in the 16S rRNA-protein
S15 interaction were revealed by means of site-directed mutagenesis and chemical modification interfer-
ence. (In thisapproach, selected nucleotide residuesin an RNA fragment are either replaced with other nu-
cleotides or modified, for instance, ethylated at their phosphate groups, and then mutations and
modifications that interfere with protein binding are determined). It was found that protein S15 recognizes
two centers located on the same face of helix 22: the phylogenetically concerved G666:U740 base-pair,
and the non-canonical G654:G752 and U653:A753 base-pairs (see Fig. 7.7 A). Structural anlysis suggests
that protein S15 forms severa specific contacts with hydrogen bond donor and aceptor groups of nucle-
otide bases situated in the minor groove of the RNA helix. Several electrostatic contacts of protein S15
with phosphate groups surrounding these base-pairs enhance the binding of the protein with the 16S rR-
NA.

Protein S15 causes aterations in the tertiary structure of the central domain of 16S rRNA. As seen
from the scheme presented in Fig. 7.7 C, helices 22 and 20 in the RNA-protein complex adopt anearly par-
allel orientation, and the overal structure of the complex became more compact than that of free RNA.
The compactization of the RNA fragment structure upon protein S15 binding was covincingly demonstrat-
ed by electrophoresis in polyacrylamide gel under non-denaturing conditions: despite of higher molecular
mass and lower net negative charge, the complex displayed a higher electrophoretic mobility in compari-
son with free RNA fragment.

The mechanism of interactions of other primary rRNA binding proteins with specific rRNA sites
seems to have agreat deal in common with that of protein S8-16S rRNA and protein S15-16S rRNA inter-
actions. As arule, proteins recognize unusual elements of rRNA secondary structure (e.g. non-canonical
base-pairs or bulged nucleotides) and stabilize them. Protein-RNA interactions can induce a more compact
folding of rRNAs and stabilize their tertiary structure. The interactions with rRNA may also affect the ri-
bosomal protein conformation: some elements of protein three-dimensional structure, e.g. flexible loops,
can aquire a specific fixed conformation in the RNA-protein complexes.

Other (“non-primary”) ribosomal proteins interacting with ribosomal RNA require the presence of
at least one, even several, core RNA-binding proteins for the formation of sufficiently firm complexes.
Two patterns are possible: either an intrinsic interaction between a given protein and RNA is insufficient
for the stable complex to be formed, and should therefore be supported by protein-protein interaction with
the already bound protein; or, aternatively, the protein bound earlier induces (or stabilizes) the local con-
formation of the RNA required for binding a given protein. For example, the binding of protein S7 to the
E. coli 16S RNA contributes to a tighter binding of proteins S9, S13, and S19, as well as of S10 and S14,
in the 3-proximal 16S RNA region (domain I11); it may well be that proteins S9 and S13:S19 directly in-
teract with potein S7, while the effect of S7 on the binding of S10 and S14 is less direct (see below, Fig.
7.9).

Thus, both in the small and in the large ribosomal subunits, certain cooperative groups of proteins
assigned to definite sites of the three-dimensional ribosomal RNA structure can be revealed. In the case of
the E. coli 30S ribosomal subunit, one such group is formed by proteins of the 3'-proximal domain of 16S
RNA (domain I11): S7, S9, S13, S19, S10, and S14. It will be demonstrated later that they are all located on
the head of the 30S subunit and may contribute to the formation of its tRNA-binding site. Another cooper-
ative group of 30S subunit proteins is associated with the middle domain of the 16S RNA (domain II) and
includes the RNA-binding proteins S8 and S15, the S6:518 pair, aswell as S11 and S21; these proteins are
found mainly on the side bulge (platform) of the 30S ribosomal subunit. This group, through proteins S5
and S12, is connected with the cooperative group of the 16S RNA 5'-terminal domain (domain I); the latter
group includes RNA-binding proteins $S4, S17, and S20, as well as proteins S5, S12 and S16, which are
constituents of the central body of the 30S ribosomal subunit.

7.6. Disassembly and Reassembly of Ribosomal Subunits

7.6.1. Disassembly

If ribosomal subunits are incubated at a high ionic strength with a sufficiently high Mg?* concentration,
the compactness of the subunitsis retained, but ribosomal proteins partly dissociate from them. This disso-
ciation is primarily the result of aweaker holding of proteins on the RNA scaffold dueto their electrostatic
interactions being suppressed. Both during incubation at a high salt concentration and upon a stepwise in-
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creasein ionic strength, groups of proteins sequentially split from the particles resulting in the formation of
aseries of protein-deficient derivatives. Thisis a stepwise disassembly of ribosomal particles (Spirin et al.,
1965; Itoh et al., 1968).

The stepwise dissociation of proteins from the E. coli 30S subunit by increasing the LiCl or CsCl
concentrations is schematically shown in Fig. 7.8. Initially, incubation with high salt resultsin the release
of such relatively loosely bound proteins as S1, S2, S3, S14, and S21; the removal of these proteins yields
28S particles with a protein content of 30% and a buoyant density in CsCl equal to 1.67 g/cm3. Incubation
in ahigher salt leads to the splitting off of the next portion of proteins, S5, S9, S10, S12, S13, and S20; the
resulting 25S particles contain ailmost half the initial proteins (20%), and their buoyant density in CsCl is
equal to 1.74 g/cm3. In the range from 3 to 3.5 M LiCl, or during long-term centrifugation in 5 M CsCl
proteins S6, S18, 511, S19, and then S16 and S17, are released; the residual 23S particles contain just four
ribosomal RNA-binding proteins. $4, S7, S8, and S15. The removal of the latter group of proteins from
RNA requires more drastic treatment, e.g. a combination of high salt and urea.

The dissociation of most of the proteins from the ribosomal particles does not induce an evident
disruption of the overall tertiary structure and compactness of the ribosomal RNA. Electron microscopic
observations in the course of stripping E. coli 30S ribosomal subunits have demonstrated that removing
half of all the proteins does not lead to significant morphological changes in the particles; they retain the
same size, axial ratio (2:1), and their characteristic subdivision into a head, body, and side bulge. Moreo-
ver, morphologically similar particles can be seen after 15 of the 21 ribosomal proteins have been re-
moved. Measuring the compactness of the ribosomal RNA in particles with different protein content using
X-ray and neutron scattering confirms the electron microscopic observations; the 16S RNA retaining only
6 proteins, specifically $4, S7, S8, S15, S16, and S17, maintains the compactness and shape characteristic
of RNA within the 30S ribosomal subunit (Vasiliev et al., 1986).

Removal of those core RNA-binding proteins, however, affects the stability of RNA conformation
more drastically: as follows from the measurement of the radius of gyration, the compactness of RNA de-
creases somewhat, corresponding to an increase in the linear size of about one-quarter. Nevertheless, free
16S RNA at a sufficient Mg?* concentration and ionic strength, like the 165 RNA carrying the four pro-
teins $4, S7, SS, and S15, is still quite compact and retainsits specific overall folding pattern; it can bevis-
ualized as a characteristic Y -shaped particle the contours of which can be inscribed in those of the 30S
ribosomal subunit (see Section 6.4.3). This implies that the general pattern of 16S RNA folding is gov-
erned and maintained by its internal intramolecular interactions, although the stabilization of the eventual
completely folded conformation requires the set of six core RNA-binding proteins.

Other ribosomal proteins may, of course, contribute to the folding and stabilization of ribosomal
RNA, but they rather affect itslocal structures.

Similar trends may be noted during the stripping of the E. coli 50S ribosomal subunit. The 23S
RNA retainsitsinitial compactness until the stage when just 9 of the 32 proteins, i.e. L2, L3, L4, L13,L17,
L20, L21, L22, and L23, remain in the particles. The further removal of proteins leads to a reduction in
compactness which, nevertheless, remains reasonably high, and the overall shape of the molecule does not
undergo any marked changes.

Thus, the step-wise stripping or disassembly of ribosomal particles clearly demonstrates that high-
molecular-mass RNA plays the role of scaffold for the arrangement of ribosomal proteins. The phenome-
non of unfolding (see Section 6.4.4) has shown that the RNA chain serves as acovaently continuous back-
bone of the particle, carrying all ribosomal proteins. The phenomenon of disassembly, during which the
basic compactness and shape of RNA remain unchanged, suggests that the RNA tertiary structure forms a
three-dimensional scaffold for the proper spatial arrangement of ribosomal proteins.

7.6.2. Reassembly (Reconstitution)

The disassembly is reversible, implying that under proper ionic conditions the ribosomal particles can be
reassembl ed; this includes the recovery of their functional activities (Lerman et al., 1966; Spirin & Belitsi-
na, 1966; Hosokawa et al., 1966; Staehelin & Meselson, 1966). The reconstitution of bacterial ribosomal
particles, both 30S and 50S, can be achieved from isolated ribosoma RNA and the compl ete set of individ-
ual ribosomal proteins (Traub & Nomura, 1968; Nomura & Erdmann, 1970).

Conditions for the reassembly of ribosomal particles of E. coli include (1) amoderate ionic strength
(0.3t0 0.5), (2) arather high Mgz+ concentration (10 to 30mM), and (3) an increased temperature (about
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40xC to 50xC). A higher ionic strength suppresses interactions between the proteins and RNA, while at a
lower ionic strength the contribution of competing nonspecific interactions between basic proteins and the
negatively charged polynucleotide increases markedly. The relatively high concentration of Mg?* appears
to be necessary primarily for the maintenance of the RNA tertiary and secondary structure which provides
the scaffold for the arrangement of proteins. In general, the reconstitution buffer provides conditions under
which ribosomal RNA is sufficiently compact in the isolated state and maintains its unique shape. Elevated
temperature is believed to be necessary for facilitating the structural rearrangement of an intermediate ri-

RIBOSOMAL PROTEINS

bonucleoprotein complex from aless compact to a more compact conformation.

Figure7.8. Scheme of the disassembly of the 30S ribosomal subunit achieved by high salt concentration (e.g., by an

s

22S

RNA 0 »1.9

Sedimentation Buoyant
 coefficient spiit | Protein | density
oy | (ncompatie | i | cten. | NG
30S subunit 38 1.62
l \> S1, S, S3, S14, S21
28SVRNP 30  1.67
G \ S5, S9, S10, S12, S13, S20
l S5 RNP 20 174
\ S6, S18, S11, S19
@ 255 RNP 15 176
l \> S16, S17
23S RNP 12 1.78
@ \ S7, S8, S15
l ZZSVRNP 4 »1.8

increased concentration of LiCl in the presence of 5 mM MgCI2; see the text).
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The first proteins to bind to ribosomal RNA in the course of self-assembly are the core proteins
which are capable of binding to RNA independently of each other. In the case of E. coli 30S subunits,
these are proteins $4, S7, S8, S15, S17, and S20. Protein S16 binds along with these. The addition of the
six proteins $4, S7, S8, S15, S16, and S17 (step | in the scheme of Fig. 7.9) is aprerequisite for the transi-
tion of the intermediate ribonucleoprotein from aless compact to a more compact state (step |1 in Fig. 7.9).
Apparently, it is this transition that requires an elevated temperature during self-assembly. As a result of
thistransition, the 16S RNA amost reaches the maximal compact state of its overall folding which is char-
acteristic of this RNA within the mature 30S ribosomal subunit.

Proteins S20, S6-S18, S5, S9, S11, S12, S13, and S19 may enter the complex concurrently with the
af orementioned proteins, even before the transition of the complex to a mare compact state. However, Fig.
7.9, which shows the sequence and interdependence of protein binding in the course of E. coli 30S subunit
reconstitution, presents the incorporation of these proteins into the ribonucleoprotein as step 111 of self-as-
sembly, since these proteins, even when bound, are not strictly necessary for the transition into a more
compact state and can bind to the complex after thistransition. Moreover, as shown in Fig. 7.9, the binding
of most proteins at this stage of self-assembly depends on the presence of the set of previously bound pro-
teins. For example, the binding of proteins SO and S19 requires that protein S7 be bound with RNA. The
attachment of proteins S6:S18 depends on the presence of protein S15 and, probably to a lesser extent, of
protein S8. The binding of protein S11 requires the presence of proteins S6:S18. The attachment of protein
S5 isinduced by proteins S8 and S16. (It should be emphasized once again that steps |1 and 111 shown in

SEDIMENTATION

16 S RNA COEFFICIENT IN
RECONSTITUTION BUFFER:
DOMAIN | DOMAIN 11 DOMAIN 111 22S RNA

Step | (+6 proteins)

23SRNP
\  Step Il (compactization) e oo

Step I (+9 proteins)

v
28S RNP

\4

30S RNP

Figure7.9. Scheme of self-assembly (reconstitution) of the 30S ribosomal subunit from 16S ribosomal RNA and
21 proteins: “assembly map” (Modified from S. Mizushima & M. Nomura, Nature 226, 1214-1218, 1970; W.A. Held,
B. Bdlon, S. Mizushima & M. Nomura, J. Biol. Chem. 249, 3103-3111, 1974). The thick arrows from the RNA to a
protein or from one protein to another symbolize the great dependence of the binding of the subsequent partner on the
previous one; the thin arrows indicate a weaker dependence. Some weak interactions are omitted for the sake of
clarity.
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the scheme of Fig. 7.9 are not strictly sequential but appear to proceed concurrently. In other words, the
compactization and binding of nine proteins do not greatly depend on each other and may proceed in par-
alel; invitro, step |1 can be accomplished even after step |11 has been completed.)

Only after the ribonucleoprotein has undergone transition to compact conformation can the last set
of proteins, consisting of S3, S10, S14, S21, as well as S2 and S1, be added to the complex (Fig. 7.9 step
IV); this step yields the completed biologically active 30S ribosomal subunit. The incorporation of each of
these proteinsinto the complex requires the presence of proteins bound at previous stages, as well asthe fi-
nal overall folding of the 16S RNA. The binding of protein S10 requires the presence of protein S9, the ad-
dition of protein S14 depends on protein S19, protein S3 may become incorporated only if proteins S5 and
S10 are present, and the binding of protein S21 is stimulated by the presence of protein S11. The binding
of protein S2 is affected by protein S3 and probably by the whole local structure of the ribonucleoprotein.
The binding of the largest acidic protein, S1, also requires the correct folding of the ribonucleoprotein;
however, it is difficult to determine which specific proteins are necessary for its addition.

An analysis of the complete map of 30S ribosomal subunit reconstitution (Fig. 7.9) demonstrates
that the assembly of each structural lobe of the particle proceeds on the corresponding domain of 16S RNA
more or less independently. Thus, proteins $4, S16, S17, S20, as well as S12, are assembled on the 5'-ter-
mina domain (1), forming the subunit body. The middle domain (I1) binds proteins S8, S15, S6:S18, as
well as S11 and S21, yielding the assembled side bulge of the particle. The 3'-proximal domain (111) with
protein S7 incorporates proteins S9, S13, and S19, followed by proteins S10 and S14, and forms the head
of the 30S ribosomal subunit. The independence of the assembly of the structural lobes of the 30S subunit
has been confirmed in experiments where the isolated RNA fragments representing all three main domains
of the 16S rRNA are shown to form compact and specifically shaped ribonucleoprotein particles with cor-
responding cognate sets of ribosomal proteins (Weitzmann et al., 1993; Samaha et al., 1994; Agalarov et
al., 1998). The specific in vitro assembly of the 30S subunit fragments equivalent or similar to the main
structural lobes of the integral ribosomal particle supports the idea of a large-block organization of ribos-
omal particlesin general.

At the same time, interdomain and interlobe interactions should also receive some attention. The
most characteristic cases are the addition of protein S5, which depends simultaneously on domains| and |1
with proteins contained therein; and the attachment of protein S3, which depends on all three domains of
RNA and their corresponding proteins (Fig. 7.9). It is likely that protein S5 finds its place somewhere on
the boundary between the subunit body and its side bulge, while protein S3 islocated at the junction of the
head, body, and side bulge of the 30S ribosomal subunit.

A similar analysis of the E. coli 50S ribosomal subunit assembly from 23S RNA, 5S RNA, and 32
proteins revealing the interdependence of protein binding and the sequence of stages can also be conducted
on the basis of the experimental data available.

There is every reason to assume that the assembly of ribosomes in vivo proceeds mainly via the
route demonstrated in the course of their reconstitution in vitro. In the case of the 50S ribosomal subunit,
however, it should be emphasized that the correct reconstitution of the biologically active 50S subunit re-
quires post-transcriptional modifications of the 23S ribosomal RNA, in particular in the region of the pep-
tidyl transferase center (Section 9.3) of domain V (m2G 2445, D 2449, Y 2457, Cm 2498, m2A 2503, Y
2504).
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Chapter 8

MUTUAL ARRANGEMENT
OF RIBOSOMAL RNA AND PROTEINS
(QUATERNARY STRUCTURE)

8.1. Peripheral Localization of Proteins on RNA Core

In contrast to the RNA present in viral nucleoproteins, the RNA of ribosomal particles is not entirely
covered by a protein envelope. As was demonstrated many years ago, extended regions of rRNA in the
ribosome are exposed to the environment and are open to the action of various agents, e.g. nucleases. This
fundamental difference compared to viral particles is understandable, since the ribosome is a functional
structure, where RNA should actively participate in interactions with external factors and is not used for
storing genetic information.

At the same time, protein and rRNA are not just “ scrambled” in the ribosome. The high-molecular-
mass rRNA of each ribosomal subunit is self-folded into a compact structure with a unique shape (see
Section 6.4.3), and it appears that proteins do not associate with the “inside” of this structure. Hence,
ribosomal proteins are positioned mainly on the compactly folded high-molecular-mass rRNA. This
impliesthat proteins occupy a preferentially outside position on the rRNA core.

This principle of ribosomal organization was first deduced from experiments conducted to measure
the radii of gyration (Rg) of ribosomal subunits. The radius of gyration measured by the diffuse small-
angle X-ray scattering was found to be markedly lower than expected on the basis of the size of the subunit
assuming that it was a uniformly dense body (Serdyuk et al., 1970). It followed from this observation that
a more electron-dense component of the particle (e.g., rRNA) lay nearer the center of gravity of the
particle, while a less dense component (e.g., protein) tended to be closer to the periphery. Furthermore,
measurements of the radii of gyration of ribosomal subunits using different types of radiation, e.g. X-rays,
neutrons, and light, demonstrated that the greater the contribution to the total scattering by the protein
component compared to RNA (the relative scattering capacity of the protein increases in the series from X-
rays to neutrons to light), the greater
the value of the particle's radius of

gyration (Serdyuk & Grenader, 1975). 11000 Ry = 1024
Finally, neutron-scattering gN

experiments in  solvents with a < 0,
different scattering capacity for 0ol o o g S
neutrons, i.e.  with  different T 3 R
proportions of H,O and D50, allowed g S = = =
for direct measurement of the radii of ¥ 7000 ‘E’ é é
gyration of either the rRNA or the 2 3 g
protein components insitu — %

(Stuhrmann et al., 1976). The basis is 5000 =

that H,O and D,0O are known to differ L

greatly in their scattering capacity for ? RV = 65A 05

neutrons, while the scattering | | | |
capacities of biological 0 0.2 04 06 0.8 10

macromolecules are intermediate
between those of H,O and D,O.
Because of this, a proportion between
H,O and D,0O in the medium can be  Figure 8.1. Dependence of the radii of gyration of the E. coli 50S
selected when the scattering values of ~ ribosomal particles measured by neutron scattering at different
a given macromolecule, either protein  contrasts on the relative contribution of the protein component into the
or RNA, and the solvent are equa|, ie. scattering (|N Serdyuk, A.K. Grenader & G. Zaccai, J. Mal. Biol. 135,
691-707, 1979).

Scattering fraction of protein
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agiven type of macromolecule is not “seen” by neutrons or is contrast-matched. Experiments have shown
that the neutron scattering of protein is matched by 40 to 42% D,O, whereas RNA is not “seen” by
neutrons in 70% D,0. Correspondingly, measurements of the radii of gyration of ribosomal subunits in
42% D50 yield values only for ribosomal RNA in situ, while measurementsin 70% D,0O give the radius of
gyration of the total protein component of the particle. In the case of E. coli 50S ribosomal subunits, these
values were found to be equal to 65 A and 100 A for RNA and protein, respectively (Fig. 8.1). In other
words, the RNA islocated preferentially at the center as a core, while protein, on average, occupies amore
peripheral position. In the case of the 30S ribosomal subunit, this difference is less pronounced — 65 A and
80 A for RNA and protein, respectively. This smaller difference is understandable since the 16S RNA,
despite its lower mass, has a less compact shape or is less isometric than the 23S RNA of the 50S
ribosomal subunit. Furthermore, some protein material may be located between the lobes (branches) of the
16S RNA in the 30S ribosomal subunit.

The RNA core in the ribosomal subunit seems to be densg, i.e. the extent of RNA folding in situ is
high. It follows from the value of the radius of gyration and the scattering curve that the volume of RNA in
the 50S subunit is equal to only 2~ 10% A3, Thisvalueis only twice as much as the “dry” volume of RNA.
A similar conclusion has been made for 16S RNA in the 30S ribosomal subunit. Therefore, the density of
RNA packaging in the ribosomal particle is approximately equal to that found for the crystalline packaging
of hydrated RNA helices or tRNA.

8.2.

After the core position of ribosomal RNA is determined,
elucidation of protein distribution on the surface of the
particle, i.e. of protein topography, becomes the next
crucial step toward the quaternary structure of the
ribosome. A large number of experimental approaches
to the study of protein topography have been devel oped.
These approaches will now be discussed using the
E. coli 30S ribosomal subunit as an example.

Topography of Proteins

8.2.1. ldentification of Neighboring
Proteins

Some information regarding protein neighbors can even
be taken from the data on protein binding sites upon the
primary and secondary structure of ribosomal RNA (see
Section 7.5 and Fig. 7.6). Indeed, if the binding sites of
proteins on rRNA are located close to each other, it is
clear that these proteins are neighbors in the ribosome.
For example, the previously discussed proteins S8 and
S15 recognize and bind adjacent sections of the chain
and adjacent hairpins in the secondary structure of 16S
RNA (see Fig. 7.7); therefore it may be concluded that
proteins S8 and S15 are neighbors in the topographic
sense as well. Their neighbors are proteins S6 and S18,
which for their binding require the preceding binding of
proteins S8 and S15 (Fig. 7.9) and have the recognition
sitesin the same region of the RNA sequence (Fig. 7.6).

Another example of a group of neighboring
proteins includes proteins $4, S16, S17, and S20 which
are located close to each other on the 16S chain within

Scheme

Figure 8.2
neighboring in the 30S ribosomal subunit. Proteins
connected by a solid line are crosslinkable with a

showing proteins

short reagent (most direct contact); those

connected by a broken line are crosslinkable with
longer reagents. The proteins in a solid-line box
have adjacent binding sites on the ribosomal RNA
sequence. The three groups of proteins within the
broken-line boxes correspond to the three RNA
domains and the three particle lobes.

domain| (Fig. 7.6).

A more universal approach makes use of
bifunctional chemical reagents which are capable of
crossiinking neighbor proteins with each other. After
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treatment of ribosomal subunits with such reagents, the identification of proteinsin the crosslinked pairs
provides the means of establishing that the corresponding proteins are neighbors in the ribosome.
Diimidoesters of a different carbon chain length have been very widely used as bifunctional crosslinking
agents:

The ester groups of such areagent are effectively attacked by the e-amino groups of lysyl residues present
in ribosomal proteins, resulting in the formation of amidine bonds instead of ester bonds. Using reagents of
a different length, e.g. dimethylsuberimidate (n = 6) or dimethyladipimidate (n = 4), permits a rough
estimation of the distance between neighboring proteins.

HN« ~NH
H3C—O/C (CH C\O—CH3

The identification of proteins in crosslinked pairs may present some problems because the
corresponding proteins are not in the individual state. One possible solution involves immunological
identification of the partners within the pair without separating them. Another approach makes use of
cleavable crosslinks. For example, ribosomal particles may be treated by a sulfhydryl derivative of the
lysine-specific reagent, such as 2-iminothiolane (Traut et al., 1980). It reacts with protein amino groups,
and the subsequent oxidation yields pairs of proteins crosslinked by disulfide bridges:

PROTEIN'—N H_ﬁ:_(CHZ)s_S_S_(CHZ)a_ﬁ_ NH—PROTEIN"

NH NH
Pairs of proteins crosslinked in this way are isolated, the disulfide bonds reduced, and individual proteins
identified electrophoretically.
The summary of the results on protein crosslinking in the 30S ribosomal subunit of E. coli is
schematically illustrated in Fig. 8.2. Circles connected with lines designate crosslinked proteins; groups of
proteins neighboring on RNA are boxed.

8.2.2. Measuring Distances between Proteins and Triangulation

The problem of the mutual arrangement of proteins in the ribosome may be solved even more
comprehensively by measuring the distances between the proteins. These approaches are not limited to
determining the nearest neighbors. Technically, however, these approaches appear far more complex.

The most informative approach to measuring the distances between ribosomal proteins is based on
the use of neutron scattering by ribosomal particles containing selectively deuterated pairs of proteins
(Engelman et al., 1975). Since protonated and deuterated proteins exhibit different neutron scattering,
comparing the scattering of correspondingly unlabeled and labeled ribosomal particles allows the
contribution of the deuterated pair to be distinguished and used for estimating the distance between mass
centers of the two proteins, as well as the degree of asymmetry (or compactness) of each of the proteins
in situ. In selecting the solvent composition (proportion of H,O and D,0) in order to match the scattering
of protonated proteins, one can further increase the apparent relative contribution of the deuterated pair.
Using measured distances between mass centers of proteins in numerous deuterated pairs, the method of
triangulation can be exploited in constructing a model of the three-dimensional arrangement of ribosomal
proteins in the E. coli 30S subunit (Fig. 8.3). These results provide one of the most accurate and
fundamental contributions to our knowledge of the arrangement of proteinsin the ribosomal particle.

8.2.3. Immuno-Electron Microscopy

The above approaches provide evidence of the arrangement of proteins with respect to each other but
without reference to the morphology of the ribosomal particle. The use of electron microscopy for
visualizing proteins on the ribosome allows the location of a protein on a morphologically visible contour
of the ribosomal particle to be determined (Wabl, 1974; Lake et al., 1974; Tischendorf et al., 1975);
combined with the above data, this provides an opportunity for superimposing the entire network of
protein topography (Figs. 8.2 and 8.3) on visible projections of the particle. Electron microscopic
visualization of proteins on the ribosome makes use of specific antibodies against individual ribosomal
proteins. The bivalent antibody bound to a given protein may interact with two identical ribosomal
particles, yielding their dimer through the bridge of the antibody molecule. By observing dimers under an
electron microscope, one may identify sites on the surface responsible for the joining; these sites
correspond to the localization site of a given protein on the surface. In a number of cases, provided the
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resolution is sufficiently high, one can directly see the attachment of the Y -shaped antibody molecule to a
certain region on the ribosomal surface. Using this approach, it has been established that protein L7/L12
forms the lateral rodlike stalk of the 50S ribosomal subunit, protein L1 is located in another lateral
protuberance (side lobe) of the 50S subunit, and the 5S RNA-protein complex is detected in the central
protuberance, or head, of the 50S subunit (Fig. 8.4).

Great efforts have been made to localize al of the proteins of the E. coli 30S ribosomal subunit.
Despite the feasibility of obtaining specific antibodies against each of the 21 individual proteins, the task
was far from simple and the technique yielded many false localizations. It should be pointed out that this
method, which appears so direct and illustrative, may result in artifactual information due to the
insufficient purity of antibodies, the nonspecific binding of antibodies to certain regions of the ribosomal
surface, distortion of the specific position of the antibody molecule on the ribosome caused by the
orientation of the ribosomal particle on the substrate, etc. Nevertheless, some reliable results have been
obtained. They are schematically summarized in Fig. 8.5. Generaly, it was demonstrated that proteins S3,
S7, S10, S13, S14 and S19 are localized on the head of the 30S subunit. In more detail, proteins S13, S14
and S19 were detected at the top position of the head, whereas protein S3 and S7 were located below this
group of proteins, near the groove separating the head from the body, but on two opposite sides. Protein S5
was localized even lower, aso close to the groove but on the body of the subunit. Proteins S6 and S11
were localized on the other side of the 30S subunit, i.e., on its side bulge or platform. Protein S8, according
to the data provided by immuno-electron microscopy, is also located near the side bulge, somewhere
between the bulge and the body.

Figure 83. Three-dimensiona arrangement of proteins in the 30S ribosomal subunit of Escherichia coli, as
determined by neutron scattering technique.

A: Triangulation of some proteins present in the 30S ribosomal subunit, on the basis of neutron-scattering data (P.B.
Moore, JA. Langer, B.P. Schoenborn & D.M. Engelman, J. Mol. Biol. 112, 199-234, 1977; P.B. Moore, M. Capel, M.
Kjeldgaard & D.M. Engelman, in “ Structure, Function, and Genetics of Ribosomes’ , B. Hardesty & G. Kramer, eds.,
p.p. 87-100, Springer-Verlag, New York). Figures at the lines connecting the protein positions indicate the distances
measured between the protein mass centers, in angstroms (not all pair-wise distances are given).

B: Map of three-dimensional disposition of proteins in the 30S subunit deduced from the triangulation data (M.S.
Capel, D.M. Engelman, B.R. Freeborn, M. Kjeldgaard, JA. Langer, V. Ramakrishnan, D.G. Schindler, D.K.
Schneider, B.P. Schoenborn, 1.Y. Sillers, S. Yabuki & P.B. Moore, Science 238, 1403-1406, 1987). Proteins are
approximated by spheres whose volumes correspond to the volume occupied by the corresponding anhydrous protein.
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8.2.4. Exposure of Proteins on the Ribosome Surface

The accessibility of antigenic determinants of many ribosomal proteins to antibodies does not mean that all
the proteins are well exposed on the ribosome surface. An experimental approach to estimate the degree of
the surface exposure of different ribosomal proteins can be based on a technique of labelling just the
surface of a big molecular complex. Such a technique using thermally activated tritium atoms was
developed (Shishkov et al., 1976) and successfully applied for studies of the surfaces of multimeric protein
complexes, viruses, membranes and ribosomes. The principle of the technique is that high-energy tritium
atoms are produced by dissociation of tritium gas (3H2) on a heated tungsten wire, and the bombardment of
biological molecules by these atoms results in the replacement of surface hydrogens by tritium in covalent
bonds including C - H bonds. In this way only the surface of a molecule exposed to tritium atoms flow

Figure8.4. Electron micrographs of 50S ribosomal subunits reacted with antibodies.

A: Antibodies against protein L7/L12. (W.A.Strycharz, M. Nomura & J.A. Lake, J. Mol. Biol. 126, 123-140, 1978.
Original photo was kindly provided by JA. Lake).

B: Antibodies against protein L1. (E.R. Dabbs, R. Ehrlich, R. Hasenbank, B.H. Schroeter, M. Stoéffle—Meilicke & G.
Stoffler, J. Mol. Biol. 149, 553-578, 1981. Original photo was kindly provided by G. Stoffler).

C: Antibodies reacted with the 5S RNA-protein complex. The 50S particles are viewed from their convex (“back”)
side. (I.N. Shatsky, A.G. Evstafieva, T.F. Bystrova, A.A. Bogdanov & V.D. Vasiliev, FEBS Lett. 121, 97-100, 1980.
Original photo was kindly provided by V. D. Vasiliev.)
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becomes tritium-labelled.

The analysis of the surface of the E. coli ribosomes with the hot trituim bombardment technique
(Yusupov & Spirin, 1988) demonstrates that ribosomal proteins can be divided into three groups. well
exposed, fairly exposed, and buried or weekly exposed proteins. The best exposed proteins are S1, 4, S5,
S7, S18, S20 and S21 on the 30S subunit, and L7/L12, L9, L10, L11, L16, L17, L24, and L27 on the 50S
subunit (Fig. 8.6). The buried proteins are S8, S10, S12, S16, and S17 in the 30S subunit of the 70S
ribosome, and L14, L20, L29, L30, L31, L32, L33, and L34 in the 50S subunit. It is interesting that the
association of the two ribosomal subunits into the 70S ribosome does not lead to shielding any exposed
proteins, this strongly suggesting that the subunits associate only by their RNA surfaces. The topography
of ribosomal proteins of the 30S subunit with the exposure data taken into account is schematically given
inFig. 8.7.

Considering the protein clusters of the ribosomal particles, some information about orientation of a
cluster relative to the surface can be obtained. Below are the protein clusters of the 30S subunit (see the
previous Section 8.2) with the well exposed proteins written in bold and buried proteinsin italic:

$4-S5-S20-S12-S16 at the central part (“body”),
S18-S21-S6-S11-S15-8 - on the side bulge, and
S7-S9-S13-S19 and S3-S14-S10 on the head.

8.3. Topography of RNA

8.3.1. Assignment to Protein Topography

Data regarding protein topography and protein binding sites on the primary and secondary structure of
ribosomal RNA allow the approximate topography of the protein-binding regions of rRNA on the
ribosomal particle to be deduced. First of al, this information
helped to assign the rRNA domains to certain morphological
parts of ribosomal subunits.

Discussing general aspects of topography of the 165 RNA
main domains and their correspondence to the main
morphological lobes of the 30S ribosomal subunit, i.e. the body,
side bulge, and head, one can use available data about mapping
proteins on rRNA and on the 30S subunit. These data are as
follows. (1) Proteins $4, S16, S17, and S20 are bound to the 5'-
terminal domain, and at the same time are revealed on the body
of the 30S subunit. (2) Proteins S8, 515, S6, and S18 interact with
the middle domain of 16S RNA, and on the morphological image
of the 30S subunit they are located either directly on the side
bulge (platform) or on the line of contact between the side bulge
and the body. (3) A group of proteinsincluding S7, S9, S10, S13,
S14, and S19 is attached to 16S RNA in the region of its 3-
proximal major domain, and all these proteins are found in the
head of the 30S subunit (see Figs. 7.6 A and 8.5). It can be
deduced from this evidence that the three main structural

Contour of the 30S

Figure 8.5.
ribosomal subunit (according to M. Van
Hed & M. Stoffle—Meilicke, EMBO J.
4, 23892395, 1985) with positions of
some proteins localized by immuno-

electron microscopy (M. Stoffler—
Meilicke & G. Stoffler, in “The
Ribosome: Sructure, Function and
Evolution”, W.E. Hill, A. Dahlberg,
RA. Garrett, PB. Moore, D.
Schlessinger & J. Warner, eds., p.p.123—
133, ASM Press, Washington, DC,
1990). Crosslinkable proteins are

domains of 16S RNA generally correspond to the three main
morphologically visible lobes of the 30S ribosomal subunit.
Thus, the 5-terminal domain (l) forms the core of the subunit
body, the middle domain (I1) contributes to the formation of the
side bulge or platform, and the 3'-proxima domain (I11) fills the
head of the subunit. The extreme 3-termina region (minor
domain) of 16S RNA seems to protrude from the head base, or
“neck,” to the tip of the side bulge or platform, as evidenced by
the immuno-electron microscopy data on the mapping of the 3'-
end and 3'-terminal hairpin (see the next section).

For the large subunit of the E. coli ribosome it has been
inferred that domains | and |1l of the 23S rRNA occupy the
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lateral part of the subunit below the protein L1 site; domain |1 is located at the base of L7/L12 stalk; and
domains IV and V reside at the base of the centra protuberance (see the morphological model of the 50S
subunit in Fig. 5.8 C and the domain structure of the 23S rRNA in Fig. 6.5). Taking into account the
universal character of ribosome three-dimensional structure one can suggest that all these conclusions are
equally applicable to ribosomes from other sources.

More detailed assignments can be also made in some cases. For example, since protein S7 isknown
to bind to the region comprising the sequences 935-950, 1235-1255 and 1285-1380, the corresponding
cluster of five helices (internal helices 938-943/1340-1345 and 945-955/1225-1236, and hairpins 1241—
1296, 1303-1334 and 1350-1372 in Fig. 6.1) should be positioned in the head of the 30S subunit, near the
“neck”, on the side of the subunit bulge (see Figs. 5.5 and 8.5). According to the position of protein S8 that
is bound to hairpin 588651 (see Fig. 6.1), this helix is located on the border between the bulge and the
body, near to the central part of the 30S subunit (Fig. 8.5). At the same time, the end of hairpin 673—-717 on
the same central rRNA domain (see Fig. 6.1) known to bind protein S11 should be placed at the upper part
of the side bulge of the subunit (Fig. 8.5). A characteristic multi-hairpin node 400-550 (see Fig. 6.1) that is
involved in protein $4 binding has to be positioned on the extremity of the opposite side of the 30S subunit
(Fig. 8.5).

8.3.2. Immuno—-Electron Microscopy

By using either antibodies against naturally modified (minor) bases of rRNA, or against haptens, such as
dinitrophenyl or carbohydrate groups, artificially linked to selected sites of rRNA, one may employ
immuno—electron microscopy to study the topography of rRNA on the surface of the ribosomal particles.
In the later case, the approach consists of the chemical modification of a selected nucleotide residue in
rRNA with a hapten, the reconstitution of ribosomal subunits from the modified rRNA and total ribosomal
protein, and the localization of the modified site of rRNA by electron microscopy with the use of hapten-
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Figure 8.6. Two-dimensional electrophoresis map of the ribosomal proteins exposed on the surface of the E. coli
ribosome, as compared with the full set of the ribosomal proteins. (D.E. Agafonov, V.A. Kolb & A.S.Spirin, Proc.
Natl. Acad. Sci. USA 94, 12892-12897, 1997).

A: Full set of the 70S ribosome proteins separated by two-dimensional gel electrophoresis: Coomassie-stained gel.

B: The proteins exposed to the tritium bombardment of the 70S ribosome surface: fluorogram of the 3H labeled
proteins on the same gel.
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Figure 8.7. Modified model of the three-dimensiona
arrangement of the 30S ribosomal subunit proteins by P.B.
Moore et al. (see Fig. 8.3 B) demonstrating the proteins well
exposed on the surface (black spheres), moderately exposed

(dark shaded spheres) and non-exposed (light shaded spheres), as

determined by hot tritium bombardment technique (see the text
and Fig. 8.6). The model is fitted into the electron microscopic
contour of the subunit (see Fig. 85). (A.S. Spirin, D.E.
Agafonov, V.A. Kolb & A. Kommer, Biochemistry (Moscow)
61, 1366-1368, 1996).

specific antibodies (Fig. 8.8).

First of al, this approach provided
the successful localization of rRNA termini
that are easily labeled selectively by hapten
groups. The positions of the 3- and 5'-
terminal nucleotides of E. coli 16S rRNA
on the 30S subunit, the 3'-terminal
nuclectide of E. coli 5S rRNA and the 3-
terminal nucleotide of 23S rRNA on the
50S subunit have been determined (Fig.
8.9). As seen, the 3'-end of the 165 RNA on
the E. coli 30S ribosomal subunit is mapped
in the region of the tip of the side bulge
(platform), or somewhere between the
bulge and the head. The 5—end of the 16S
RNA is localized on the body of the 30S
subunit on the side opposite the side bulge.
The 23S RNA 3'-end on the surface of the
E. coli 50S subunit is mapped in the region
of the L7/L12 stalk base, on the external
side (the side turned away from the 30S
subunit). The 3-end of the 5S RNA is
detected on the head or central protuberance
of the 50S subunit; this defines the
localization of the entire 5S RNA—protein
complex including proteins L5, L18, and
L25.

In addition, the position of
nuclectide U40 of the 5S rRNA has been
located on the central protuberance (head)
of the 50S subunit (Evstafieva et al., 1985).
In the case of the U40 residue of the 5S

rRNA, the hapten was attached to the 3'-end of the 5S
rRNA fragment U1-U40, the modified fragment was
associated with the 5S rRNA fragment G41-U120 to
form the modified 5S rRNA molecule that was
subsequently incorporated into the 50S subunit.

With antibodies against naturally modified rRNA
bases, the locations of two neighboring N NE-
dimethyladenosines (positions 1518 and 1519), N'-
methylguanosine (position 527) and the cyclobutane
dimer of 5'-anticodone base of tRNA with C1400 of 16S
rRNA (that formed under UV-irradiation of the 30S
subunit complex with tRNA,V@ at P site) in the E. coli
30S subunit have been determined (Fig. 8.10). They all
are found to be localized in the groove separating the
head and the body, i.e., inthe “neck”, of the 30S subunit,
m®,A1518-1519 being at the bulge side (near the 3-

Figure 8.8.  Electron micrograph of a pair of the
30S ribosomal subunits with an antibody molecule
connecting the hapten-modified 3-ends of their
16S RNAs. (I.N. Shatsky, L.V. Mochalova, M.S.
Kojouharova, A.A. Bogdanov & V.D. Vasiliev, J.
Mol. Biol. 133, 501-515, 1979. The original photo
isprovided by V. D. Vasiliev).
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Figure 8.9. Photographs of ribosomal subunit models
illustrating the localization of 3'- and 5'-ends of ribosomal RNAs.
(3-end of 16S RNA: I. N. Shatsky, L. V. Mochalova, M. S.
Kojouharova, A. A. Bogdanov & V. D. Vasiliev, J. Mal. Biol.
133: 501-515, 1979; H. M. Olson & D. G. Glitz, Proc. Natl.
Acad. Sci. USA 76: 3769-3773, 1979. 5'-end of 16SRNA: L. V.
Mochalova, I. N. Shatsky, A. A. Bogdanov & V. D. Vasiliev, J.
Mol. Biol. 159: 637—650, 1982. 3-end of 23S RNA: I. N.
Shatsky, A. G. Evstafieva, T. F. Bystrova, A. A. Bogdanov & V.
D. Vasiliev, FEBS Lett. 122: 252-255, 1980. 3-end of 5S RNA:
I. N. Shatsky, A. G. Evstafieva, T. F. Bystrova, A. A. Bogdanov
& V.D. Vasiliev, FEBS Lett. 121: 97-100, 1980).

A: Two projections of the 30S ribosomal subunit model with
marked 3'-end (asterisk) and 5'-end (circle) of the 16S RNA.

B: Two projections of the 50S subunit model with marked 3'-end
of 5S RNA (circle) and 3'-end of 23S RNA (asterisk).

(Courtesy of V. D. Vasiliev).

Figure 810. Location of some modified
nucleosides of 16S rRNA on the surface of the
30S subunit as determined by immune electron
microscopy. (m62A1518—1519: S. M. Palitz &
D. G. Glitz, Proc. Natl. Acad. Sci. USA 74:
1468-1472, 1977. m’G527: M. R. Trempe, K.
Ohgi & D. G. Glitz, J. Biol. Chem. 257: 9822—
9829, 1982. C1400: P. Gornicki, K. Nurse, W.
Hellmann, M. Boublik & J. Ofengand, J. Biol.
Chem. 259: 10493-10498, 1984). Compiled on
the basis of the 30S subunit model proposed by
V. D. Vasiliev. (Courtesy of V. D. Vasiliev).

8.4.

Determination of the precise mutua
arrangement of all the structural elements of
each ribosomal subunit, including proteins
and their groups, the compact domains of
rRNA, individual rRNA helices, etc,,
depends on the progress in crystallographic
studies of the particles. It is encouraging
that the ribosomes and their isolated
subunits can be crystallized and the crystals

Quaternary Structure

diffract well. Now the crystallographic studies of bacterial ribosomal particles are being done in several

groups.

Meantime, several preliminary models of the quaternary structure of ribosomal particles, and
specifically the small (30S) subunit, have been proposed on the basis of humerous indirect data, such as
protein and rRNA topography, chemical cross-linking, foot-printing, neutron scattering, stereochemical
analyses, etc., fitted to electron microscopy models (see, e.g., Spirin et al., 1979; Schueler & Brimacombe,
1988; Mueller & Brimacombe, 1997). The most recent 30S subunit model is based on the three-
dimensiona folding pattern of the 16S rRNA in situ, as deduced mainly from fitting individual elements of
the well-known secondary structure of the rRNA to the fine structural elements of the 20 A cryo-electron
microscopy contours (see Fig. 6.11); the model is the combination of the proposed 16S rRNA folding with
the protein map and the protein-RNA cross-linking and foot-printing data.
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Chapter 9

FUNCTIONAL ACTIVITIES AND
FUNCTIONAL SITES OF THE RIBOSOME

9.1. Working Cycle of the Ribosome

At any given timein the course of polypeptide elongation, the ribosome is attached to the coding region of
MRNA and retains the molecule of the peptidyl-tRNA (Fig. 9.1). The peptidyl-tRNA is a nascent peptide
chain bound through its C-terminus to the tRNA which has donated the last amino acid residue to the
peptide. Such aribosome can bind or may become capable of binding the aminoacyl-tRNA determined by
the next MRNA codon (Fig. 9.1 I). The binding of the aminoacyl-tRNA results in the retained peptidyl-
tRNA and the newly bound aminoacyl-tRNA being present on the ribosome simultaneously. Their side-
by-side location and the catalytic activity of the ribosome are prerequisites of the transpeptidation
reaction: the C-terminus of the peptidyl residue is transferred from the tRNA (to which it had previously

tRNA Aa-tRNA : EF1A : GTP

EF2, GDP

Figure9.1. Elongation cycle of the trandating ribosome.
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been bound) to the amino group of the aminoacyl-tRNA (Fig. 9.1 11). As aresult, the formation of a new
peptidyl-tRNA with the peptide elongated by one amino acid residue at the C-end takes place; the other
product of the transpeptidation reaction is the deacylated tRNA. In order to make the ribosome competent
to bind the next aminoacyl-tRNA, the intraribosomal ligands (tRNAs and mRNA) must be displaced,
resulting in the vacation of a place for the aminoacyl-tRNA and in the positioning of the next mMRNA
codon (Fig. 9.1 111); this step is called trandlocation.

Thus, the working cycle of the ribosome in the course of elongation consists of three principal
steps: codon-dependent binding of aminoacyl-tRNA (step 1), transpeptidation (step 1), and translocation
(step I11). The binding of aminoacyl-tRNA requires the presence of a special protein caled elongation
factor 1 (EF1); it isaso called EF-Tu in the case of Prokaryotes, and eEF1 in the case of Eukaryotes. The
binding is accompanied by the hydrolysis of a GTP molecule. Transpeptidation is catalyzed by the
ribosome itself. Translocation requires another protein, elongation factor 2 (EF2), or EF-G in Prokaryotes
and eEF2 in Eukaryotes, and is also accompanied by GTP hydrolysis.

The central chemical reaction of the elongation cycle is transpeptidation where two substrates,
Aminoacyl-tRNA and Peptidyl-tRNA, participate:

Pept(n)-tRNA' + Aa-tRNA"—> Pept(n+1)-tRNA" + tRNA'".
Correspondingly, the binding sites of these two substrates on the ribosome have been designated as A and
P sites. Hence, the strict operational definition of A and P sites is that they are the sites occupied by the
substrates reacting with each other in the ribosome-catalyzed transpeptidation reaction.

According to the classical two-site model (Watson, 1964; Lipmann, 1969), at stage | the aminoacyl-
tRNA in the complex with EF1 (EF-Tu or eEF1) and GTP enters the ribosome and binds to the vacant
template codon located therein. At this time the peptidyl-tRNA is in the P site. The binding of the
aminoacyl-tRNA ends in GTP hydrolysis on the ribosome and the release of the EF1:GDP complex and
orthophosphate into solution. At stage Il the newly entered aminoacyl-tRNA located in the A site reacts
with the peptidyl-tRNA in the P site; this results in the peptide C-terminus being transferred to the
aminoacyl-tRNA. Now, the elongated peptidyl-tRNA (itstRNA residue) is occupying the A site while the
deacylated tRNA formed in the reaction is located in the P site. At stage 111 the ribosome interacts with
EF2 (EF-G or eEF2) and GTP, and this catalyzes the displacement of the peptidyl-tRNA (its tRNA
residue) along with the template codon from the A site to the P site, as well as the release of the deacylated
tRNA from the P site. During these events GTP undergoes hydrolysis, and then EF2, GDP and
orthophosphate are released from the ribosome. This again leads to the situation whereby the peptidyl-
tRNA islocated in the P site while the next template codon is located in the A site; thus the A siteis ready
to accept the next aminoacyl-tRNA molecule. Translation of the whole coding sequence of the template
polynucleotide and corresponding polypeptide elongation on the ribosome are achieved by the repetition
of the cycles. It should be pointed out that both the initiation and termination of trandation are simply
modifications of the ribosomal working elongation cycle outlined above (see Chapters 14 and 15).

The scheme sketched above describes only the most principal stages of the elongation cycle and
omits many intermediate states. In particular, the problem of the “entry site” where aminoacyl-tRNA may
be transiently present prior to the ultimate settling in the A site, and that of the “exit site” which may
temporarily accomodate deacylated tRNA after its translocation from the P site, as well as intermediate
states of translocation, are not outlined here and will be considered below (Section 9.5.3. and 9.5.4,
respectively) and in Chapters 10 and 12.

In any case, an analysis of the ribosomal working cycle demonstrates that the ribosome performs a
number of functionsin the course of tranglation, such as: (1) binding and retention of MRNA, (2) retention
of peptidyl-tRNA, (3) binding of aminoacyl-tRNA, (4) binding of trandation protein factors, (5)
participation in the catalytic hydrolysis of GTP, (6) catalysis of transpeptidation, (7) the complex of
intraribosomal displacements referred to as trandocation. Different parts of the ribosome are responsible
for performing these various functions. On the whole, the ribosome embodies the duaistic nature of
trangation: it is a decoding machine operating with a genetic message, and at the same timeit isan enzyme
synthesising a polypeptide chain. It is remarkable that the dualistic principle is reflected in the two-subunit
construction of the ribosome and the partial functions of the subunits: whereas just the small subunit is
involved in the genetic message binding and decoding, the large subunit is entirely responsible for the
peptide-synthesising activity.
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9.2. Methodological Approachesto Localization of Ribosomal
Functional Sites

Numerous approaches have been applied to ascertain ribosomal proteins and rRNA regions that take part
in the formation of ribosome functional centers. Among them, site-specific chemical modifications and
site-directed mutagenesis were thoroughly explored to selectively inactivate a function under
investigation. Also localization of natural mutations leading to resistance against specific inhibitors of
ribosomal functions was successfully used.

A powerful approach to identifying proteins and rRNA regions forming ribosomal functiona sites
makes use of affinity labelling. With this technique a chemically active or photoactivable group is
introduced into a corresponding ligand (e.g., mRNA, tRNA, trandation factor, guanylic nucleotide,
antibiotic) that specifically binds with the ribosome. This group attacks the ribosomal components located
nearby and becomes crosslinked with them. Proteins and rRNA regions crosslinked with the ligand may
then be identified. Furthermore, in some cases it has become possible to achieve hotoactivation of
nonmodified synthetic and natural ligands (e.g., oligo- and polynucleotides) in order to produce their
crosslinking with the nearest neighbors in the ribosome. It is clear, however, that this approach does not
allow the components directly forming the mRNA-binding site and the components located nearby to be
distinguished.

Further development of this approach, specifically for identification components of RNA-binding
centers of the ribosome, is the “ site-directed cross-linking” technique. It is based on incorporation into
MRNA or tRNA molecules of photoreactive nucleoside derivatives that can form the so-called “zero-
length” cross-links. 4-Thiouridine (4-thioU) and 6-thioguanosine (6-thioG) derivatives are the most
broadly used in these studies. They are very close ana ogues of “normal” nucleosides, and the occurrence
of single 4-thioU or 6-thioG residues in an RNA molecule does not change its spatia structure. To form
the RNA-RNA cross-link a photoreactive base has to be partially stacked with another RNA base. Thus,
this approach allows to identify direct contacts between nucleotides of rRNA and RNA ligands (MRNA or
tRNA).

Another powerful methodological approach to localization of ligand binding sites on the ribosomal
particles, and specifically on ribosomal RNA, isthe “foot-printing” technique. It is based on the fact that a
ligand may protect the nucleotide residues with which it interacts from chemical modifications. Noller et
al. (1990) used a set of chemical probes, such as kethoxal, dimethyl sulfate, carbidiimide, for modification
of accessible basesin ribosomal RNA or ribosomal particles. After the treatment with the probes, the RNA
was used as a template for the extension of synthetic primer deoxyoligonucleotides by reverse
transcriptase. The enzyme stops at the sites of modification causing the premature termination. The
products of the reverse transcriptase reaction are analysed by electrophoresis on DNA sequencing gels.
Hence, the protection of abase from chemical modification due to interaction with aligand isvisualized as
the absence of a corresponding band on the gels.

9.3. Binding, Retention and Sliding of the Message
(mMRNA-Binding Site on the Small Subunit)

The ribosome has an intrinsic affinity to template polynucleotides. It has long been known that vacant
ribosomes effectively bind polyuridylic acid. It islikely that the absence of a stable secondary and tertiary
structure in poly(U) is an important factor contributing to its effective binding with the ribosomes. In the
case of mRNA from natural sources, there are definite preferential sites on the polynucleotide for binding
vacant ribosomes. In any case, stable double helices of RNA seem to be unable to serve as binding sites for
vacant ribosomes.

At the same time, in the course of trandation (elongation) the ribosome passes along the entire
coding sequence of mRNA and thus can transiently hold the template at any region of the sequence. The
ribosome unfolds the translated template polynucleotide in such away that the template section hold on the
ribosome is devoid of its original secondary and tertiary structure. Codon-anticodon interactions with
tRNA undoubtedly contribute to a retention of mMRNA on the translating ribosome.

A trandating ribosome bound to the template polynucleotide protects a rather long nucleotide
sequence from external nucleases and chemical modifications. Early experiments with poly(U) have
demonstrated that the ribosome covers the 25-residue-long section, making it inaccessible to pancreatic
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ribonuclease (Takanami & Zubay, 1964). More recently the ribosome with natural mMRNA has been shown
to protect against nucleases or chemical modifications an mRNA region of 40 to 60 nucleotide residues
long (Steitz, 1969; Huettenhofer & Noller, 1994) (Fig. 9.2 A). Within the 60-nucleotide region the 5'-
proximal part of about 10 to 20 nucleotides long may be less strongly protected. These results suggest that
the mRNA-binding site of the ribosome is of a considerable size and apparently extends for more than 100
A.

The first problem regarding the localization of the functional sites of the ribosome has to do with
whether they are assigned to one of the two ribosomal subunits, or to both subunits together. In the
simplest case the experimental solution of this problem is as follows. Ribosomes are dissociated to yield
large and small subunits, the subunits are separated, and the tested ligand is added to each of them (in the
presence of a sufficient concentration of magnesium ions, which is required to observe any binding to the
ribosome). It has been demonstrated in this type of experiment that the isolated bacterial 30S subunit binds
the template polynuclectide whereas the 50S subunit does not (Takanami & Nakamoto, 1963). On the
basis of thisresult, it is generally accepted that the mRNA-binding site of the ribosome is located only on
the small (30S or 40S) subunit.

The isolated small ribosomal subunit protects an mRNA region of principally the same length as
does the full ribosome, provided a tRNA is aso bound with the subunit (Fig. 9.2 B). In the absence of
tRNA, however, the 30S subunit protects about 40 nucleotides: the 3'-section of about dozen nucleotides
long becomes less protected or unprotected (Fig. 9.2 C).

Several approaches have been used for identifying the ribosomal proteins and the ribosomal RNA
regions that take part in the organization of the mRNA-binding site of the 30S ribosomal subunit. The
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Figure9.2. Protection of mMRNA by the bacterial ribosome.

A: Nucleotide residues protected by the 70S ribosome or the 30S ribosomal subunit with initiator tRNAfMet against
chemical modifications and enzymatic attack (similar results have been obtained for the 30S ribosomal subunit with
tRNAPhe). A weaker protection of the 5'-portion of the protected region is shown by dotted underlining.

B: Schematic representation of the protection of the ribosome-binding site of MRNA by the 30S ribosomal subunit in
the presence of codon-interacting tRNA (the initiator tRNAfMet interacting with initiation AUG codon is shown).

C: Schematic representation of the protection of the ribosome-binding site of mRNA by the 30S ribosomal subunit in
the absence of tRNA.

(Reproduced, with modifications, from A. Httenhofer & H.F. Noller, EMBO J. 13, 3892-3901, 1994, with
permission).
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considerable length of the MRNA-binding site suggests a multicenter binding of MRNA to the particle, i.e.
the participation of severa binding points of the ribosome surface. The position of two mRNA codons
interacting with anticodons of both substrate tRNAsS, i.e., the decoding center of the small subunit, is of
especial interest.

Of the proteins either belonging to the mRNA-binding site of the 30S ribosomal subunit or located
nearby, proteins S1, S3, and S5 can be most reliably identified in this way, although at least a dozen other
30S ribosomal proteins have also been reported. On the basis of evidence for the interdomain or interlobe
position of proteins S3 and S5 (see Chapters 7 and 8), one may suggest that the mRNA-binding site is
located in the region of the grooves dividing the head, the body, and the side bulge of the 30S ribosomal
subunit. Protein S1 also appears to occupy an interlobe position being localized rather on the external
surface of the small subunit, in the region of the “neck”. Itsintrinsic capacity for forming complexes with
polynucleotides has been detected. The binding of isolated protein S1 with RNA results in the loosening or
unfolding of the RNA secondary structure. Taking into account that protein S1 neighbors mRNA on the
ribosome, one may assume that it directly participates in the formation of the mRNA-binding site. Protein
S7 located on the 30S subunit head, near the “neck”, but on the side opposite to that with protein S3 (see
Figs. 8.3, 8.5 and 8.7), is also sometimes mentioned among components adjacent to the mRNA-binding
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Figure 9.3.  16S rRNA regions involved in organization of the decoding center of the E. coli ribosome. Cross-
linking sites are shown by arrows. Nucleotides indicated by bold letters are highly conserved in evolution. Footprint
sites from P-site-bound tRNA are indicated by filled circles, and those from A-site-bound tRNA by filled triangles.
SD-antiSD complementary interactions are shown by dash lines. (Based on the data summarized in F. Mueller & R.
Brimacombe, J. Mol. Biol. 271: 566-587, 1997).
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Asto the participation of rRNA in the formation of the mMRNA-binding site, on the basis of all data
available one can define five groups of 16S rRNA regions and individua nucleotide residues that play a
key role in the organization of this functional site (Fig. 9.3):

(1) The polypyrimidine 3-terminal region (positions 1535-1541) that has been proved to
participate in the formation of complementary complex with mRNA polypurine sequence (Shine-
Dalgarno, or SD sequence) located upstream of the initiator codon at the distance of 5 to 12 nuclectide
residues (see Section 15.2.2). This 3'-terminal sequence of the 16S rRNA is sometimes called “anti-SD
sequence’. (The anti-SD positions of the 16S rRNA are connected with the SD sequence of mRNA by
dash linesin Fig. 9.3).

(2) The 16S rRNA regions that interact with the spacer between the initiation codon and the SD
sequence of MRNA. They include the 16S rRNA region just adjacent to the anti-SD-region (particularly
G1529), the nucleotide A665 and the nucleotide A1360 (they are indicated by long arrowsin Fig. 9.3). The
nuclectide A665, located at the protein S15 binding site, interacts with an mRNA spacer sequence only at
the first stage of initiation of trandation, and its contact with mRNA disappears when the initiator tRNA
binds to the P site (see Section 15.2.2). On the contrary, the nucleotide A1360 is in a contact with an
MRNA spacer region only when the initiator tRNA occupies the P site. It islocalized at the binding site of
protein S7 that may also participate in the organization of the decoding center.

(3) The regions interacting with a codon-anticodon duplex at the P site (including positions +1 - +3
of mRNA). This can be considered as the P-site part of the decoding center of the mMRNA-binding site. The
16S rRNA nucleotide residues that are crucia for these interactions are highly conservative. They are
located in the neighborhood of the nucleotide C1400, and the P-site-bound tRNA protects them from
chemical modifications (seefilled circlesin Fig. 9.3). The nucleotide C1400 can form a short-range cross-
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Figure 9.4. Localization of the mRNA-binding site of the ribosome in the “neck” region of the small ribosomal
subunit by immuno-electron microscopy technique.

A: Electron microscopy photographs of the complexes of the 70S ribosomes associated with hapten-linked poly(U)
with hapten-specific antibodies.

Upper row: ribosomes connected by the antibody molecules into dimers.

Middle row: single ribosomes interacting with the antibody molecules.

Lower row: ribosome model with arrow-heads indicating the antibody binding sites on the 70S ribosome in two
projections.

(A.G. Evstafieva, |.N. Shatsky, A.A. Bogdanov, Y.P. Semenkov & V.D. Vasiliev, EMBO J. 2, 799-804, 1983.
Original photos are kindly provided by V.D. Vasiliev).

B: Schematic contour drawing of the 30S ribosomal subunit with mMRNA-binding (decoding) site in the “neck” region.
Positions of several ribosomal proteins are indicated by dotted circles.
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link with the wobble base of the P-site-bound tRNA (Prince et al., 1982). A number of mutations that
strongly affect the ribosome activity have been produced in the region around the nuclectide C1400. As
seen in Fig. 8.10, this region is mapped in the groove separating the 30S head from its body, on the side
opposite to the bulge (platform). In addition to the footprints around C1400, the helices 938-943/1340—
1345 and 923-933/1384-1393, that are known to reside in the 30S subunit head, are also found in the
neighborhood of the P-site-bound codon-anticodon duplex, as indicated by the footprints at positions
1338-1339 and by the cross-link of G925 with the P-site-bound initiation codon AUG (Fig. 9.3).

(4) The regionsinteracting with the mRNA codon located at the A site. Thisisthe A-site part of the
decoding center of the mRNA-binding site. As shown with the use of the site-directed cross-linking
technique, the 5' nucleotide (position +4) of the A-site-bound codon of MRNA isin direct contact with the
nuclectide C1402, while the 3' nucleotide (position +6) of this codon contacts U1052. These nuclectide
residues are highly conserved. Their functional importance is confirmed by genetic datac mutations at
position 1402 are lethal for bacteria cells, and the nucleotide 1052 is near the positions of well
characterized mutations that affect A-site-related activities of the ribosome. The nucleotide next to the A-
site-bound codon (position +7) isin direct contact with the nucleotide C1395 of the 16SrRNA. Deletion of
its neighbor, the nucleotide A 1394, abolishes the binding of tRNA to the ribosomal A site. It is noteworthy
that the A-site-bound section of mRNA isin contact with the nucleotides 1402 and 1052 only when the P
site is occupied with tRNA and the A site is free. After binding of tRNA to the A site these contacts
disappear. On the whole, the base of the minor 3'-terminal domain of the 16S rRNA, precisely the
imperfect double-helical region 1398-1410/1490-1505 (see Figs. 6.1 and 9.3), is often considered as the
decoding center of rRNA proper, including both its A-site and P-site parts, i.e., the rRNA region mainly
responsible for the retention of the two codon-anticodon duplexes.

(5) The 16S rRNA regions interacting with mRNA positions downstream of the codon-anticodon
duplexes (positions +8 - +12 of mMRNA). These interactions seem to be important to fix mMRNA in a correct
way at the P and A sites. Thefirst region from this group is near the nucleotide A1196 that can cross-link
to positions +8 and +9 in mRNA (Fig. 9.3 long arrow up). The second region from this group is the co-
called loop 530. Here the highly conserved nucleotides G530 and A532 are in direct contact with mRNA
positions +11 and +12 (Fig. 9.3 two paraléel long arrows down). The loop 530 has a unique spatial
structure organized with two pseudoknots (see Fig. 6.1). Any disarrangement of the pseudoknots leads to
decreasing of fidelity of translation. Some mutations in this region are lethal for the cell.

It has to emphasize that all contacts of mMRNA and 16S rRNA described in this section are universal
and do not depend on MRNA sequence. At the same time, their formation and dissociation depend on
binding of tRNA to the decoding center of the ribosome.

Thus, several highly conserved regions of the 16S rRNA universal core (scattered in rRNA primary
and secondary structure but apparently clustered in its tertiary structure) form multipoint contacts with
MmRNA (and tRNAs) providing a
specific fixation of the ribosome ligands
in the decoding center. A less specific
retention of a polynuclectide along an
extended path of mMRNA on the small
ribosomal subunit should not be
neglected either.

In order to locate the mMRNA-
binding site on the morphologically
visible surfaces of the ribosome, the
immuno-€electron microscopy studies of
30S subunits and 70S ribosomes bound
with short poly(U) carrying a covaently
linked hapten on either the 3' or 5-end
have been performed (Fig. 9.4). Using
this approach the template
polynuclectide ends have been detected
in the region of the groove (*“neck”)
separating the head and the body of 30S  Figure 9.5.  Scheme of the possible trajectory of mRNA chain
subunit, mainly on its external (facing  passage through the ribosome.
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from the 50S subunit) side and near the side bulge (platform).

Taking all the evidence into consideration, it appears that the mRNA chain binds to and passes
along the 30S subunit somewhere on the boundary between its |obes or between the 16S RNA domains. It
is likely that the binding site is located in the region of the groove that separates the head from the side
bulge and the head from the body (the “neck” region). The extended mRNA-binding region seems to
contain many 16S RNA elements (including the 3'-terminal sequence and the minor 3'-terminal domain,
helices at the base of the major 3' domain together with peripheral helices of the central domain, an internal
helix of the major 3' domain, the last hairpin, or “loop 530" of the 5' domain) and severa ribosomal
proteins (such as S1, S3 and S5, and possibly S7). The decoding center retaining the codon section of
MRNA seemsto be located precisely at the thin “neck” of the small subunit.

On the basis of general considerations it may be assumed that the association of the template
polynucleotide with the ribosome permits a slippage of the polynucleotide chain along the mRNA-binding
site. This is an obvious regquirement for the sequential reading of the mRNA chain in the course of
trandlation. The experiments have demonstrated that the ribosome protects 55 to 60 nucleotide section of
mRNA from the attack by hydroxy! radicals (generated by Fe**-EDTA); since the hydroxy! radicals attack
mainly the sugar-phosphate backbone of RNA, the conclusion can be made that the ribosome interacts
with mRNA along its sugar-phosphate backbone (Huettenhofer & Noller, 1994). This conclusion is quite
consistent with the idea of the slippage of MRNA through the mRNA-binding site. The proposed position
of tRNA residues on the ribosome (see below) and the possible trajectories of their displacements during
translocation (see Section 12.5.1) suggest that the mRNA dlips along the “neck” of the 30S subunit, more
or less from outside and the L7/L12 stalk side of the ribosome to the subunit interface and the L1
protuberance side, as shown in Fig. 9.5.

9.4. Catalysis of the Peptide Bond Formation
(Peptidyl Transferase on the Large Subunit)

Peptidyl transferase activity isthe main, and seemingly the only catalytic function of the ribosome itself. It
is responsible for the formation of peptide bonds during polypeptide elongation. In the trandating
ribosome, transpeptidation proceeds between the peptidyl-tRNA and the aminoacyl-tRNA. In this reaction
the peptidyl-tRNA serves as a donor substrate, and the aminoacyl-tRNA as an acceptor substrate (see
Chapter 11, Fig. 11.1):
Pept(n)-tRNA" + Aa-tRNA"—tRNA' + Pept(n+1)-tRNA".

However, the ribosome catalyzes transpeptidation not only between these natural substrates. The
antibiotic puromycin is an excellent low-molecul ar-mass acceptor substrate in the reaction (Nathans, 1964;
Traut & Monro, 1964). By its chemical nature, it is an analog of the aminoacylated 3'-terminal adenosine
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Figure9.6. Puromycin (left) as an analog of aminoscylated 3'-terminal adenisine of aminoacyl-tRNA (right).
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of the aminoacyl-tRNA molecule (Fig. 9.6); dimethylated aminogroup at position 6 of the adenine residue,
methylated hydroxy! of the tyrosine residue, and the amide bond between ribose and the aminoacyl residue
instead of the ester bond are its characteristic features. The addition of puromycin to the trandating
ribosomes results in a reaction between the antibiotic as an acceptor substrate and peptidyl-tRNA as a
donor substrate in the peptidyl transferase center of the ribosome:

Pept-tRNA + PM—>tRNA + Pept-PM.

In this way the peptide becomes transferred not to the aminoacyl-tRNA, but to a low-molecular-
mass compound which is not retained in the ribosome; as a result, the peptidyl puromycin is released from
the ribosome. Thus puromycin leads to the abortion of the growing peptide.

The use of puromycin has played an important part in studies on the ribosomal peptidyl transferase
center (PTC). Its use has made possible the identification of the ribosomal subunit that bears PTC. The
isolated large subunit can retain peptidyl-tRNA, as well as show some labile interaction with the 3'-
terminal fragments of the N-blocked aminoacyl-tRNA, which serve as donor substrates. The peptidyl
transferase reaction occurs when puromycin is added to the large subunits carrying peptidyl-tRNA or its
analogs. Hence, it can be concluded that PTC is located entirely on the 50S subunit or the 60S subunit
(Monro, 1967). The small (30S or 40S) ribosomal subunit does not contribute to the catalysis of the
reaction at all.

Since two substrates, donor and acceptor, participate in the transpeptidation reaction, two substrate-
binding sites should exist within PTC. Further they will bereferred to asd and a sites of PTC, respectively.
The simplest substrate for the acceptor-binding site (a site) of PTC is an aminoacylated adenosine, e.g., A-
Phe, A-Tyr, A-Lys, A-Met, A-Ala; puromycin is an analog of such a substrate. The effective substrate for
the donor-binding site (d site) of PTC is N-blocked aminoacylated trinucleotide, such as CpCpA-(Ac-Aa)
and CpCpA-(F-Aa). If aminoacyl nucleotides, e.g., CpCpA-(F-Met) and A-Phe, are added to the isolated
50S ribosomal subunit, the particle will work as a normal enzyme catalysing transpeptidation between the
low-molecular mass substrates:

CpCpA-(F-Met) + A-Phe—>CpCpA | + A-(F-Met-Phe).

Neither product is retained by the 50S subunit, and both of them are immediately released into
solution, again being typical of norma enzymatic reaction. During transpeptidation as a step of the
elongation cycle PTC binds the 3'-terminal adenosine with aminoacy! residue of the A site-bound tRNA at
the a site, and the 3'-terminal CCA sequence with aminoacyl residue and its peptide group of the P site-
bound tRNA at the d site. In this case, however, the products of the reaction cannot be released into
solutuon, but retained by the ribosome.

Naturally, there have been many attempts at isolating the “enzyme” from the 50S or 60S subunit,
i.e. at finding the ribosomal protein responsible for catalyzing transpeptidation. However, none of these
attempts have proved to be successful; the isolated proteins have not showed the presence of such activity.
It was concluded that the “enzyme” may consists of several proteinstightly integrated in the 50S ribosomal
subunit and that it undergoes disruption in the course of protein isolation.

Various analogs of peptidyl-tRNA and aminoacyl-tRNA which carry a chemically active or
photoactivable group on the aminoacyl residue at the 3'-end of tRNA have been used as affinity labels for
identifying proteins located in the region of PTC (see, e.g., Barta et al., 1990; Cooperman et al., 1990;
Wower et al., 1989). Most intense crosslinks have been observed in such experiments with protein L27
and, to alesser extent, L2 and L16; proteinsL6, L11, L14, L15, L18, L23 and L33 have a so been reported
as crossinkable neighbors of the substrates of PTC. In experiments on the partial disassembly and
reconstitution of 50S ribosomal subunits, proteins L2, L3, L4, L6, L11, L15 and L 16 have been found to
be essential for peptidyl transferase activity. However, none of the proteins listed has proven to be
indispensible for the activity.

At the same time, experiments on the affinity labeling of PTC by active aminoacyl-tRNA or
peptidyl-tRNA analogs repeatedly demonstrated that although proteins were frequently found as
crosslinkable neighbors of these analogs, the ribosomal 23S RNA was still the preferred target. Most of the
crosslinks were concentrated in domain V of the 23S RNA (see Fig. 6.5 B), that forms the upper part (the
“neck” surroundings, see Figs. 5.8 and 5.9) of the 50S subunit body. Crosslinking of the photoactivated
label-carrying acceptor end of tRNA with position 2584 of the bacterial 23S RNA, as well as nucleotide
replacements at positions equivalent to 2447-2504 in the 23S RNA accompanying the mutations of PTC,
suggested that PTC is located in the region of the evolutionarily conservative sequence 2450-2600 of
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domain V.

The use of the foot-printing technique to determine the residues protected by acceptor ends of the
two substrate tRNAs (Noller et al., 1990) has demonstrated that the protection sites are mainly within the
same sequence, specifically A2439, A2451, U2506, G2553, Y 2555, U2584, U2585, A2602, U2609 and
some others. A classical inhibitor of the bacterial PTC on the ribosome, chloramphenicol, protects
positions A2059, A2062, A2451, and G2505, located nearby or in the same region. This region, called
“PTCring” (Fig. 9.7), isthe junction of five helices. It is interesting that this region is especially enriched
with modified nucleotide residues.

ThetRNA protection sites are found both in the PTC ring itself and in the hairpins connected by the
ring. Comparison of the positions protected by A-site and P-site-bound tRNAs, as well as cross-linking
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Figure 9.7.  Peptidyl transferase region (“PTC ring” and adjacent hairpins) of domain V of the E. coli 23S rRNA
(see also Fig. 6.5). Nucleotides indicated by bold letters reflect 100% conservation in evolution. Nucleotides protected
by antibiotics against chemical modification are encircled. Open arrowheads point to nucleotides methylation or
mutation of which confer resistance to antibiotics (R. A. Garrett & C. Rodriguez—Fonesca, C., in Ribosomal RNA:
Structure, Evolution, Processing and Function in Protein Biosynthesis, R. A. Zimmermann & A. E. Dahlberg, eds.,
CRC Press, Boca Raton, p.p. 327-355, 1996). Footprint sites from tRNA at the P site (d site of PTC) are indicated by
filled squares, and those from tRNA at the A site (a site of PTC) are indicated by open squares (D. Moazed & H. F.
Noller, Cell 57: 585697, 1989). Cross-linking sites from tRNA at the P site (P) and at the A site (A), and from 5S
rRNA are shown by arrows (M. Osswald, T. Doering, & R. Brimacombe, Nucleic Acid Res. 23: 4635-4641, 1995; O.
A. Dontsova, V. Tishkov, S. Dokudovskaya, A. Bogdanov, T. Doering, J. Rinke-Appel, S. Thamm, B. Greuer & R.
Brimacombe, Proc Natl. Acad. Sci. USA, 91, 41254129, 1994).
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sites for these tRNAs, shows that the PTC region of
23S rRNA as a whole is compactly folded. For
example, the A-site-bound tRNA protects from

chemical modification residues A2451 and U2609 that P "(‘% L5

are quite distant in the rRNA primary (and secondary) O

structure. Other tRNA protection sites are scattered [ 127 L7/L12
around the PTC ring. Also, the P-site-bound tRNA 12

cross-links to U2584/U2585 and to A2451 located on

the “opposite” sides of the ring. Moreover, the P-site- L6

bound tRNA strongly protects the highly conserved

residues G2252 and G2253 outside the PTC ring, in

the end loop of the short hairpin 22462258 of donain

V (see Fig. 6.5). The latter protection is dependent on

the presence of the universal 3-terminal sequence of

tRNA. There is experimental evidence that G2252

participates in fixation of the 3'-end sequence CCA of

the P-site-bound tRNA in PTC due to Watson-Crick 508
base-pairing with C74 of the tRNA (Samaha et al.,
1995).

The formation of a special compact tertiary
structure expected in the PTC region seems to be tidvl transferase center (PTC) in the “neck”
critica}l for the activity. It .is likely that PTC is f:; Oﬂy (under the central |(orotug)erance) on the
organized mainly by self-folding of domain V of the  contact surface (interface side) of the subunit.
23S RNA. At the same time, the relevant ribosomal  positions of some ribosomal proteins are aso
proteins may contribute to stabilization of the proper indicated.
structure of the peptidyl transferase region and the
entire domain V. In any case, up to now nobody was
able to prove unequivocally that protein-free 23S rRNA can catalyze peptide bond formation.

Localization of PTC on the morphologically visible surfaces of the 50S subunit can be done from
knowing the proteins which are complexed with the sequence 24502600 of the 23S RNA domain V, and
from immuno-el ectron microscopic detection of specific substrates or inhibitors of the peptidyl transferase
center (see Stoeffler & Stoeffler—Meilicke, 1984). The protein L27 has been found to form multiple cross-
links with this sequence, and at the same time it has been detected by immuno-electron microscopy under
the central protuberance, in the region of the groove (“neck”) between it and the rest of the 50S subunit
body. Puromycin derivatives as substrates of the peptidyl transferase are also detected under the central
protuberance, but more at the side of the L1 ridge. The same place has been indicated by detection of
bound inhibitors, such as chloramphenicol and lincomycin.

Onthewhole, it can be stated that PTC islocated at the 50S subunit, on its interface (concave) side,
under the head (central protuberance), and more exactly in the region of the groove separating the head
from the rest of the body. The likely position of PTC on the 50S ribosomal subunit is shown schematically
inFig. 9.8.

Figure9.8.  Schematic contour drawing of the 50S
ribosomal subunit with a plausible position of the

9.5. GTP-Dependent Binding of Translation Factors (Factor -
Binding Site on the Large Subunit)

Elongation involves the periodic binding and release (once per cycle) of proteins EF1A (EF-Tu) and EF2
(EF-G) by the tranglating ribosome. Each of these proteins is bound in the complex with GTP, and their
release is the result of GTP hydrolysis. The binding and release cycle of EF1A takes place during
aminoacyl-tRNA binding, whereas the binding and release of EF2 proceeds during the translocation stage.
Also, initiation of translation involves the ribosomal binding of protein IF2 (or elF2 in the case of
Eukaryotes) with GTP and the release of this protein asaresult of GTP hydrolysis. Finally, in the course of
the termination of trandation, the ribosome binds and releases the RF proteins, GTP takes part in this
process as well. All these proteins interacting with ribosomes in the form of their GTP complexes appear
to bind to the same region of the ribosomal particle. It islikely that their binding sites on the ribosome are
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Figure 9.9. GTP and its nonhydralyzable and slowly
hydrolyzable analogs used for studying the functions of the
trandation factors and the ribosome. GTP, guanosine 5-
triphosphate; GMP-PCP, nonhydrolyzable analog 5'-guanylyl
methylene diphosphonate; GMP-PNP, very slowly hydrolyzable
analog 5-guanylyl imidodiphosphate; GTP(S), dowly
hydrolyzable analog guanosine 5'-(s-thio) triphosphate.
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either identical or a least strongly
overlapping. In any case, these proteins
compete against each other for the binding
site on the ribosome and cannot be present
on it simultaneously.

Since all of the proteins mentioned
are easily released from the ribosome after
GTP hydrolysis, the study of their binding
invitro may be most conveniently
performed if the GTP is replaced by a non-
hydrolyzable analog, eg. guanylyl
methylene diphosphonate (GMP-PCP) or
guanylyl imidodiphosphate (GMP-PNP)
(Fig. 9.9). The complex of the protein with
such an analog interacts with the ribosome
and isretained on it.

The study of the binding of protein
EF-G to bacteriad 70S ribosomes has
perhaps been the most thorough. EF-G with
GMP-PCP may form a complex with both
the translating and the vacant ribosome. EF-
G with GTP dso interacts with the
trandating ribosome and the vacant
ribosome but it is not retained there because
GTP undergoes hydrolysis and EF-G and
GDP are released from the particle. In the
presence of antibiotic fusidic acid (see Fig.
12.4), however, EF-G preserves its affinity
to the ribosome even after GTP has been
cleaved. Theisolated 50S ribosomal subunit
behaves in a manner similar to the complete
ribosome: EF-G with GMP-PCP, as well as
EF-G with GTP (or, to be more accurate,
with the product of GTP cleavage) in the
presence of fusidic acid, forms a rather
stable complex with the subunit; the
interaction of EF-G plus GTP with the 50S
ribosomal subunits results in GTP cleavage
and the release of EF-G and GDP. No
appreciable interaction of EF-G with the
isolated 30S ribosomal subunit has been
detected. Thus, it may be concluded that the
site responsible for EF-G binding is formed
mainly by the 50S ribosomal subunit.

In order to identify the 50S subunit
proteins forming the factor-binding site,
antibodies against various ribosomal
proteins have been used. It has been found
that antibodies against protein L7/L12
inhibit binding of EF-G, whereas antibodies
against a wide variety of other ribosomal
proteins do not affect this function
(Highland et al., 1973). Also, the selective
removal of protein L7/L12 from the 50S
subunit, achieved by treatment with a0.5 M
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MHA4Cl/ethanol mixture, resulted in a markedly decreased binding of EF-G to the ribosome (Hamel et al.,
1972). More recent experiments with using the hot tritium bombardment technique (see Section 8.2.4)
have demonstrated that the EF-G bound to the 50S subunit shields only the protein L7/L12 and the
adjacent L11 (but not L10) from the tritium atoms flow. Hence, the L7/L12 stalk and its base seem to be
the site of EF-G binding.

The foot-printing technique (Noller et al., 1990) has demonstrated that the interaction of the
bacterial ribosome with either EF-G or EF-Tu results in protection of the so-called sarcin/ricin loop of
domain VI in the 23S RNA. Thisisthe end loop of the first hairpin (positions 26462774 in Fig. 6.5 B) of
domain VI known to be the target of two specific enzymes inactivating the bacterial ribosome, sarcin
cleaving the internucleotide bond between G2661 and A2662, and ricin that produces depurinization of
A2660 (see Sections 13.5.3 and 13.5.4). This hairpin comprises one of the most highly conserved
nucleotide sequences of rRNAs. Until recently, it was thought that the sarcin/ricin loop at positions 2653—
2667 has a single-stranded conformation. However, NMR studies have shown that its structure is well
ordered and only two nucleotide residues, A2660 and G2661, are not involved in secondary structure
interactions. Both EF-G and EF-Tu have been shown to protect G2655, A2660 and G2661 (Fig. 9.10 A). It
seems that the sarcin/ricin loop is the main common site of the interaction of the elongation factors with
23S RNA in the 50S ribosomal subunit.

A

ricin

ol-sarcin

@.»
»@»

2660~

CJ>C'I')G)
>

a0 (5

CO(?C:D
>OO00 POO>r

2650~ ~2670

A
S Ca U u A AAA/ G U

GCCA CAUU-—-AG GG 1095

A
F-G A-U
cross-link C-G
C-G
G-U
1050-A

Figure9.10. Binding sites of elongation factors Tu and G on the E. coli 23SrRNA.

A: Secondary structure of the sarcin/ricin region, based on NMR data obtained for the corresponding sequence from
eukaryotic 28S rRNA (A. A. Szewczak & P. B. Moore, J. Mol. Biol. 247: 81-98, 1995). The ricin-catalyzed
depurination site (Y. Endo, K. Mitsui, M. Motizuki & K. Tsurugi, J. Biol.Chem. 267: 5908-5912, 1987) and the sarcin
cleavage site (1. G. Wool, Trends Biochem. ci. 9: 14-17, 1984) are indicated by arrows. The sites protected by EF-G
and EF-Tu (D. Moazed, J. M. Robertson, & H. F. Noller, Nature 334: 362—-364, 1988) are encircled.

B: Secondary structure of the GTPase region of the 23S rRNA. The major (A1067) and minor (1095) sites protected by
EF-G (D. Moazed, J. M. Robertson, & H. F. Noller, Nature 334: 362—-364, 1988) are encircled.
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In addition, EF-G protects A1067 in the end loop of a compound hairpin of domain Il of the 23S
RNA (see Fig. 6.5 A). Also EF-G can be cross-linked with this loop. This part of the 23S RNA structure
(the three-way helical structure at positions 1030-1125) is known to accomodate the protein complex
L10:(L7/L12)4 and protein L11, as well as to be the site of the interaction of antibiotics thiostrepton and
micrococcin with the 23S rRNA. These antibiotics (in the presence of protein L11) when bound to the
ribosome inhibit the EF-G-dependent GTP hydrolysis. 2'-O-methylation of A1067 confers to the ribosome
the resistance against the drugs. The structural element under consideration (Fig. 9.10 B) is sometimes
caled “GTPaseregion”. Thusit islikely that EF-G, and probably other GTP-dependent translation factors,
interact with two areas on the large subunit: one is the L7/L12 stalk, including both its protein and rRNA
moieties, and the other is the sarcin/ricin loop seemingly located somewhere near to the base of the stalk.

This conclusion is confirmed by studies of the site of thiostrepton binding (see Cundliffe, 1990).
Thiostreption (see Fig. 10.11) is an antibiotic preventing the binding of EF-G and EF-Tu to 50S ribosomal
subunits. It has been shown that the antibiotics binds to the subunit in the region of protein L11 and the
L11-protected 23S RNA sequence 1050-1110. This is the same region where EF-G can be cross-linked
and where it protects the nucleotide residue against chemical attack (Fig. 9.10, B). The region is in the
viccinity of the proteins L7/L12. Thus the effect of thiostrepton can be explained in such a way that this
rather large molecule bound at the base of the L7/L12 stalk directly blocks one of two principal sites of
interaction of the ribosome with elongation factors.

The position of an EF-G attachment site on the 50S subunit has been determined using immuno-
electron microscopy (Fig. 9.11 A). For this purpose, a photoactivable arylazide derivative of EF-G was
prepared and specifically bound to the particle in the presence of GTP and fusidic acid. Then, a covalent

Figure9.11. Localization of the elongation factor-binding site on the large ribosomal subunit by immuno-electron
microscopy.

A: Electron micrographs of 50S ribosomal subunits with EF-G reacted with antibodies. (A.S. Girshovich, T.V.
Kurtskhalia, Y.A. Ovchinnikov & V.D. Vasiliev, FEBSLett. 130: 54-59, 1981).

B: Electron micrographs of the 50S subunits with EF-Tu reacted with antibodies. (A.S. Girshovich, E.S. Bochkareva
& V.D. Vasiliev, FEBS Lett. 197: 192-198, 1986).

C: The model of the 70S ribosome with the approximate localization of EF-G and EF-Tu at the base of L7/L12 stalk
(hatched areas).

(Original photos are kindly provided by V. D. Vasiliev).
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crossink between EF-G and its attachment site was obtained by irradiation. Subunits with such a
covalently linked protein (EF-G) were treated by antibodies against EF-G, and the complexes studied by
electron microscopy. Fig. 9.11 A, shows the location of the site of antibody attachment at the base of the
L7/L12 stalk, on the interface side of the 50S ribosomal subunit.

It should be pointed out that although the 50S ribosomal subunit is largely responsible for the
recognition and binding of EF-G, the EF-G may also come into contact with the 30S subunit. Specificaly,
protein S12 can be crosslinked by a disulfide bond with the EF-G if the complex between the EF-G and
70S ribosomes is subjected to oxidation (Girshovitch et al., 1981). This result indicates that the ribosome-
bound EF-G protrudes from the large subunit to the protein cluster $4-S5-S12 of the small subunit. More
recent observations on the interaction of the tRNA-like domain IV of EF-G (see Sections 12.2.1 and
12.2.3) with the decoding center of the 30S subunit and specifically with position 1400 of the 16S rRNA
(Wilson & Noller, 1998) confirm this view.

The other elongation factor, EF1A (EF-Tu), is delivered to the ribosome as a complex with the
aminoacyl-tRNA and GTP. EF1A interacts with the ribosome when the complex is bound. In experiments
with bacterial ribosomes it has been shown that it binds to the 50S ribosomal subunit. The presence of EF-
G on the 50S subunit prevents EF-Tu from interacting with the ribosome, which leads to the conclusion
that the EF-Tu-binding site either coincides with or overlaps the EF-G-binding site. Asin the case of EF-
G, the antibodies directed against protein L7/L12, and only these antibodies, inhibit the interaction
between EF-Tu and the ribosome. The removal of protein L7/L12 strongly reduces the interaction between
EF-Tu and the ribosome. Immuno-electron microscopy studies have demonstrated that antibodies against
EF-Tu can be detected both at the base and at the tip of the L7/L12 stalk (Fig. 9.11 B).

The initiation factor IF2, and the termination factor RF3, also compete with EF1 and with EF2 for
the binding site. Their interaction with the ribosome again depends on the presence of protein L7/L12. All
of this information supports the assumption that the binding of all trandation factors, using GTP as an
effector, has many common features and that the ribosomes possesses a single factor-binding site at the
L7/L12 stalk on the 50S ribosomal subunit.

In all cases GTP must be bound to a
translation factor, such as EF1, EF2, IF2, RF3,
prior to factor binding to the ribosome.
Therefore, it is apparent that the GTP-binding
center is located on the factor protein itself.
However, hydrolysis of the bound GTP into
GDP and orthophosphate takes place after the
factor is bound to the ribosome. In other words,
both the factor and the ribosome in a complex
are required to induce the GTPase activity. Itis
the attachment of the GTP-containing factor to
the ribosome that resultsin the GTP hydrolysis.

At the same time, a number of
experiments with photoactivable GTP analogs
have demonstrated that if a chemical crosslink
between GTP and surrounding groups is
induced after the EF-G:GTP ribosome complex
has been formed, then EF-G, but not the
ribosomal components, is attacked
preferentially, regardless of which moiety of
GTP carries the photoactivable group.
Moreover, the antibiotic kirromycin (see
Section 10.3) has been shown to induce an
intrinsic GTPase activity of EF-Tu, in the
absence of ribosomes (Chinali et al., 1977). It Figure 9.12.  Mutual orientation of two ribosome-bound
is therefore now generally held that the tRNA molecules represented as ribbon-drawn models: the
attachment of the factor to the ribosome results  anticodons are immediate neighbours on the mRNA chain,
in an activation of the intrinsic GTPase center  the acceptor ends are also brought together, while the corners
of the factor, while the ribosome does not (“elbows’) are arranged apart.

129



ALEXANDER S. SPIRIN

possess either a preexisting GTPase center or
any indispensable complement of the GTPase
center of the factor.

9.6. Binding of Aminoacyl-
tRNA and Retention of
Peptidyl-tRNA (tRNA-
Binding Sites at the
Intersubunit Space)

The ribosome possesses an intrinsic affinity
to tRNA. A vacant ribosome can bind any
tRNA or its derivative, e.g. aminoacyl-tRNA
or peptidyl-tRNA, in the absence of a
template polynucleotide. The presence of a
template polynucleotide makes this binding
specific: only the tRNA corresponding to the
template codon, i.e., the cognate tRNA, will
be bound. It islikely that a codon exerts both
708 positive (cognate codon) and negative (non-
coghate codon) discrimination effect on the
binding of tRNA to the ribosome.
Figure 9.13.  Schematic contour drawing of the 70S Since two substrates, aminiacyl-tRNA
ribosomein th(_a overlap projection. The 30S s_ub_unit isdepicted g peptidyl-tRNA, participate in the central
as an_emp?y flgure Whereas_the 50S subunit is _shaded. The chemical reaction of the elongation cycle, the
decoding s_lteT with _tRNA anticodons (A_C, open circle) on the main question is where the corresponding A
30S subunit is positioned over the peptidyl transferase center - .
(PTC, closed circle) with tRNA acceptor ends, so that the axis and P ,S't% are_ located on the ribosome. The
connecting the anticodons with the acceptor ends is fOHOW'.ng obvious p.OStu@% must be. put at
approximately perpendicular to the subunit interface.  thebasisof any considerations concerning the
(Redrawn from V. Lim, C. Venclovas, A. Spirin, R. tRNA positions in the translating ribosome:
Brimacombe, P. Mitchell & F. Mller, Nucl. Acids Res, 20, (1) The anticodons of the two tRNAS, one in
2627-2637, 1992). the A site and the other in the P site, must be
drawn together, in order to provide their
interactions with neighbour codons along mMRNA. (2) The acceptor ends of the two tRNAs also must bein
close proximity, in order to provide the transpeptidation reaction. (3) The central cores (“elbows’) of the
two L-shaped tRNAs may be drawn apart. Thus, the two tRNAs form atRNA pair (Fig. 9.12) that can be
considered as a unit in the search of its position on the ribosome.

According to al the data available, the codon section of mMRNA and, hence, the anticodons of
tRNAsare at the small subunit of the trandating ribosome, evidently in the cleft separating the head on one
side and the body and the side bulge (“platform™) on the other, i.e., at the neck of the small subunit; this
position is marked by an open cycle at the contour representation of the overlap projection of the ribosome,
Fig. 9.13. At the sametime, the peptidyl transfrase center and, hence, the acceptor ends of thetRNAs are at
the large subunit, in the groove under the central protuberance, i.e., at the neck of this subunit; a closed
cycle marks this site in Fig. 9.13. Therefore, the axis connectig the anticodon regions of the tRNA pair
(AC) with the acceptor region (PTC) must be directed more or less perpendicularly to the subunit
interface. This means that the bodies of both tRNA molecules must be placed in the interface space of the
ribosome, between the ribosomal subunits. As aready mentioned in Section 5.5, the space seems to be
sufficient to accomodate at |east two tRNA molecules. Indeed, recent reports on cryo-electron microscopy
of ribosomes charged with tRNA molecules directly confirmed that the tRNASs occupy the inter-subunit
space being located in the “inter-neck” pocket of the ribosome (Agrawal et al., 1996; Stark et al., 1997)

In the pair of tRNAS, one being placed in the A site and the other in the P site, two principally
different orientations can be considered. Thefirst is the so-called R type orientation (Rich, 1974), when the
T-loop of the A-site tRNA faces the D-loop of the P-site tRNA (Fig. 9.14, “P(R)"). In this case, after
transpeptidation, the translocational movement of the A-site tRNA residue to the P site will proceed
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clockwise if wiewed from anticodons
along the axis mentioned (right-hand
screw). The dternative is the so-
caled S type orientation
(Sundaralingam et al., 1975): the D-
loop of the A-site tRNA faces the T-
loop of the P-site tRNA (Fig. 9.14,
“P(S)"). Here the trandlocational
movement will be counterclockwise
(left-hand  screw). There are
arguments in favor of both
possibilities, and the choice between
the two alternatives has not been
made yet.

Concerning the orientation of
the cores (“elbows”) of the tRNA pair
relative to the ribosomal subunit
lobes, the information about the
localization of the elongation factors
(Section 9.4) appears to be the most
relevant to the problem. Thus, EF1A
(EF-Tu) is known to be bound with
the T-loop side (see below, Section
9.5.3) of the aminoacyl-tRNA which
is going into the A site. Since EF1A
interacts with the rod-like (L7/L12)

A

y

Figure9.14. Mutual orientation of tRNA moleculesin A and P sites
of the ribosome (stereo view). The phosphate backbones of the tRNA
molecules are depicted (A-site tRNA lighter, P-site tRNA darker, with
the anticodon regions in white). Two alternative orientations are shown:
“P(R)" indicates the position of a P-site tRNA in the R-orientation (A.
Rich, in “Ribosomes’, M. Nomura, A. Tissieres & P. Lengyél, eds., p.p.
871-884, CSHL Press, 1974), “P(S)” the corresponding position in the
S-orientation (M. Sundaralingam, T. Brennan, N. Yathindra & T.
Ichikawa, in “Sructure and Conformation of Nucleic Acids and
Protein-Nucleic Acid Interactions’, M. Sundaralingam & S.T. Rao,
eds., p.p. 101-115, University Park Press, Baltimore, 1975), relativeto a
common A-site tRNA. (Reproduced from V. Lim, C. Venclovas, A.
Spirin, R. Brimacombe, P. Mitchell & F. M ller, Nucl. Acids Res., 20,
26272637, 1992, with permission).

stalk and its base on the large subunit,

it is likely that the A-site tRNA is

positioned at that sector of the intersubunit space, with the “elbow” at the stalk (Spirin, 1983). Then, in the
case of the R type orientation of the tRNAs, the P-site tRNA should be more distal from the heads of the
ribosomal subunits and rather between their bodies, as depicted in Fig.9.15 upper. If the S type orientation
of the tRNAs s the case, the P-site tRNA will be found at the heads of the subunits, as shown in Fig. 9.15
lower.

9.6.1. P Site

In the cases where tRNA or its derivative is accepted by the vacant ribosome, one of the two tRNA-
binding sitesis filled first. This seems to be the same site that is occupied by the peptidyl-tRNA prior to
transpeptidation in the translating ribosomes, i.e., the P site (see Fig. 9.1).

The retention of tRNA in the P site of the translating ribosome, however, has an important feature.
It is vital that the peptidyl-tRNA should not be exchangeable with the medium during trandation.
Correspondingly, the peptidyl-tRNA bound in the P site of the trandating ribosome should not be in
equilibrium with exogenous tRNA, but rather occluded, i.e. its dissociation rate should be very low. In
contrast, when the deacylated tRNA or aminoacyl-tRNA occupies the P site, the site becomes
exchangeable and the tRNA may be released. It is likely that the apparent nonequilibrium retention of the
peptidyl-tRNA in the P site of the translating ribosome is due to the contribution of the peptidyl residue
(the C-terminal ester bond group) that is anchored by the ribosomal particle during elongation. It isthe d
site of PTC that may be responsible for the anchorage of the C-terminal ester group of peptidyl-tRNA.

Experiments with separated ribosomal subunits have demonstrated that both the small and the large
subunit possess a certain affinity for tRNA. The capacity for a codon-specific binding of tRNA, however,
isfound only for the small (30S or 40S) ribosomal subunit, this being an obvious result of the fact that only
this subunit, but not the large one, can bind and hold the template polynucleotide. At the same time, after
dissociation of the translating ribosomes the peptidyl-tRNA often remains bound to the large (50S or 60S)
subunit. At present there is good reason to believe that both ribosomal subunits are involved in the
formation of the tRNA-binding P site. In addition to the retention of the 3'-terminus of tRNA and the C-
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Figure9.15. Two possible positions of the tRNA pair (A- and P-
site tRNAS) in the 70S ribosome. The tRNAs occupy the inter-
subunit space, with both anticodons in the neck of the 30S subunit,
the acceptor ends in the groove (“neck”) under the central
protuberance of the 50S subunit, and the corners (“elbows") are fixed
in the region of the L7/L12 stalk (A.S. Spirin, FEBS Letters 156,
217-221, 1983). The upper depiction shows the R-orientation of the
tRNAS, and the lower is the S-orientation (V. Lim, C. Venclovas, A.
Spirin, R. Brimacombe, P. Mitchell & F. M ller, Nucl. Acids Res., 20,
26272637, 1992; A.S. Spirin, V.l. Lim & R. Brimacombe, in “The
Trandational Apparatus. Structure, Function, Regulation,
Evolution”, K.H. Nierhaus, F. Francesci, A.R. Subramanian, V.A.
Erdmann & B. Wittmann-Liebold, eds., p.p. 445-454, Plenum Press,
New Y ork, 1993).

terminal aminoacy! residue with its ester
and amide groups in the d site of PTC,
the rest of the P-site-bound tRNA has
been reported to have contacts with
domain IV of 23S RNA, as evidenced
by protection of positions 1916, 1918
and 1926 from chemical modifications
(Noller et al., 1990).

9.6.2. A Site

When the P siteis filled with tRNA the
ribosome becomes capable of binding
the second tRNA molecule. This
binding takes place at another tRNA-
binding site, the A site. Binding in the A
siteis greatly stimulated by the template
polynucleotide; in this case binding is
codon-specific, i.e.  only tRNA
corresponding to the codon placed in the
site becomes bound. The affinity of
tRNA toward the A dte s
approximately one order of magnitude
lower than toward the P site. In the
course of normal tranglation, the binding
of the aminoacyl-tRNA is specifically
stimulated by the EF1 (EF-Tu) protein.

It may be that the A site, like the
P site, is formed by both ribosomal
subunits. In any case, the tRNA
anticodon should be placed in the
immediate vicinity of the mRNA codon,
i.e. on the small (30S or 40S) ribosomal
subunit, whereas the acceptor end
interacts with the a site of PTC, i.e. with
the large (50S or 60S) subunit (see
Section 9.3 annd Fig. 9.7).

9.6.3. Entry Site(Ror T
Site)

When  entering  the  ribosome,
aminoacyl-tRNA is complexed with
EF1 (EF-Tu). Despite the codon-
anticodon interaction at the decoding
site of the ribosome, it cannot be a
substrate for transpeptidation until GTP
iscleaved and EF1 isreleased. From this
it can be postulated that on the way to
the A site aminoacyl-tRNA sits first on
an intermediate “entry site”, called also
“recognition site” (R site), or “T site”

because of the presence of the bound EF-Tu. Indeed, aminoacyl-tRNA can beretained at the “ entry site” if
a non-cleavable GTP analog, GMP-PCP or GMP-PNP, substitutes for GTP in the AatRNA:EF-Tu
complex. Accoring to the “foot-printing” data available, as well as the results on cross-linking of tRNA
with ribosomal components, the contacts of the T-site-bound tRNA with the small (30S) ribosomal subunit
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are very similar or identical to those of the A-site-bound tRNA. At the same time, no direct contacts with
the large (50S) subunit have been detected, except those through EF-Tu with the factor-binding site. It may
be concluded, therefore, that the “entry site”, or T site, is not a separate tRNA binding site of the ribosome,
but just an intermediate position of aminoacyl-tRNA when it is already bound with the A site on the small

30S head

508

Ala, Plp P/p, e

Figure 9.16. Sites and intermediate positions (“hybrid states’) of tRNAs in the ribosome. The ribosome is
schematically depicted with the head of the 30S subunit and the central protuberance of the 50S subunit directed to the
viewer (thusthe L7/L12 stalk being on the left hand). “A” and “P” are the tRNA-binding sites on the 30S subunit, “a”

and “d” are the acceptor- and donor-binding sites, respectively, of the peptidyl transferase center of the 50S subunit,
and “e" isthe site retaining the 3'-terminal adenosine residue of the deacylated tRNA after transpeptidation.

A: Positions of tRNAS upon binding of the ternary AatRNA:EF-Tu:GTP complex with the peptidyl-tRNA-occupied
ribosome. The tRNA residue of the AatRNA isin the A site on the 30S subunit, but the aminoacylated end is on EF-
Tu rather than in PTC (A/T state). The peptidyl-tRNA occupies the P site on the 30S subunit and the d site in PTC of
the 50S subunit (P/d state).

B:. “Non-hybrid” positions of tRNAs &fter the release of EF-Tu from the ribosome, prior to transpeptidation. The
aminoacyl-tRNA sitsin the A site of the 30S subunit, with its aminoacylated end in the a site of the PTC (A/a state).
The peptidyl-tRNA resides in the P site of the 30S subunit and the d site of PTC (P/d state).

C: “Hybrid” positions of tRNAs after transpeptidation. The newly formed (elongated) peptidyl-tRNA occupies the A
site on the 30S subunit, but its 3'-end with the ester group is caught by the d site of PTC (A/d state). The deacylated
tRNA sits in the P site of the 30S subunit, but its 3'-terminus with free 3'-hydroxyl is moved to the e site of the 50S
subunit (P/e stete).

D: Positions of tRNAs after translocation. The peptidyl-tRNA occupies the P site on the 30S subunit and the p site of
PTC (P/d state). The deacylated tRNA is transiently retained by the e site of the 50S subunit, probably without
interactions with the 30S subunit (e state).

(D. Moazed & H.F. Noller, Nature 342, 142148, 1989; H.F. Noller, D. Moazed, S. Stern, T. Powers, P.N. Allen, JM.
Robertson, B. Weiser & K. Triman, in “The Ribosome: Structure, Function, and Evolution”, W. Hill, A. Dahlberg,
R.A. Garrett, P.B. Moore, D. Schlessinger & J.R. Warner, eds., p.p. 73-92, ASM Press, Washington, DC, 1990).
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subunit and not bound yet with PTC of the large subunit. This intermediate position has been designated
by Noller et al. (1990) as “hybrid A/T site” (the term “A/T position” would be more adequate, however)
(Fig. 9.16 A). The subsequent release of EF-Tu alows the acceptor end of the tRNA and its aminoacyl
residue to directly interact with the large subunit, more exactly, with the a site of PTC, thus completing the
binding of aminoacyl-tRNA to the A site (acquiring “A/a position”) (Fig. 9.16 B).

Nascent =
peptide

1nRNA7 5'

Locking,
transpeptidation

Unlocking,
translocation

9.6.4. Intermediate Positions
(“Hybrid Sites”)

Following the above terminology, it can be said that
the two substrates of the ribosome occupying A and
P sites prior to transpeptidation reaction are in
positions A/a and P/d for aminoacyl-tRNA and
peptidyl-tRNA, respectively (Fig. 9.16 B).
Transpeptidation gives two products retained by the
ribosome: deacylated tRNA in the P site and
elongated peptidyl-tRNA in the A site. However, the
acceptor end of the deacylated tRNA is found to
change its position as a result of transpeptidation;
according to “foot-printing” data, it is now in contact
with the sequence 2110-2170 in domain V of 23S
RNA, instead of PTC ring forming the a and d sites.
The removal of the reacting group of a product from
the reaction site may be the requirement of reaction
course: this provides the direct way of the reaction
and prevent the reversibility. In any case, athough
the main body of the deacylated tRNA after

Figure 9.17.  Model of periodical locking-unlocking of
the tranglating ribosome (A.S. Spirin, Doklady Akad. Nauk
SSSR 179, 1467-1470, 1968; Cold Spring Harbor Symp.
Quant. Biol. 34, 197-207, 1969). The model postulates
that the two ribosomal subunits are movably jointed with
each other and capable of drawing dlightly apart
(unlocking) and together (locking). The unlocking opens
the functional sites on the subunit interface, such asthe A
site, and provokes ligand displacements including
translocation, whereas the locking closes the ligands inside
the ribosome and brings the substrates for transpeptidation
together. In other words, the binding of AatRNA requires
the unlocked, or open state of the ribosome; it may be that
this state is induced by EF1:GTP (the upper depiction).
The binding is completed by the release of EF1, and the
interaction of the aminoacylated end of the Aa-tRNA with
the a site of PTC may cause the locking of the ribosome;
the transpeptidation proceeds in the closed ribosome (the
middle depiction). The next unlocking can be driven by
EF2:GTP resulting in the trandocationa displacements of
tRNAs and mRNA (the lower depiction). Particularly, the
unlocking of the pre-translocation ribosome and drawing
the subunits apart will create the situation, when the tRNA
with the ester group firmly anchored in the p site of PTC
on the large subunit drags &fter itself the mRNA codon
with which it interacts and thus displaces the mRNA chain
aong the small subunit (MRNA translocation). After the
release of EF2 the post-trandocation ribosome may again
close, or rather be in equilibrium between the locked and
unlocked states.
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transpeptidation is still in the P site, its 3'-end is shifted to a new site on the large subunit which can be
designated as e (exit) site. Hence, the deacylated tRNA after transpeptidation occupies Ple position (or
“hybrid P/E site” according to Noller’ sterminology) (Fig. 9.16 C).

At the same time, after transpeptidation the newly formed C-proximal peptide group together with
the added aminoacy! residue and 3'-terminus of the elongated peptidyl-tRNA isfound fixed in the d site of
peptidyl transferase center. Thus, the peptidyl-tRNA prior to the translocation occupies A/d position (or
“hybrid A/P site”) (Fig. 9.16 C).

9.6.5. Exit Site (E Site)

As aresult of translocation the deacylated tRNA is expelled from the P site (Fig. 9.16 D). However, this
does not necessarily mean that it is immediately released from the ribosome: the deacylated tRNA after
tranglocation may be transiently retained on the ribosome in the so-called “exit site” (E site). The e site
which binds the 3'-terminus of deacylated tRNA in the viccinity of PTC of the large subunit seems to
mainly contribute to the retention of the deacylated tRNA after translocation. It is not clear yet how other
parts of the ribosome, especially the small subunit, are involved in the formation of the E site.

9.7. Ligand Displacements (Translocation)

Transpeptidation in the course of the ribosome working cycle is followed by simultaneous displacements
of the three large ligands: mRNA, peptidyl-tRNA, and deacylated tRNA. This may be defined as the
mechanical function of the ribosome. Neither isolated ribosomal subunit is capable of even partially
performing this function. It is likely that the mechanical function requires the ribosome to be constructed
of two subunits.

In the search for the molecular mechanisms responsible for vectorial displacements of large
ligands, attention should first be paid to a possible large-block mobility within the ribosome. Since the
ribosome consists of two subunits, which are relatively loosely associated in the absence of ligands, it is
possible, in principle, that the subunits are capable of moving relative to each other during ribosome
functioning (Bretscher, 1968; Spirin, 1969). There are experiments demonstrating changes in the
compactness of the ribosome in the course of translocation (Spirin et al., 1987) and electron microscopy
observations showing the increase of the inter-subunit space in the ribosomes within the cell upon
starvation (Oefverstedt et al., 1994); this may be evidence in favor of the relative movement of the
subunits by a swinging (“locking-unlocking”) mechanism (Fig. 9.17).

Another mobile element of the ribosome isthe L7/L12 stalk of the 50S ribosomal subunit (Gudkov
et al., 1982). A considerable amount of information suggests that the L7/L12 stalk is involved directly in
the functions of protein translation factors, and particularly in the EF-G-catalyzed trandocation. It would
come as no surprise that the mobility of the L7/L12 stalk played a part in the ligand displacements during
translocation, aswell as, perhaps, in the course of aminoacyl-tRNA delivery into the ribosome.

The possibility of some interdomain (interlobe) mobility within ribosomal subunits, especialy in
the small subunit that seems to be more labile and changeable, cannot be excluded either.

9.8. The Material and Energy Balance of the Elongation Cycle

The consecutive stages of the codon-directed binding of aminoacyl-tRNA, transpeptidation, and
translocation create a cycle, resulting in: (1) the determination of the position of one amino acid residuein
the polypeptide chain to be synthesized, (2) the formation of one peptide bond, (3) the deacylation of one
molecule of aminoacyl-tRNA, (4) the hydrolysis of two molecules of GTP to GDP and orthophosphate,
and (5) the shift (readout) of one nucleotide triplet of the template polynucleotide relative to the ribosome.
Repetitions of this cycle create elongation; the number of cycles during elongation depends on the number
of template codons (minus the initiation codon).

In regard to the material balance, one cycle involves the consumption of one molecule of
aminoacyl-tRNA and two molecules of GTP (plus two water molecules) from solution. One molecule of
deacylated tRNA, two molecules of GDP, and two molecules of orthophosphate are released into solution
(Fig. 9.1). Peptide elongation by one residue takes place concomitantly in the ribosome.

From this description the energy balance of the cycle can be summed up. The energy requirements
of the cycle appear to be rather modest: they include determination of the position of the amino acid

135



ALEXANDER S. SPIRIN

residue in the polypeptide chain (DGO' £ +2.5 kcal/mole) and formation of the peptide bond (DGO @+0.5
kcal/mole). It is clear that these energy requirements of the complete cycle are amply covered by the free
energy which is liberated by deacylation of the aminoacyl-tRNA (DGO @7 kcal/mole). Nevertheless, the
hydrolysis of two molecules of GTP accompanies the cycle (Fig. 9.1), resulting in the liberation of
additional large amounts of free energy (DGO @15 kcal/mole). Thus, elongation appears to be a wasteful
process, noneconomical and with alow efficiency. The bulk of the free energy liberated during the cycle
dissipates into heat.

However, if GTP is excluded even at one stage in the cycle (at the stage of aminoacyl-tRNA
binding or at the stage of trandocation), the process is greatly slowed and becomes fairly sensitive to
unfavorable conditions, drugs, and other impedances. Therefore, a great excess of free energy is needed for
the system in order to provide for high rates and high resistance of elongation. It is apparent that economy
is not the main advantage providing for the survival of the system and of the corresponding organism in
living nature.
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Chapter 10

ELONGATION CYCLE, STEP I:
AMINOACYL-tRNA BINDING

10.1. Codon-Anticodon Interaction

Analysis of the elongation cycle may conveniently begin at the point when the peptidyl-tRNA occupiesthe
P site of the trandlating ribosome while the A site with the codon of the template polynucleotide positioned
thereisvacant (Fig. 9.1 (top)). Such aribosome is capable of binding the next aminoacyl-tRNA molecule.

Although the binding of the aminoacyl-tRNA to the ribosomal A site appears to involve several
binding centers of the site and, correspondingly, severa regions of the tRNA molecule, the specificity of
the bound aminoacyl-tRNA depends exclusively on the template codon. In other words it is the codon that
is responsible for selecting the corresponding aminoacyl-tRNA (cognate aminoacyl-tRNA), i.e. the tRNA
carrying the aminoacy! residue coded by a given codon.

10.1.1. Adaptor Hypothesis and Its Proof

According to Crick’s adaptor hypothesis (see Section 3.1