
Greco Hernández · Rosemary Jagus   
 Editors 

Evolution of 
the Protein 
Synthesis 
Machinery and 
Its Regulation



Evolution of the Protein Synthesis Machinery
and Its Regulation



Greco Hernández • Rosemary Jagus
Editors

Evolution of the Protein
Synthesis Machinery
and Its Regulation

123



Editors
Greco Hernández
Division of Basic Research
National Institute of Cancer
Mexico City
Mexico

Rosemary Jagus
Institute of Marine and Environmental
Technology
University of Maryland Center for
Environmental Science
Baltimore, MD
USA

ISBN 978-3-319-39467-1 ISBN 978-3-319-39468-8 (eBook)
DOI 10.1007/978-3-319-39468-8

Library of Congress Control Number: 2016940795

© Springer International Publishing Switzerland 2016
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland



Preface

Proteins are one of the elementary molecules of the biosphere. They catalyze the
majority of life-sustaining reactions and play structural, transport, and regulatory
roles in all living organisms. Protein synthesis or “translation” is the process of
decoding the genetic information of a messenger RNA by the ribosome along with
translation factors to synthesize a protein. Translation regulation allows organisms
to (1) rapidly respond to a variety of stresses, sudden environmental changes, and
nutritional deficiencies, (2) produce proteins in tissues and developmental processes
where transcription is strongly limited, and (3) elicit asymmetric localization of
proteins when and where required. Thus, translation is a fundamental process for
gene expression in all forms of life and should have evolved ever since the
beginning of life.

The knowledge of basic processes and regulatory mechanisms of translation was
established in the last five decades by the brilliant work of many scientists in
different countries, mostly studying the bacteria Escherichia coli, human, mouse,
rabbit, the budding yeast Saccharomyces cerevisiae, and the fruit fly Drosophila
melanogaster as model organisms. In recent years, the advent of the powerful
“omics” era (i.e., genomics, transcriptomics, and proteomics) has created a novel
perspective in the study of biological processes at the genome-wide and
thousands-of-species scales from many phyla never studied before. These studies
have led to crucial findings on the origin and evolution of the process of translation.

Here, we have gathered experts in different aspects of translation to review the
state of the art of their respective fields in the attempt to answer the question of how
the protein synthesis machinery and its regulation might have originated and
evolved. We wish to thank the authors for their excellent contributions. We also
thank our editor team at Springer, especially Janet Slobodien and Eric Hardy, for
producing this book.

Mexico City, Mexico Greco Hernández
Baltimore, MD, USA Rosemary Jagus
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Evolution of tRNAs Was Driven
by Entropic Forces

Marco V. José, Gabriel S. Zamudio and Sávio Torres de Farías

1 Introduction

Undoubtedly, the transfer RNA (tRNA)molecule played a central role in the origin of
translation. The tRNA has the remarkable ability of decoding the language of nucleic
acids to the stereochemical language of proteins. The molecule tRNA is the most
important molecule in the origin of life, bridging the RNA and (RNA + proteins)
worlds. Translation is the evolutionary transition from a nucleic acid-based world to
the protein-based world of modern cells [20, 21]. Indeed, the ribosomal peptidyl
transferase center (PTC) seems to have originated from concatemer-containing
anticodons of ancestral sequences of tRNAs [5]. The PTC, which catalyzes peptide
synthesis, is one of the most ancient enzymes that we know of [19].

The tRNA molecule itself displays two codes, the operational code and the
anticodon code. Typically, two genetic codes are considered, to wit, the “classic”
code represented in tRNA by an anticodon for reading codons in mRNA, and the
other is the “second” [1] operational RNA code [7, 15–17] mapped mainly to the
acceptor for appropriate aminoacylation at its 3′ terminus. As far as translation is
concerned, it does not make sense to consider one code without the other. The
present-day operational RNA code is intricately carved in the structure of tRNA
acceptors and cognate aminoacyl-tRNA synthetases (aaRSs), whereas the anticodon
code is reduced to codon-anticodon interactions. It has been observed that in pairs
of consensus tRNAs with complementary anticodons, second bases in their
acceptor stems prove to be complementarily related as well [13]. This relationship
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is known as the dual complementarity [13]. Hence, the two codes appear to be
originally one and the same.

The canonical aaRSs are composed by two distinct groups of protein subfami-
lies, class I and class II, with ten proteins each [2]. The present correspondence of
the two codes is provided by 20 specific aaRSs divided into two strikingly dis-
similar classes of 10 members each. There are only 20 aaRSs, one for each amino
acid (and, respectively, for isoacceptor tRNAs); hence, the operational code is
nondegenerate [1]. Such a nondegeneracy, inherent only to the acceptor code, may
indicate the historically subsidiary role of anticodons in aminoacylation. Otherwise,
more than 20 aaRSs could exist, one for each anticodon rather than one for each
amino acid.

The modular structure of aaRS suggests that these proteins evolved from two
class-defining, rather small modules, each having sites to bind ATP, cognate amino
acids, and acceptors, but not anticodons [7, 15–17].

The two aaRSs recognize the acceptor helix from opposite sides: class I aaRS
approaches the helix from the side of its minor groove and attaches the amino acid
to the 2′OH group of the terminal adenosine ribose, while class II aaRS approaches
from the side of major groove and attaches the amino acid to the 3′OH group [2].

Phylogenies proposed for each class separately show that these classes are
monophyletic and have a pattern of diversification related to the chemical charac-
teristics of the cognate amino acid [3, 11, 14].

Nowadays, we typically consider 64 triplets, 61 codons for 20 amino acids, 3
stop codons, 46 tRNAs, 2 classes of aaRSs, one classic genetic code, the opera-
tional code, and the anticodon code.

It has been proposed that the amino acid-accepting stem emerged before the
anticodon loop of tRNAs, so that the first codification obeyed an operational code
where amino acids were attached to their respective tRNA, without the need of
anticodon loop recognition [7, 12, 17, 18].

However, it has also been shown that the specificities between tRNAs and aaRSs
coevolved during the formation of the genetic code and were established by cor-
relations of hydropathy of the anticodons between them [4].

We ignore how a given aaRS “knows” which amino acid has to be charged for
the 46 types of tRNA. For example, given a hexacodonic amino acid, say Ser, there
will be only one aaRS that will charge Ser to four different tRNAs (and its
isoacceptors) with its corresponding anticodons.1 In the genetic anticode, the
wobbling of the third base of the codon and the fact that there are no anticodons that
start with adenine must be taken into account.

There is no need for the aaRS to recognize the anticodon in order to properly
aminoacylate the tRNA. This means that the two codes coevolved right at the origin
of translation. This encoding system seems now lost in the dimness of the past.

1The codons for Ser are 6: UCC, UCU, UCA, UCG, AGC, and AGU, and their corresponding
anticodons are 4: GGA, GGA, UGA, CGA, GCU, and GCU, respectively. tRNAS with AGA or
ACU anticodons do not exist in the canonical standard or classic code.

2 M.V. José et al.



After all, the second operational code does not make sense without the standard
genetic code. However, the early relevance of the acceptor mini-helix in evolu-
tionary development of the tRNA molecule cannot be understated [17]. The pre-
sumable antiquity of the operational code [17] is compatible with the logical
primacy of anticodons [13].

It is known that the two complete tRNA-aaRS complexes look like mirror
images of one another [2]. In this work, we calculate the entropy per site of each of
the 20 tRNAs. We pose the following question: If the tRNAs are divided according
to the two classes of aaRSs (class I and II), will their entropy profiles reflect this
mirror symmetry?

1.1 The tRNA Code

Today we know that an amino acid is covalently bound at the 3′ end of a tRNA
molecule and that a specific nucleotide triplet elsewhere in the tRNA interacts with
a particular triplet codon in mRNA through hydrogen bonding of complementary
bases. A striking feature of the genetic code is that an amino acid may be specified
by more than one codon, so the code is described as degenerate. This does not
suggest that the code is flawed: although an amino acid may have two or more
codons, each codon specifies only one amino acid.

The degeneracy of the code is not uniform. Wobble allows some tRNAs to
recognize more than one codon. Transfer RNAs base-pair with mRNA codons at a
three-base sequence on the tRNA called the anticodon. The first base of the codon
in mRNA (read in the 5′ ! 3′ direction) pairs with the third base of the anticodon.
tRNAs are grouped into families of isoacceptors, with each family recognized by a
single cognate aminoacyl-tRNA synthetase.

All tRNAs conform to a secondary structure described as a “cloverleaf” and fold
in three-dimensional space into an “L-shaped” molecule, in which the amino acid
and the anticodon are at opposite ends of the molecule.

The 3′ end of all tRNAs have the sequence CCA, with the amino acid attached
by the tRNA synthetase to the terminal adenosine residue. In eukaryotic cells, the 3′
terminal CCA is not encoded but is enzymatically added post-transcriptionally.

1.2 tRNA Genes

The tRNA gene sequences were obtained from the tRNA database (http://trnadb.
bioinf.uni-leipzig.de), which correspond to 361 organisms distributed in the three
domains of life. Due to the presence of non-canonical versions of the nucleosides in
tRNAs sequences, the modified versions of these bases were considered as their
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closest version that is canonical (adenosine, guanosine, cytidine, uridine). All
sequences had the same length (76 characters), and the alignments were used for the
calculations.

2 Entropy in tRNA Molecules

The equation for entropy per base of tRNA is: HðXÞ ¼ �P
x2 A;G;U;Cf g pðxÞ log pðxÞ;

where the logarithm is taken to base 2 so that the outcome is measured in bits. This
will yield a number in the interval 0; 2½ � in each space of the sequence. Then the
entropy per site just measures what the probability is of finding a given site in any of
the 4 four possible states: A, U, G, or C.

In Fig. 1, the cloverleaf structure of two transcripts of tRNA is shown. The
amount of entropy for each site ranges from the lowest (white) to the highest (black)
values. Two gray values are for intermediate values.

The pairing in the stacks are Watson-Crick pairs (the ladder-like arrangement of
bases that bind in pairs) of the secondary structure (see Fig. 1). Note that at these
sites, the actual entropy diminishes, because two nucleotides that are bound toge-
ther share their entropy. We included the anticodons because we are not calculating
relative entropy. Note that the anticodons have high entropy.

The Watson-Crick binding in stacks is epistatic since their contributions to the
fitness of the sequence are not independent, i.e., the probability to find a particular
base at one position depends on the identity of a base at another position.

Fig. 1 Secondary cloverleaf structure of tRNA. In a tRNAGly and b tRNAAla. The bases are
colored black for high entropy (1.5–2 bits), light gray (0.5–1 bits) and dark grey (1–1.5) for
intermediate values, and white (0–0.5 bits) for minimal entropy. There are 76 numbered sites

4 M.V. José et al.



In Fig. 2, the average of entropy per site of the tRNAs is calculated according to
their aaRSs class. Note that each profile is visually very similar. Indeed, they
present a correlation coefficient of 0.95, so that on average their variabilities are
statistically similar at each site. Assuming the null hypothesis that these two profiles
are statistically similar, we cannot reject the hypothesis (p < 0.0001).

The colored bands correspond to regions in which Watson-Crick pairs are
formed (regions I–XII; II–IV; V–VII; IX–XI). Note the mirror symmetry between
the orange regions (acceptor stem), the green bands (before the D-loop), the blue
region (before the anticodon loop), and the red bands (after the TWC loop). The
shape of the curve in each band is the mirror image of the same curve in the other
band of the same color.

When we calculate other entropy profiles such as those amino acids encoded by
RNY versus YNR triplets, the similarity of their entropy profiles is not as con-
spicuous as the one observed for the two classes of synthetases. Yet the correlation
coefficient between the two series is r2 = 0.92 (not shown).

3 Conclusions

It is widely accepted that the two aaRSs recognize the acceptor helix from the
opposite side and that aaRS aminoacylates the tRNA without the need to recognize
the anticodon. Yet, we have shown that there is mirror symmetry in the entropy
profiles of the tRNAs when they are divided by their corresponding classes of
aaRSs. This is a common property of the nondegenerate operational code. Two
hairpins occur in tRNA, namely, the anticodon and acceptor arms, which participate
in the translation mechanism in the ribosome. Despite differences in the D-loop and
TWC loops, we have found that the entropy profiles of both classes of aaRSs

Fig. 2 Average entropy series for each class of tRNA according to the two classes of aaRS. The
correlation coefficient between both series is r2 = 0.95. (I) Acceptor stem; (II) D-stem; (III)
D-loop; (IV) D-stem; (V) anticodon stem; (VI) anticodon loop; (VII) anticodon stem; (VIII) variable
region; (IX) TWC stem; (X) TWC loop; (XI) TWC stem; (XII) acceptor stem; (XIII) CCA

Evolution of tRNAs Was Driven by Entropic Forces 5



display a remarkable mirror similarity: not only are their loops of different sizes, but
they also show compositional differences. The RNY code, considered a primeval
genetic code [6, 8, 9], does seem to reflect vestiges of these current entropy profiles.
Information is not stored within a sequence, but rather in the correlations within the
sequence. The analysis of information is an ongoing work of our group.

Acknowledgments MVJ was financially supported by PAPIIT-IN224015, UNAM, México.
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The Phylogenomic Roots of Translation

Derek Caetano-Anollés and Gustavo Caetano-Anollés

In my version the history of life is counterpoint music, a two-part invention with two
voices, the voice of the replicators attempting to impose their selfish purposes upon the
whole network and the voice of homeostasis tending to maximize diversity of structure and
flexibility of function. The tyranny of the replicators was always mitigated by the more
ancient cooperative structure of homeostasis that was inherent in every organism. The rule
of the genes was like the government of the old Hapsburg Empire: Despotismus gemildert
durch Schlamperei, or ‘despotism tempered by sloppiness’.

—Freeman Dyson [1]

1 Introduction

The mechanisms behind translation and the specificities of the genetic code are well
understood and are dependent on both nucleic acids and proteins [2]. In particular,
transfer RNAs, or tRNAs for short, are central L-shaped nucleic acid molecules that
are necessary for the transfer of genetic information from genomes and its inter-
pretation during protein biosynthesis. They play fundamental roles during the entire
translation process and during other processes of the cell as well. tRNAs recognize
cognate aminoacyl-tRNA synthetase (aaRS) enzymes, which help them charge
specific amino acids to the 3′ ends protruding from their acceptor stems. In turn,
‘anticodon’ sequences in their anticodon loops recognize complementary ‘codon’
sequences in messenger RNA (mRNA), translating genetic information that was
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transcribed into RNA. The codon-anticodon recognition occurs within the confines
of a complex ribonucleoprotein environment, the ribosome. tRNAs not only interact
with mRNA but also with ribosomal RNA (rRNA) and proteins (r-proteins), as
tRNAs are being ratcheted through the center of the biosynthetic complex and their
amino acids unloaded during protein bond synthesis in the ribosomal peptidyl
transferase center (PTC). The resulting polypeptides that are extruded through the
ribosomal exit pore then fold according to hidden rules determined by interactions
of tRNAs with all of its protein and nucleic acid partners. This ‘structural code,’
which holds deep historical information on the origin and evolution of proteins and
life, differs from the ‘genetic code.’ It holds overarching specificities for the central
molecular machinery that drives metabolism, translation, transcription and repli-
cation. Its vocabulary is currently unknown.

tRNAs are also very ancient molecules, a fact that is made evident by their
universality and the many roles they play in translation and other biological pro-
cesses [3]. For example, a recent study of the distribution of RNA molecules in a
catalog of over a thousand RNA families revealed that tRNA molecules were part
of only five families that were universally present in all biological organisms [4].
These families included rRNA and ribonuclease P (RNase P) RNA. The ubiquity
and universality of the very central tRNA molecules have prompted their phylo-
genetic study using information in their sequences and structures [5–9]. Here we
focus on the history of tRNA and its most fundamental interacting proteins and
nucleic acid partners, aaRSs, elongation factors and ribosomal molecules, which are
also part of a number of molecular complexes (e.g., ribosomes, multi-aaRS com-
plexes). To unfold this history, we used phylogenomic information extracted from
the sequence of millions of protein sequences and thousands of molecular structures
to build a step-by-step timeline of accretion of their component parts, protein
structural domains and RNA helical segments. We show that the gradual nucleation
of these molecular modules, which behave as evolutionary units of proteins and
nucleic acids, is ultimately responsible for the complexity of structures and
molecular interactions unfolding in the biology of extant organisms.

2 A Structural Phylogenomic Method to Study
the Evolution of Macromolecules

Phylogenetic analysis provides an objective criterion to study the natural history of
biological entities of many kinds, beginning with the evolution of organisms, using
information in specific features of those entities. The phylogenetic rationale of
traveling back in time was made explicit by German entomologist Willi Hennig
about half a century ago [10]. The systematization of evolutionary analyses gave
rise to the fields of cladistics and systematic biology and provided background
knowledge for the development of the field of molecular evolution and evolutionary
genomics. It also resulted in the ongoing construction of a Tree of Life
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(ToL) describing the evolution of organismal diversity at the planetary scale.
Remarkably, no comparable community-driven effort is being pursued that would
produce global views of the evolution of molecules of the kind advocated by Emile
Zuckerkandl and Margaret Dayhoff in the early 1970s [11, 12]. Despite this
shortcoming, the fields of structural biology and genomics have advanced con-
siderably during past decades to provide wide-encompassing understanding of
molecular diversity at atomic resolution [13]. As of 4 January 2016, there are
114,697 models of molecular structure deposited in the entries of the PROTEIN DATA

BANK (PDB) [14], and their associated functions are encoded in the DNA of the 8,434
genomes and metagenomes that have been completely sequenced (GOLD DATABASE

[15]). Genomic information has given rise to 0.55 million UNIPROTKB/SWISSPROT

and *50.4 million UNIPROTKB/TREMBL protein sequence entries and information in
thousands of functional RNA molecules.

Phylogenetic analysis builds tree representations of genealogical relationships of
the entities that are being studied, the phylogenies, by mining information in a
number of biological features of interest, the phylogenetic characters [16].
Traditional characters that are useful include biochemical, morphological, physio-
logical, developmental and molecular features with historical signal. The vast
majority of molecular features that have been studied so far involve sequence
information in alignments, i.e., sets of characters describing positions along a string
of monomers that are homologous within groups of macromolecules. However,
function impacts fitness and constrains evolution. Since molecular structures are the
repositories of molecular functions, they are generally more resistant to change than
sequences. They are therefore highly conserved at the evolutionary level and ideal
candidates to study the history of life, from the very deep relationships to the most
recent. For that reason, we have been studying the evolution of protein and nucleic
acid structures for almost 2 decades using the wealth of information generated by
the genomic revolution (first reviewed in [17]). We start by first summarizing the
experimental strategies used to study molecular history (Fig. 1) and then describing
some useful applications.

(1) Evolution of proteins. Advanced hidden Markov models (HMMs) of struc-
tural recognition assign fold structures to protein sequences with high accuracy and
low error rates. These bioinformatic annotations permit the generation of a struc-
tural census of proteins, with structural domains defined at various levels of protein
structural abstraction in the hierarchical classifications of SCOP [18] and CATH
[19], the gold standards. We have computed the proteomic occurrence and abun-
dance of each domain structure across a wide transect of organisms and used this
proteomic census to construct data matrices (arrays) for phylogenetic analysis.
Phylogenetic trees of domains (ToDs) and trees of proteomes (ToPs) were built
from this census. The first study of this kind was published in 2003 and involved a
proteomic analysis of only 32 organisms [20]. Recent analyses extended the
approach to thousands of them and to viruses [21]. Since ToDs and ToPs can be
rooted using direct methods of character polarization, the rooted trees describe the
origin and evolution of parts and wholes, the structural domains (the evolutionary
units of proteins) and the proteomes (the entire protein repertoire of an organism),
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respectively. Furthermore, the fact that ToDs are comb-like enabled the construc-
tion of timelines of domain history by counting the number of nodes from the base
of the tree to each taxon and expressing the value as a relative ‘node distance’ (nd).
These nd values measure the relative age of each domain, which can be linked to
the geological record through time calibration points. In fact, a remarkably linear
relationship was observed between the nd and the age of biomarkers and geo-
markers diagnostic of domain structures [22]. This relationship defined a molecular
clock of domain structures, which effectively turned ToDs into ‘timetrees’ [23],

Fig. 1 Structural phylogenomic analyses of protein domains and RNA molecules. a The flow
diagram describes the steps leading to the reconstruction of trees of domains (ToDs) and trees of
proteomes (ToPs) and associated timelines of domain innovation. A census of domain structures in
proteomes of thousands of completely sequenced organisms is used to compose data matrices
(arrays with rows and columns corresponding to taxa/characters) for building phylogenomic trees.
The trees describe the evolution of individual structural domains and proteomes, respectively.
Elements of the array (g) represent genomic abundances of domains in proteomes, defined at
different levels of classification of domain structure. The inset shows a very small segment of a
NEXUS file holding readable information for tree computation. b The flow diagram to the right
describes the phylogenetic reconstruction of trees of molecules (ToMs) and trees of substructures
(ToSs) of RNAs. Molecular structures are first decomposed into substructures, including helical
stem tracts and unpaired regions. Structural features of these substructures (e.g., length) are coded
as phylogenetic characters and assigned character states according to an evolutionary model that
polarizes character transformation toward an increase in conformational order (character
argumentation). Coded characters (s) are arranged in data matrices. Phylogenetic analysis
generates rooted phylogenetic trees. Embedded in ToDs and ToSs are timelines that assign age to
molecular structures. These ages can be ‘painted’ onto 2D or 3D structural models of RNA or
proteins, RNP complexes or protein complexes generating evolutionary heat maps
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i.e., bona fide chronologies with time axes in billions of years (Gy). A ToD built
from SCOP domain structures and its associated timeline is illustrated in Fig. 2.
Note that the time of first appearance of a domain structure in a chronology records
the time of origin of that structure and that the gradual evolutionary appearance of
domains involves thousands of steps. Each step represents a domain structure with
numerous and important annotations, including domain distribution in organisms
and viruses, molecular functions, biochemical and biophysical properties, and
biological network participation. Moreover, since the new discovery of domains has
reached a plateau, the number of domains must be considered finite, and ToDs
currently approach the highest level of universality that is possible in phylogenetic
statements. The generation of timelines of structural innovation has already allowed
exploration of a number of important questions. ToDs have been used to trace the
origin and evolution of metabolic networks [27–29], study the rise of translation
and the genetic code [30, 31], uncover the co-evolutionary history of the ribosome
[32, 33], explore the evolution of metallomes and biological metal utilization [34],
unfold the natural history of biocatalytic mechanisms [35] and protein flexibility
[36], study the evolutionary dynamics of gain and loss of domains [37] and domain
combinations [24], determine the makeup of the universal common ancestor of life
[38], visualize a basal stem line of descent responsible for organismal biodiversity
[25, 39] and generate a truly universal ToL that includes cellular organisms and
viruses directly from the age of domains using multidimensional scaling approaches
[21]. A recent encyclopedia entry summarizes some of the findings [40].

(2) Evolution of nucleic acids. Since RNA molecules carry deep phylogenetic
signal and the arrow of time in their structures, we have been able to derive
historical accounts of molecular evolution directly from structural topology and
thermodynamics [8, 41–44]. The evolutionary signal that we mine exists because
the secondary structure is closely linked to structural conformation and dynamics
[45]. RNA folding is negatively correlated with chain length, and the frustrated
energetics and dynamics of folding allows only few conformations to reach stable
states [46]. This forces structures to collapse by quickly reaching local folding
solutions, which result in the formation of a number of helical structural modules
compatible with the length and history of the molecules. Since the folding process
is frustrated, numerous folding conformations are possible in molecules with ran-
domized sequences. However, the number of possible conformations is actually
culled by evolution to ensure that their average life is sufficiently long for the
molecules to hold durable molecular functions [47]. This link between molecular
evolution and the biophysics of RNA provides a rationale for our phylogenetic
methodology: (1) characters describe features of helical stem and non-paired seg-
ments of RNA, and (2) minimization of conformations in RNA provides a defi-
nition of ‘evolution’s arrow’ for rooting of trees. Our methods make use of a census
of geometrical features that measures the length and topology of RNA substruc-
tures, including stem and non-paired segments, or statistical features portraying
stability and conformational diversity. The census produces data matrices with
rows and columns representing molecules and molecular parts and phylogenetic
characters describing molecular length or statistical features of structure
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(e.g., branching, stability, diversity). Since the matrices can be transposed, the data
can be used to build phylogenetic trees of molecules (ToMs) and trees of sub-
structures (ToSs). ToMs and ToSs are data-driven models of the history of the
molecular system or its component parts, respectively. The comb-like topologies of
ToDs allow building timelines of the appearance of parts in molecules. These
timelines define a ‘natural history’ of nucleic acids. The origin and evolution of the
most ancient RNA molecules have been studied in this way, including tRNA [8, 48,
49], SINE elements [44], the large and small rRNA subunits [17, 32, 33, 42, 43], 5S
rRNA [50] and RNase P RNA [51].

Note that the most parsimonious trees that describe the evolution of proteins and
nucleic acids are retained after computational searches of tree space using the
Wagner algorithm. Optimal trees are unrooted. They are only rooted a posteriori
using phylogenetic process models that comply with Weston’s generality criterion
[52]. This criterion states that as long as ancestral characters are preponderantly
retained in descendants, ancestral character states will always be more general than
its derivatives given their nested hierarchical distribution in the rooted trees.
Tracing the distribution of structural domains in proteomes (the f summary statistic)
on the taxa of a ToD reveals compliance with the workings of Weston’s rule
(Fig. 2). When rooting a ToL, character change in domain abundance should be
sequentially nested, with the most ancient structures being abundantly present in all
or almost all of organismal lineages and more recent structures present at more
moderate levels in increasingly more restricted groups of lineages. The ToD reflects
that pattern; the most ancient domain structures (taxa) at the base of the tree are the
most widely distributed in proteomes. A tracing of character state changes in the
corresponding ToP (which is a ToL) shows that indeed these taxa (now characters)
exhibit the widest distribution with change preponderantly restricted to the base of
the tree. Weston’s patterns also unfold by studying the distribution of domains
across superkingdoms of life (Fig. 2). The Venn group of domains that are shared
by all life (ABE) is the most ancient taxonomic group. Their domains span the
entire time axis and are the most widely distributed in genomes. The evolutionary

b Fig. 2 The evolution of the protein world is visualized by studying its structural domain
components. a Timeline of evolutionary appearance of fold superfamilies (FSFs) of structural
domains describing the relative timing of important events in the history of life. Domain age was
measured as a relative distance in the number of nodes from the base of the tree (nd) or was placed
in a geological time scale of billions of years (Gy) using a molecular clock of domain structures
[22]. Information in speech balloons without pointers was taken from trees of domain and domain
combinations [24]. Their relative location is approximate. The three evolutionary epochs of the
protein world are shaded in light green (Epoch 1, architectural diversification), salmon (Epoch 2,
superkingdom specification) and light yellow (Epoch 3, organismal diversification) [25]. Boxplots
display the FSF age distribution for the seven possible taxonomic groups. b Phylogenomic tree of
domains (ToDs) describing the evolution of 1,733 FSFs reconstructed from structural domain
abundance in the proteomes of 981 organisms. The tree was used to build the timeline of panel
a. FSF taxa are colored according to FSF distribution (f) in the proteomes that were surveyed and
used as characters to build the phylogenomic tree [26]. The most basal FSFs are labeled with
SCOP concise classification strings (ccs; e.g., c.37.1 is the P-loop containing nucleoside
triphosphate hydrolase FSF). The Venn diagram shows FSF distribution in superkingdoms
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appearance of the BE group shared by Bacteria and Eukarya occurs much later,
coinciding with the first reductive loss of an FSF in Archaea. Domain structures
specific to superkingdoms appear halfway in the timeline. These patterns also
comply with the expected nesting of lineages.

Operationally, the direct character polarization method roots the trees of proteins
by assuming domain structures accumulate in the evolution of the protein world and
roots the trees of nucleic acids by assuming conformational stability increases in
evolution as structures become canalized (reviewed in [17, 53, 54]). Biologically,
domain structures spread by recruitment in evolution when genes duplicate and
diversify, genomes rearrange, and genetic information is exchanged. Similarly,
nucleic acid base pairs increase the stability and expand the size of RNA structures
to match the increasing interactions with the expanding proteins and protein
complexes that are responsible for cellular and functional makeup. This is a process
of accumulation and retention of iterative homologies, such as serial homologs and
paralogous genes, which is global, universal and largely unaffected by proteome or
molecular size. The operational rooting (when made most parsimonious) complies
with Weston’s rule, and the axiomatic validity of character transformation can and
has been tested using a number of approaches, including thermodynamics, phylo-
genetics and multidimensional scaling, proving its mettle.

3 The Early Emergence of Proteins and Metabolism

The structural domains are considered the evolutionary units of proteins. However,
lower levels of structural granularity (abstraction) such as secondary structures
(e.g., helix, strand, turns) or supersecondary structures (e.g., αα-hairpins,
ββ-hairpins, βαβ-elements) could also hold evolutionary history. Remarkably,
phylogenetic analyses, numerical approaches or machine learning techniques give
no indication that these other levels hold strong phylogenetic signal or represent
evolutionary modules (but see [55]). This may simply stem from our inability to
suitably identify structural or non-structural lower level motifs that are responsible
for molecular change. In contrast, domains have been carefully analyzed, unified
into homologous groups and organized into a hierarchy in several classifications,
including SCOP and CATH. For example, the SCOP classification groups domains
into fold families (FFs), fold superfamilies (FSFs), folds and protein classes in a
hierarchical classification system of decreasing granularity. Domains with pairwise
amino acid sequence identities of more than 30 % are unified into FFs, and those
FFs that share similar structures and functions are further unified into FSFs. FFs and
FSFs have common evolutionary origins. FSFs sharing similar arrangements of
secondary structures in three-dimensional space are further unified into folds, and
those that share similar overall designs are further grouped into protein classes. The
common evolutionary origin of FSFs in folds has not been systematically tested. In
turn, classes unify large groups of folds that do not have a common evolutionary
history.
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Given these considerations, ToDs built at different hierarchical levels of protein
classification should be considered phylogenetic statements solely related to
structural domain history at those particular levels. Other possible structural mod-
ules at lower or higher levels of the hierarchical molecular system require separate
exploration. The information gathered from ToDs has been however revealing since
their inception [20]. The global emergent picture of molecular evolution derived
from domain history is largely congruent regardless of the level of abstraction or the
classification system. The global historical patterns obtained by tracing molecular
functions annotated to domain structures in the timeline summarized almost a
decade ago [17] still hold in updated timetrees and new studies. Here we highlight
some of these patterns (summarized in Fig. 2):

1. The oldest domains are fully dependent on cellular membranes. It is therefore
likely that the first proteins emerged enclosed in membrane containers forming
primordial cells and evolved from there to form the wide diversity of globular
proteins that today contribute to the complex make up of cellular organisms.

2. The very early proteins are first associated with organic cofactors but only later
involve transition metals as ligands. This suggests an organismal response to
increasing energy demands of the ancient world.

3. The very early, massive and then protracted appearance of domains with
enzymatic functions indicates that the central metabolism played a primordial
role in the early evolution of life.

4. The early but relatively late discovery of proteins involved in translation,
including aaRSs, elongation factors and r-proteins, has a metabolic origin and is
interrupted by a “discovery gap” that probably involves a historical revision of
the translation apparatus.

5. The relatively early rise of metallomes (the Zn-metallome appearing first) and
the late rise of oxygenic photosynthesis coincide with the late rise of aerobic
metabolism. This explains the existence of the Great Oxygenation Event
(GOE) *2.5 Gy ago, which is strongly supported by the geological record.

6. Domains involved in the synthesis of DNA precursors and replication com-
plexes appear late. This indicates a late transition from storage of information in
RNA genomes to storage in DNA genomes of cellular organisms.

7. Domains with functions that are typical of Eukarya, including cell adhesion,
receptors, chromatin structure and functions linked to multicellularity, appear
late and gradually and involve multidomain proteins. This suggests that modern
Eukarya established as an organismal supergroup quite late in evolution.

Furthermore, a careful study of the origin and evolution of domains and domain
combinations in multidomain proteins indicates the existence of a ‘big bang’ of
protein discovery coinciding with the rise of eukaryotic organisms [24]. The
conclusions of this study still hold and explain biphasic evolutionary patterns that
exist in proteins [56]. The trees showed that the first proteins had single domains
and were multifunctional, all of which produced fusion-driven combinations.
These domain combinations arose early in the timeline (during Epoch 1), were
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functionally specialized and later dominated the protein world. In contrast, fission
processes developed late, notably during the big bang of domain combinations.
These fissions produced many derived multifunctional single-domain proteins in
Eukarya. The cyclic pattern of distribution of biological function along the archi-
tectural timeline is remarkable and reveals the emergence of a new class of protein
module in evolution [17].

A major corollary from our phylogenomic studies is that the process of accretion
of domains in proteomes occurs pervasively in nature and is a driving force for the
evolution of macromolecules and life. Accretion is gradual, follows a molecular
clock, and reconciles biology and planetary history. This finding crucially supports
the principle of spatiotemporal continuity, the fundamental axiomatic necessity of
evolution. We note that one could argue that the mere reconstruction of phyloge-
netic trees implies per se the gradual appearance of biological entities in evolution,
i.e., that well-resolved tree topology cannot test spatiotemporal continuity. This is
not so. The existence of a comb-like tree is an outcome of the existence of phy-
logenetic signal in the data and the existence of a timeline of natural structural
discovery. Absence of such historical information would collapse branches into
‘hard’ polytomies, i.e., nodes supporting more than three branches with splits that
arise from natural phenomena. These polytomies would distort the unbalanced tree
structures toward a ‘star’ tree topology, making the construction of timelines
impossible. The fact that we detect strong phylogenetic signal in the data diffuses
such concerns. Furthermore, the molecular clock of folds extends the timeframe of
domain diversification to the vast majority of the geological record. This supports
the gradual spread of domain innovation in evolution. The recent mathematical
modeling of the accretion process now makes the entire evolutionary process of
protein domain accumulation explicit and prompts an exploration of how protein
diversity extends through sequence space [57].

4 Insights into the Generation of the First Protein
Structures

In a relatively recent study, we mapped the first evolutionary appearance of the
oldest 54 FFs, tracing a number of properties of these domain structures, including
their ability to bind cofactors, interact with RNA, and display broad molecular
movements and flexibility [58]. These primordial FFs are important since they are
responsible for jumpstarting metabolism and translation. Remarkably, their order of
appearance provided detailed information about which central biological processes
of the cell came first, metabolism, translation or replication, and what sub-processes
were involved. The first four FFs were the ABC transporter ATPase domain-like
family (c.37.1.12), the extended and tandem AAA-ATPase domain families
(c.37.1.20 and c.37.1.19) and the tyrosine-dependent oxidoreductase domain family
(c.2.1.2). All of these FFs currently unfold in membrane-structured cellular
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environments. A detailed tracing of these structures in metabolic sub-networks
defined by the KEGG database showed that these FFs provide hydrolase and
transferase functions needed for nucleotide interconversion, storage and phosphate
transfer-mediated recycling of chemical energy [29]. They are ultimately respon-
sible for seeding the pathways of purine biosynthesis and establishing the chemical
currency of energy storage in the biological world, the ATP and then GTP families
of cofactors. Note that three of the four FFs hold the P-loop containing the
nucleotide triphosphate (NTP) hydrolase fold (c.37), which is placed at the very
base of each and every one of the ToDs we have ever generated. In the timeline, it
appeared for the first time associated with a primordial bundle, the predominant
structure of proteins associated with membranes. The archaic association of the
“Rossmann-like” α/β/α-layered design that is typical of the c.37 and c.2 folds and
the bundle structure was even made explicit in ToDs generated using CATH
domain definitions, which split the SCOP FFs structure into finer grained modules
[59]. Thus, the structural phylogenomic statements derived from structures
appearing at the base of ToDs establish that the origin of proteins was unequivo-
cally associated with metabolism and membranes. Thus, Dyson’s “more ancient
cooperative structure of homeostasis” typical of protein enzymes of metabolism
indeed preceded the “tyranny of the replicators” underlying a nucleic acid-based
genetic system [1], debunking the widely held belief of an ancient RNA world. The
consequence of this finding is that first proteins had to unfold in the absence of
genetic memory within cellular compartments.

An early appearance of peptide and protein molecules in cellular compartments
is not an alien concept. Prebiotic chemistry supports the facile production of amino
acids (even in artificial spark discharge experiments) and short peptide molecules
(even in simple cycle desiccation experiments), which is much simpler than the
synthesis of nucleic acid precursors. Amphiphilic molecules capable of forming
vesicle containers are even present in meteorites. These emerging molecular sys-
tems are prone to hold molecular and cellular memory. Cellular compartments that
are stabilized by addition of peptides could be more persistent [58]. Similarly,
biases in self-catalyzed ligations of short peptides could result in longer and more
stable emergent structures [60, 61]. These are hallmarks of ‘homeostasis,’ ‘com-
petitive optimization’ and ‘compositional selection.’ Such forces could impart
archaic memories about the expanding cellular and molecular systems.

If these conjectures are true, then we must invoke an ancestral ‘origami’
responsible for the generation of the first stable structural domains, which assem-
bled from ancient peptides [62, 63]. Would this origami point toward the primordial
α/β/α-layered structure present in the c.37 and c.2 Rossmann-like folds? We already
have an answer! The use of advanced bioinformatics methods to survey and classify
modular-like arrangements of helix, strand and turn segments *25–30 amino acid
residues long identified the most conserved loop-forming building blocks [64].
Remarkably, the most popular of these structural motif prototypes (known as
‘elementary functional loops’) in archaeal proteomes and the most widely spread in
fold superfamily domain structures preferentially involved superfamilies holding
the c.37 and c.2 folds. A tracing of the bipartite network of elementary functional
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loops and domain superfamilies in time showed patterns of emergence of modular
scale-free behavior [65]. The ancient link between peptides and structural domains
is therefore established and must be further studied.

5 Late Evolutionary Appearance of First Structural
Domains Interacting with RNA

The structural domains that consistently appear at the base of the ToDs do not
interact with nucleic acid macromolecules. Instead, the first nucleic acid-interacting
domains made their debut relatively late, had metabolic origins and associated with
tRNA [30, 58]. When studying the timeline of FFs, a number of FF domain
structures appear after the rise of metabolism *3.7–3.6 Gy ago (ndFF = 0.02–
0.045). The first four FFs of this group involve the class I aaRS catalytic domain
(c.26.1.1), class II aaRS and biotin synthetases (d.104.1.1), G proteins (c.37.1.8)
and actin-like ATPase domain (c.55.1.1) FFs [58]. These structural domains, which
are also part of the catalytic makeup of enzymes important for fatty acid biosyn-
thesis, appear before r-proteins in the timeline. All of them have the α/β/α-layered
Rossmann-like design, and three of them define the catalytic domains of aaRSs and
structures of elongation factors that are central for translation and the specificity of
the genetic code. They catalyze crucial acylation and condensation reactions
involved in the aminoacylation of tRNA bound to the aaRSs or phosphopanteth-
einyl arms of carrier proteins that are part of non-ribosomal peptide synthetase
(NRPS) complexes.

6 The Co-evolutionary History of Emerging tRNA,
Ribosomes and Proteins

Having established that translation started late by laying down a foundation of
interactions among tRNA, aaRSs and factors, can we explore patterns of molecular
growth indicative of the processes behind the rise of translation and the specificities
of the genetic code? Phylogenomic analysis of thousands of RNA molecules and
millions of protein structural domains supports three crucial historical patterns:
(1) the co-evolution of tRNA and aaRS enzymes during the rise of genetic code
specificities, (2) the co-evolution of ribosomal RNA and proteins, and (3) the
co-evolution of tRNA and the emerging ribonucleoprotein structure of the ribo-
somes. We here define co-evolution as a coordinated succession of structural
changes occurring within the emerging molecular environment. These changes
should be considered mutually induced by the increasing interactions between and
among protein and nucleic acid molecules that were being recruited to perform the
very initial molecular functions. In all cases, co-evolution’s goal was to fold
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macromolecules into more stable and functionally efficient structures capable of
extending the persistence of the molecules and the emergent primordial cells that
would contain them. In these phylogenomic studies, the relative ages of structures
of tRNA, rRNA, aaRS domains and r-protein domains were calculated from the
phylogenetic trees (ToSs, ToMs and ToDs), indexed with structural, functional and
molecular contact information and mapped onto three-dimensional models of
molecules and molecular complexes.

The rise of the genetic code. The specificity of translation and the ‘memory’ of
genetics is ultimately controlled by the specificities that define the genetic code. In
vitro studies have shown that discrimination against non-cognate substrates is
maximal in aminoacyl-tRNA synthesis, unknown but probably significant for EF
binding and minimal for aaRS editing, aaRS resampling and ribosomal tRNA
recognition and proofreading [2]. The rate of misincorporated amino acids in aaRSs
is 1 in 200–10,000, at least an order of magnitude lower than other specificities, and
the rate of misincorporated tRNA is 1 in more than 10,000. It is therefore clear that
genetic code safekeeping has been entrusted to aaRSs and not the ribosomes.
Reconstruction of phylogenies and evolutionary timelines showed that the history
of catalytic, editing and anticodon-binding domains of aaRSs matched the history
of tRNA charging and encoding [31]. The catalytic domains, which are the most
ancient of the aaRSs molecules [30], interact with the acceptor arm of the tRNA that
charges specific amino acids, which is the most ancient of the nucleic acid molecule
[8] (Fig. 3). Similarly, the more recent anticodon-binding domain of aaRSs inter-
acts with the more recent anticodon-binding arm of tRNAs. These co-evolutionary
patterns that are derived from ToDs and ToSs can be complemented with more
powerful tools that couple ToMs and phylogenetic constraint analysis to fine-grain
the evolutionary history of the charging and encoding functions of translation [48,
49]. This allowed making historical inferences of the progression of specificities for
both the ‘operational’ genetic code of the acceptor arm of tRNA [66] and the more
derived ‘standard’ genetic code of the anticodon-binding stem of tRNA. The rise of
the aminoacylation specificities of tRNA isoacceptors is described in the timelines
of Fig. 4. The first specificities unfold by pre-transfer and post-transfer editing and
trans-editing activities of aaRSs. These molecular activities are responsible for
sieving amino acids by size in the active sites of the catalytic domains. They
involve 11 of the 20 standard amino acids. Specificities are however split into two
groups. Group 1 specificities associate with the older ‘type II’ tRNA structures
holding a variable arm. Group 2 specificities associate with the standard ‘type I’
tRNA cloverleaf structures that lack the variable segment of the structure. These
interactions, which unfolded *3.7–3.0 Gy ago, involve the acceptor stem of the
tRNA molecule and probably defined the ‘operational’ genetic code in the absence
of a fully functional ribosome and a full cloverleaf structure. In turn, codon
specificities unfolded *3 Gy ago with the first anticodon (AC) binding domains,
which interact with the more modern anticodon stem of tRNA. The evolution of
this more modern ‘standard’ genetic code produced its own timeline of codon
specificities that sometimes overlapped and enhanced the specificities of the
‘operational’ code (Fig. 4). Separate timelines of amino acid charging and codon
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recognition are therefore evident in the phylogenomic chronologies. Remarkably, a
recent study shows that the acceptor and anticodon stem determinants encode the
size and polarity of amino acid residues, respectively [67]. This matches the dif-
ferential encoding of information in the top and bottom half of the tRNA molecule
and the role of editing and anticodon binding recognition that differentiate these two
sequential and apparently redundant codes [31]. This congruence supports the
separate development of two genetic codes in evolution. A comparison of amino
acid and dipeptide compositions of single-domain proteins appearing in the

Fig. 3 The co-evolutionary history of tRNA and aaRSs. a The age of aaRS domains, exemplified
by IleRS (PDB entry 1qu2), matches the age of the interacting arms of their tRNA isoacceptors.
The oldest acceptor (Acc) arm interacts with the oldest catalytic domain and the more recent
anticodon (AC) arm interacts with the more recent AC-binding domain. b One of nine most
parsimonious phylogenomic tree reconstructions describing the history of aaRS domains [31].
Terminal leaves are colored according to aaRS class and indexed with domain ccs labels. The tree
matches the corresponding subtree in the global tree of FFs described in the next panel. A tree of
tRNA substructures describing the evolutionary growth of tRNA (made explicit in the inset; [8]) is
mapped to the domains that interact with the unfolding tRNA substructures, showing tight
co-evolution. c Timeline of FF domains directly obtained from a ToD reconstructed from
information in the proteomes of 420 free-living organisms [31]. FFs (indexed arrowheads) are
mapped along a timeline with landmarks derived from the domain history. The dashed black
segment of the timeline indicates the aaRS history prior to the appearance of AC-binding domains
and modern genetics. The three epochs of the protein world (described in Fig. 2) are shaded
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timelines before and after the first anticodon binding domains (i.e., the standard
code) revealed enrichment of dipeptides with amino acids that are subject to aaRS
editing (groups 1 and 2) [31]. Results uncover a hidden link between the emergence
and expansion of the classic genetic code and protein flexibility [31].

The rise of the ribosome. Domain history indicates that r-proteins appeared
3.3–3.4 Gy ago, later than aaRSs and factors but earlier than anticodon binding
specificities. The ribosome was therefore present while the ‘operational code’ was
being developed. Since the small (SSU) and large (LSU) subunits of the ribosome
contain 30–40 and 30–45 proteins, respectively, r-protein history unfolds consid-
erable detail about the origin and evolution of the ribosome. Similarly, SSU and
LSU hold about 50 and 100 universal helical segments, respectively, which can also
provide details about the evolutionary growth of the RNA molecules. Indeed, ToDs
and ToSs enabled construction of detailed timelines of the history of r-proteins and
nucleic acids, respectively [17, 32, 33, 43, 50]. More importantly, the structural
interactions present in models of the atomic structure of the ribosome permitted
mapping interactions in both timelines, effectively linking the two. Remarkably, the
exercise showed strong co-evolutionary relationships between the age of r-proteins
and the age of interacting rRNA helices in the universal ribosomal core [32, 50],
which were expressed as a significant correlation (Fig. 5). The oldest proteins (S12,
S17, S9, L3) appeared together with the oldest rRNA substructures responsible for
decoding and ribosomal dynamics. These structures include the ratchets and two
hinges of SSU rRNA and the L1 and L7/L12 stalks important for ribosomal
movement of tRNA in the complex. As the ribosome continued to unfold in evo-
lution, the age of rRNA helical regions in both subunits (see Fig. 5) and interacting
domains of r-proteins co-evolved simultaneously to form a fully functional ribo-
somal core. Importantly, the appearance of RNA substructures at first occurred in
orderly fashion until the formation of five-way LSU and ten-way SSU junctions in
SSU and LSU, respectively, at which point a ‘major transition’ in ribosomal evo-
lution occurred 2.8–3.1 Gy ago (Fig. 6). This transition, which coincided with the
start of planet oxygenation [28], brought ribosomal subunits together through
inter-subunit bridge contacts [32]. It also stabilized loosely evolving ribosomal

Fig. 4 The history of the operational and standard genetic codes unfolds sequentially but the
codes act redundantly. The operational code delimits amino acid charging, and the standard code
delimits codon specificity. Phylogenomic analysis dissects their history [31, 49]

The Phylogenomic Roots of Translation 23



components and developed tRNA-interacting structures and a fully-fledged PTC
with exit pores capable of protein biosynthesis. The implications of these
co-evolutionary patterns of ribosomal history are profound. They debunk the idea
of an origin of the ribosome in an ancient ‘RNA world’ since the growth of RNA
and protein structure occurred in close interaction.

tRNA is at the center of ribosomal evolution. The timelines of ribosomal history
showed that tRNAs were the centerpiece of important structures that were being
accreted [32]. The gradual development of tRNA-rRNA molecular interfaces
revealed that known interactions occurring before the major transition involved
contacts between ancient SSU helices and the anticodon arm of tRNA. After the
transition, most contacts involved newer LSU helices and the older half of tRNA.
Contacts with the T-arm of tRNA formed soon after the transition. The T-arm is the
only tRNA substructure that interacts with the two major subunits of the ribosome.
Importantly, all tRNA contacts with the PTC unfolded abruptly during the major
transition. Coupling the evolutionary timelines of tRNA and rRNA structure with
annotations of their interactions with protein domains revealed that the tRNA
cloverleaf structure was already fully formed when the PTC made its appearance
[68]. Thus, fully formed tRNA molecules played other roles before being recruited
for protein biosynthesis, perhaps both as cofactors of peptide-producing dipepti-
dases and ligases [31, 58] and as primordial genomes [69].

Fig. 5 The molecular evolution of the ribosome. a Secondary structure models of the small (SSU)
and large (LSU) subunits of the Escherichia coli ribosome with rRNA helical segments and
proteins colored according to their age (in Gy). Note the very ancient and central translocation core
of helix 44 and r-proteins S12 and S17 (colored red) develops into a complex patchwork of
molecular ages. b Tight co-evolution between r-proteins and rRNA helical segments. The relative
ages are expressed as node distances (nd) derived from ToDs and ToSs. Figure modified from [32]
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7 tRNAs Are Evolutionary Building Blocks of Ribosomes
and Genomes

A recent study generated lists of non-overlapping pairwise global alignments
between tRNA and rRNA molecules that identified a number of remote homolo-
gies, which were often overlapping [70]. Similarly, sequential and overlapping
remote homologies were detected between reconstructed tRNA and the PTC core of

Fig. 6 Timeline of rRNA history. The first (major) and second transitions are indicated with
encircled numbers in the timeline of rRNA substructures, which unfolds in time from left to right
and is indexed with molecular functions. The timeline was inferred from a ToS, which is shown
below. The branches of the ToS leading to the major transition are colored according to the age of
evolving substructures. The major transition occurred once the decoding apparatus was in place,
the H73, H74, H89 and H90 of the LSU formed the PTC responsible for protein synthesis (yellow
region of the tree), and inter-subunit bridges (dashed lines in the model) were brought together and
stabilized the SSU and LSU subunits. A model of the ribosome at the time of the major transition
(nd = 0.3) is shown below the ToS with secondary structures colored according to their age.
r-Proteins are indicated with labeled buttons. The growth of helical segments was modeled with
growth rates of 100 base pairs/nd (*26 base pairs/Gy) and an average start length of 15.9 ± 11
(SD) bp to assume recruitment
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LSU rRNA [71, 72]. These results suggest that both subunits of the ribosome were
built piecemeal from primordial tRNA molecules. They also support an early
proposal that the PTC originated from two tRNA halves by ancestral duplication
[73] and even an earlier proposal supported by early bioinformatics analyses that
tRNA and rRNA shared a common history [74]. Remarkably, we recently explored
how the putative tRNA accretion process gave rise to functional rRNA by tracing
the age of rRNA regions associated with the isoacceptor tRNA relics [75]. The ages
of rRNA were taken directly from the work of Harish and Caetano-Anollés [32].
Remarkably, tRNA relics were enriched in older regions of the rRNA molecules,
and these older regions harbored isoacceptor tRNA homologies that were also
enriched in the oldest group 1 and 2 editing specificities for amino acid charging
[31]. Thus, it appears tRNA relics preserve information about charging functions
developed during the rise of the ‘operational’ code. What is even more remarkable
is the existence of remote homologies to genes encoding very old proteins of
metabolism, translation and replication that are also hidden in rRNA [70]. Thus,
ancient rRNA had dual roles. It acted as a macromolecular machine or as a genome
capable of encoding the information that the machine translated into proteins.

8 Conclusions

Translation is a biological process of interpretation of genetic information for the
biosynthesis of proteins. Structural phylogenomic analysis suggests translation is
ancient but developed later than the most primordial enzymatic functions of
metabolism. Interactions with tRNA involve domains that were not at the base of
the phylogenomic trees. Even the most ancient translation-related domains had
metabolic functions (e.g., amino acylation of tRNA in catalytic domains), which
preceded ribosomal-mediated protein biosynthesis. This has profound conse-
quences for our understanding of how the molecular machinery of the cell origi-
nated. In current efforts to jumpstart a cellular system in vitro with the tools of
synthetic biology, the “cooperative structure of homeostasis,” which is embedded
in proteins and cellular structure, must be established first, before ever attempting to
impose a “tyranny of replicators” on the emerging system. Bioengineering should
interface with knowledge from evolutionary history.

We note that the historical explorations we here describe started almost two
decades ago. Their premise is that phylogenetic history exists in the structure of
extant molecules. Its approach is grounded in cladistic methodology widely applied
to the systematic survey of organismal biodiversity. Inferences about molecular
structure are made with state-of-the-art HMM methods taking advantage of geno-
mic information that is increasingly available. Phylogenetic trees are built using
algorithmic implementations that extract deep phylogenetic signal from protein and
nucleic acid molecules. Our studies have been followed by a handful of explo-
rations from other laboratories, including building trees of life [76, 77], tracing
domain changes in their branches [78] or constructing databases of structures
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present in the last universal common ancestor of life [79]. Some explorations have
been misguided by the use of unrealistic evolutionary models [80]. Since cladistics
offers an objective criterion to reconstructing history, explorations follow the
hypothetico-deductive method for overthrowing theories that supports scientific
growth [81]. The strength of relationships of homology is tested at every stage of
the exploration. The goal is to enhance the breath and scope, universality and
degree of precision of the evidence that supports the historical conjectures. The
effort increases explanatory power, empirical content and degree of corroboration.
In the process, phylogenomics has repeatedly falsified the ancient “RNA world”
theory in favor of other alternatives. The exercise attempts avoidance of recently
highlighted fallacies that exist in the origin-of-life research field [82]. The experi-
mental research of this field, which is predicated on deductive logic, appears largely
immature, lacks “patterns of progress,” and cannot integrate empirical evidence and
theory from many domains of inquiry. Uncertainties in origin-of-life research are a
“breeding ground for a proclivity to combine wild speculation with dogmatic
defense” [82]. This explains a number of pernicious tendencies, including the
adoption of extreme skepticism, collapse into metaphysics, and retreat to aprioristic
narration and mythology. Phylogenomics provides one avenue out of the impasse.
This avenue can systematize knowledge about the natural history of biological
molecules and life.
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Origins and Early Evolution
of the Ribosome

George E. Fox

1 The Beginnings: Origins of the PTC and Possible
Existence of an RNA World

1.1 Background

A central question in the origin of the modern translation machinery is the source of
the extremely conserved PTC where the peptide bond is formed. Indeed, the for-
mation of the PTC is by definition at the beginning of ribosome history even if
some of the components actually predate it. For many years, investigators sought to
discover which ribosomal protein or combinations thereof were responsible for
catalyzing peptide bond formation. Failure to solve this riddle gradually led to the
hypothesis that the ribosomal RNA (rRNA) had a significant role as reviewed by
Noller [1]. When a high-resolution crystal structure of the 50S ribosomal subunit
was obtained [2], it quickly became clear that since no protein appeared to be in
proximity to the PTC region, the RNA itself must be catalytic [3]. Later it was
found, in the case of the Thermus thermophilus ribosome, that ribosomal protein
L27 did in fact closely approach the PTC [4, 5]. However, elimination of multiple
residues that most closely approach the PTC does not completely prevent peptide
bond formation [6]. Most recently it was shown that the rate of peptide bond
formation was independent of the presence or absence of L27 [7]. Thus, the
ribosome is widely and likely correctly regarded as an RNA machine.
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1.2 RNA World

This brings the question of the RNA World to the fore. The evidence that is most
indicative of the existence of a primitive RNA World that predated protein syn-
thesis is the potential involvement of nucleotide coenzymes in prebiotic reactions as
originally proposed by White in 1976 [8] and recently reviewed and pursued further
by Yarus [9]. In many cases, the core structure of the coenzyme is an adenine
diphosphate with a side chain that sometimes contains amide bonds attached to the
5′ diphosphate. This is seen, for example, in nicotinamide adenine dinucleotide and
coenzyme A. This same feature is also seen in modern aminoacyl tRNA synthetases
that initially attach the cognate amino in the same position creating the aminoacyl
adenylate.

However, to obtain an extensive RNA World in which RNA catalyzes bio-
chemical pathways that many have envisioned, it is thought necessary to obtain an
RNA-based RNA replicase. This would need to be accomplished before peptide
synthesis became established as the latter could quickly terminate the RNA World
in favor of an RNA/peptide World. Proteins that can replicate RNA clearly exist,
whereas effective RNA-catalyzed RNA replication of RNAs has proven difficult to
demonstrate. Although template-directed synthesis by ribozymes is feasible [10],
enzymes that synthesize RNAs approaching their own size had been difficult to
obtain [11]. Using selection in ice, this hurdle was recently overcome in a spe-
cialized laboratory setting [12].

More recent efforts have highlighted the value of freeze-thaw cycles in the
possible generation of self-replicating RNAs [13]. This progress notwithstanding,
the complexity of these synthetic self-replicating RNAs is not substantially less than
that of the peptidyl transferase center (PTC) found in extant ribosomes. So perhaps
the quest to find a self-replicating RNA should be augmented/replaced with a quest
to find a minimal peptide that can replicate an RNA. At the least, such a peptide
RNA polymerase must emerge at some early stage as protein polymerases, and
other complex proteins such as aminoacyl tRNA synthetases are likely present at
the time of the LUCA [14]. Depending on its size, evidence of such a peptide could
strongly support an abbreviated RNA World where the discovery of peptide syn-
thesis predated the discovery of an RNA replicase. Indeed, RNAs that can syn-
thesize peptides have been obtained in selection experiments [15]. As noted by
Lilley [16], “Ultimately the finest achievement of the RNA World was probably the
creation of proteins. These then took over most of the catalytic functions, leaving
the ribosome as the most permanent monument to a heroic era.” However, even this
may be an overstatement, as the RNA World may simply have never existed, as is
suggested by the primitive nature of the mechanism of peptide synthesis in ribo-
somes and limited evidence, if any, of proteins replacing ribozymes [17].

A second problem with even an abbreviated RNA World, which is shared with
ribosomal origins, is of course the source of the RNA. Although recent progress has
been made [18, 19], the prebiotic synthesis of chiral RNA or a precursor nucleic
acid remains uncertain. One alternative view is a prebiotic world in which peptides
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of perhaps 3–8 residues could be produced without ribosomes [20]. The synthesis
of even longer polymers of amino acids on illite and hydroxyapatite has been
demonstrated [21]. Non-coded peptide synthesis in fact occurs in extant organisms
using coded synthetases [22]. In the absence of the ribosomal machinery, various
atypical features can be utilized including the incorporation of D-amino acids
and/or non-standard amino acids [23]. Irrespective of how or when RNA or a
precursor nucleic acid first became available, it would clearly be an important step
in origins. This is because complexity is readily increased even in the absence of a
replicase by hybridization and/or ligation. These processes are obtainable in random
RNA pools [10]. It has been shown, for example, that a ligation of a simple RNA
stem loop structure to itself could in principal produce a tRNA with the full
complexity of the modern molecule [24].

1.3 Peptidyl Transferase Center

With regard to the modern PTC, Ilana Agmon in Yonath’s research group found
evidence of structural similarity between the A-site and P-site portions of the
modern PTC [25]. This suggests that the modern PTC actually arose from an
ancient duplication or hybridization event [26, 27]. Consistent with this, in the LSU
rRNAs of Chlamydomonas reinhaardtii mitochondria [28] and the Euglena gracilis
cytoplasm [29], the PTC is actually formed by noncovalent base pairing between
two separate RNA fragments. These fragments are, however, very large and likely
more indicative of possibility rather than actual history.

Regardless of its origin, a popular question regarding the PTC is the mechanism
of the two reactions it is involved in [30]. The more studied of these is the entropic
peptidyl transferase reaction in which the ester bond that links the nascent peptide
to the 3′ hydroxyl of the 3′ terminal ribose of the P-site tRNA is subject to
aminolysis by the alpha-amino group of the incoming tRNA. The reaction is fast
with 15–50 peptide bonds produced per second [31]. The PTC is thought to be an
entropy trap, which means it is the positioning of the substrates that is central rather
than conventional chemical catalysis [32, 33]. The chemistry has been the subject of
considerable discussion [30, 34–39] with no consensus resolution. Unlike a typical
enzyme, the reaction is also not specific. The PTC can synthesize other products
including esters and thioesters [40–44] and utilize non-standard amino acids
[45–47]. The second reaction is the subsequent release of the peptide from the P-site
tRNA by ester bond hydrolysis, which occurs when a stop codon is reached. This
reaction is much slower [48].

However, a focus on the specifics of the chemistry obscures the larger picture of
the utility of a proto-ribosome in a prebiotic world. It is not just the ability to
synthesize peptide or perhaps ester bonds that matters, but rather the ability of the
process to be done over and over again in order to create a polymer [49].
The chemistry itself is inherently favorable in that the synthesis of a dipeptide is
relatively easy, but its subsequent release is slow. Thus, further extension is
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possible if additional activated amino acids approach the growing chain before it is
released. The modern ribosome exploits this by holding the growing chain in place
in the P site while the next charged tRNA is recruited to the A site. When the PTC
region of the ribosome is closely examined, one sees that the PTC actually forms a
nanopore (Fig. 1).

The PTC pore serves as the entrance to the exit tunnel that provides a path for the
growing peptide to pass through the ribosome and ultimately emerge as a mature
protein. To accomplish this, various bases in the PTC are accessible at the pore
surface. In the modern ribosome, any blockage of the exit tunnel rapidly inhibits
protein synthesis, in essence because the active site becomes clogged. This is the
mechanism employed by many macrolide antibiotics [50–56]. Many other antibi-
otics simply prevent the correct positioning of acceptor or donor substrates at the
PTC [30].

With these facts in mind, it was previously proposed [49] that the entrance to the
exit tunnel was part of the PTC from the very beginning. In fact, in combination
with the favorable chemistry, it was likely this feature that provided a critical
advantage over alternative peptide synthesis systems by facilitating the polymer-
ization process as well as the synthesis of individual peptide bonds. For example, if
pairs of activated amino acids bound to very small RNAs [57] are brought to the
surface of a proto-ribosome they could, if positioned properly, form a peptide bond
such that one of the RNAs now carries a dipeptide while the other is vacant. This is
then the critical moment. If complexity is to continue to increase, the small RNA
that contains the dipeptide must now be more likely to stay associated with the
proto-ribosome. In contrast, the now naked small RNA must be more likely to leave
the reaction center thereby making the creation of a trimer possible when a new
RNA carrying an amino acid reaches the surface of the proto-ribosome. It is argued
that the presence of the exit pore will facilitate precisely this by providing a means

Fig. 1 Space filling model of the PTC region highlighting the residues that surround the exit pore.
Backbone atoms are colored in brown, and the bases are in green. The black line traces the RNA
backbone throughout the region. Unlike other known RNA pores that are lined almost exclusively
with backbone atoms, the PTC pore provides access to the bases
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to slow the departure of the small RNA carrying the dipeptide and preventing it
from interfering with the next synthesis step.

What amino acid would the small RNAs carry? This question has been
addressed not from the PTC perspective, but rather from the origins of coding. The
basic idea is that the proposed small aminoacylated RNAs would be the ancestors of
modern tRNAs. These RNAs may have delivered different amino acid to the
proto-PTC depending on their individual structure and sequence. For example, the
CCA stem of early proto-tRNAs may have favored some amino acids over others.
Thus, as recently revisited [58], it has been speculated that there was originally an
operational genetic code [59, 60] that would have predated the usual genetic code.
In support of this idea, some modern aminoacyl tRNA synthetases do not rely on
the anticodon to determine tRNA identity. For example, an alanine minihelix RNA
and an even smaller microhelix consisting of only the acceptor stem are readily
charged [61, 62].

What peptides would be made? It is not envisioned that any magic peptide
would have emerged. In fact, as stated explicitly by Noller [1], “it is proposed that
translation originally arose not to synthesize functional proteins, but to provide
simple (perhaps random) peptides that bound to RNA, increasing its available
structure space, and therefore its functional capabilities.” Being random, noncoded,
and likely lacking complex structures, the earliest peptides would provide one
obvious benefit: stabilization of the growing proto-ribosome [49]. For example,
simply increasing the lifetime of the machinery would facilitate further develop-
ments in the pre-LUCA World. However, stabilization of the very core of the
emerging PTC was likely initially facilitated by metal ion interactions, not peptides.
The modern PTC region is largely devoid of protein interactions. Instead, inner
sphere interactions of magnesium with phosphate oxygens play a key role [63, 64].
However, at the time the ribosome was first developing, the Earth was anaerobic.
As a result, ferrous ions may have been used rather than magnesium [65]. If a
ribosome structure from an anaerobic organism becomes available, it will be of
interest to see if ferrous iron is associated with the ribosomes.

Given the proposed importance of the PTC in terminating the RNA World one
would expect that a suitable PTC analog would be stable, able to bind the sub-
strates, and easy to form. Although it remains to be proven experimentally, initial
quantum kernel energy studies indicate that Yonath’s proto-ribosome would in fact
form a stable structure to which small RNA substrates could stably attach [66]. But,
how easily could a PTC-like structure be formed in a prebiotic world? A search of
known RNA structures was performed, and in fact 11 additional nanometer size
pores were found in the large rRNAs, and more examples were found in other
RNAs [67]. These additional pores are made by folding of the RNA and in several
cases encompass less than 100 nucleotides. However, unlike the PTC case, all of
these additional pores are formed primarily by the backbone with the bases facing
away from the pore surface. One might argue that a second pore in the rRNAs with
a structure akin to the PTC pore would be detrimental because of possible com-
petition. However, pores were also found in other RNAs, and although smaller,
these too typically hide the bases from the pore surface. A second issue is
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conservation. The residues that comprise the modern PTC region are found to be
extremely conserved when a representative group of organisms is examined [68].
This reflects on one hand the importance of the PTC, but if only a few sequences
can perform the function, then its discovery in the prebiotic world would be unli-
kely. Of course, the modern PTC is central to all extant organisms, and it likely was
highly optimized by selective forces well before the emergence of the LUCA. It
would be helpful to further study whether an artificial RNA capable of performing
the PTC reaction is available. However, to date such an RNA-alone system has not
yet been obtained.

2 Toward a Timeline for the Subsequent Evolution
of the Translation Machinery

2.1 Initial Models of Ribosomal RNA Age

Compared to the PTC, the modern ribosome is incredibly complex. The large
subunit RNA in bacteria is alone approximately 2900 residues in length, and clearly
some parts of it must be older than other parts [69]. This raises the obvious chal-
lenge to develop the history and function of individual sections of the RNA and
possibly ribosomal proteins, (r-proteins). Thus, structural insights have been used to
deduce the relative age of various ribosomal components. The large subunit RNA in
particular has been targeted by multiple approaches. An initial attempt examined
sequence and secondary structure conservation to identify functionally important
regions of the RNA [68]. One might also infer relative age from this comparison as
the most conserved regions might be expected to be the oldest.

Further progress was spawned by the availability of atomic resolution structures.
Initially, Hury et al. [70] examined tertiary interactions that provide connectivity
between distant regions of the 23S rRNA. It was argued that connectivity likely
increased over time with the most connected regions being the oldest. It was
concluded that the oldest regions were likely domain 5, e.g. the PTC, followed
essentially simultaneously by a portion of domain 2 (helices 31–35), which
encompasses part of the exit tunnel, and domain IV, which is a major site of bridges
to the 30S subunit. Somewhat later by this criterion would be the addition of parts
of domain I and domain VI. Domain 3 and the GTPase center would be the most
recent additions. A comparison with the LSU secondary structure analysis revealed
that with the exception of the GTPase Center, essentially these same regions were
universally conserved [70]. The GTPase exception reminds us that universality of
structure is primarily about maintaining function.

An alternative approach was developed by Hsiao et al. [64]. They aligned
three-dimensional structures of the 23S rRNAHM (23S rRNA of Haloarcula
marismortui) and 23S rRNATT (23S rRNA of Thermus thermophilus) and obtained
objective local and global superimpositions of the two LSU rRNAs. They then
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sectioned the superimposed LSUs into concentric shells, like an onion, using the
site of peptidyl transfer as the origin. Next they approximated ribosomal evolution
by accretion of spherical layers. Thus, RNA regions near the PTC are regarded as
the oldest and increasingly recent as one approaches the surface.

This approximation appears to capture significant information along the evolu-
tionary timeline revealing, for example, that the sequence and conformational
similarity of these 23S rRNAs are greatest near the PTC origin and diverge
smoothly with distance from it (i.e., with increasing spherical shell radius). Unlike
the Hury model [70], the onion model [64] provided a relative age for individual
helices in the RNA rather than just local regions. It was found that characteristics
such as (1) rRNA conformation, (2) rRNA base pairing interactions, (3) rRNA
interactions with Mg2+ ions, and (4) ribosomal protein conformation and interac-
tions vary with distance from the PTC origin. The results suggest that the con-
formation, environment, and interactions of both RNA and protein can be described
as changing in an observable manner over evolutionary time. An examination of the
exit tunnel similarly provides insight into the age of ribosome regions as it was
present from the beginning and necessarily maintained as the ribosome grew larger.
Thus, it progresses from its beginning at the PTC in domain V to domains IV, II, I,
and III respectively.

Subsequently, the Hury approach [70] was substantially refined [71]. In par-
ticular, it was recognized that A-minor tertiary interactions [72, 73] were potentially
directional in time. These interactions connect adenosine stacks with helical regions
that are distant in the primary sequence. The adenosine stack is not stable by itself,
whereas the helical stack is thereby implying the latter is older. This idea coupled
with a dismantling of the ribosome by systematically eliminating regions whose
absence does not compromise the integrity of the remaining structure allowed
construction of the first helix-by-helix model of rRNA history [71]. It was found
that essentially all of the A-minor interactions associated with the PTC region of
domain 5 involved a helix that interacted with an A-stack elsewhere in the RNA.
Thus, the PTC was concluded to be the oldest portion of the LSU rRNA. Other old
regions again included helices H31–H35 of domain II and helices H61 and H64–
H67 of domain IV. In contrast, regions identified as very recent included helices
H42–H44, which comprise much of the modern GTPase center, and helix H38, the
A-site finger.

2.2 Accretion Model for Ribosomal RNA History

All of these initial studies focused on the bacterial and/or archaeal ribosomes.
Eukaryotic ribosomes typically have larger RNAs. However, there is a common
structural core shared by archaea, bacteria, and eukaryotes. The increased size of
the eukaryotic rRNAs results from local blocks of additional residues, which are
often referred to as expansion segments [74, 75]. In actuality, the first expansion
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segment that was observed was found in the 5S rRNA of Halococcus morrhuae
(Fig. 2) [76].

In this case, the 108-nucleotide insertion nearly doubles the size of the 5S rRNA.
The insertion emerges from what would otherwise be a helical segment of the RNA.
By simply removing the insertion, one can reconnect the bases at the beginning and
end of the insert and create a perfectly normal 5S rRNA. Because the insert is only
present in one genus, one can readily infer that it was a recent addition. The crucial
insight that had previously been overlooked is that the same processes were likely
also in effect before the LUCA. With this in mind, one can basically work back-
wards looking for examples in the common core structure where a helix can be
removed without disrupting the rest of the core. These frequently appear to have
arisen as the result of insertion of a branch helix into a preexisting trunk helix as in
the case of H. morrhuae 5S rRNA [77]. Such a helix, which is now universal, is
then envisioned as having been inserted at a pre-LUCA time. A second example of
insertion fingerprints arises by elongation of an existing helix [77]. In addition,
local rearrangements of a stem may occur [78]. In multiple cases, one can see that
additional structure has have been added over time while preserving more widely
found inserts that presumably occurred at earlier times. Thus, by looking for dif-
ferent types of insertion fingerprints in combination with A-minor interactions and
continuity, Petrov sought to infer the relative age of local regions in the LSU [77].

Fig. 2 The secondary structure of H. morrhuae 5S rRNA is shown with the location of the
108-nucleotide expansion sequence indicated [76]. The four primary helical regions in the 5S
rRNA secondary structure are labeled by bold Roman numerals. In the presence of the insert, the
backbone connection between residues 108 and 109 is broken, but the base pairs needed to make
the usual fifth helical region appear to be present
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A total of 58 accretion elements were identified and numbered (not shown)
according to their possible order of addition to the growing LSU. The various
insertion elements were then grouped into one of six phases (Fig. 3). Eukaryotes
frequently have post-LUCA insertions and are envisioned to have two additional
phases.

The resulting grouping is in many respects essentially a phylogenetic tree of the
accretion events. As in a phylogenetic tree, timing along different branches can
differ once they have diverged. Thus, in particular the exact temporal order of many
peripheral additions is uncertain as they were acquired independently of one
another [77]. It should also be appreciated that individual events in ribosome
evolution such as the introduction of coding are likely occurring both over extended
time periods and in parallel with other events. Thus, a linear timeline, although
useful, is not realistic. Instead, the idea of phases is introduced to group events that
are likely occurring in a similar time period. The accretion model addresses the

Fig. 3 The LSU common core is shown [77] using the updated LSU secondary structure [79].
Each region is assigned to one of six phases. The phase assignments are indicated by differing
colors. The figure is reprinted with permission from Anton et al. [77]
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order of additions along various branches in the structure, but phase assignment
must take into account other information. In sectors where additions have occurred
in all the proposed phases, one can correctly infer their likely order, for example,
from dark blue to light blue to green, to yellow, to orange, to red. However, if
accretion was very fast in some periods, from a larger perspective two accretions
may actually have occurred in the same phase. In many instances, not all phases are
represented in a lineage that progresses, for example, directly from green to red. In
this case one does not immediately know from the accretion data alone whether the
final accretion actually occurred in phase 4, 5, or 6. The phase assignment usually
takes into account other information, too. Thus, phase assignment is sometimes
subjective, so future refinement of the model can be expected.

Another complication is relating traditional helix numbering and definitions to
the accretion model and various ribosome studies. This reflects the fact that the
traditional helix numbering scheme is rather random. Diagrams indicating the
numbering system are available at (http://rna.ucsc.edu/rnacenter/images/figs/
thermus_23s_2ndry.jpg) and for the SSU at (http://rna.ucsc.edu/rnacenter/images/
figs/thermus_16s_2ndry.jpg). For example, both helix H34 and helix H42 actually
consist of two stems separated by an interior loop. Using the recently proposed
naming system for ribosomal proteins [80], it is seen for the case of H34 that
ribosomal protein uL4 interacts in part with one of these helices but not the other.
So saying uL4 interacts with helix H34 is misleading. In the accretion model, this
numbering system is discarded in favor of a system in which each accretion element
is given a number. So now the portion of helix H34 that interacts with uL4 is seen
to be part of accretion element 10. However, accretion element 10 also contains
what in the traditional helix numbering system is helix H35. Because the traditional
numbering system has been widely used in numerous papers, the best solution
might be to break offending helices in the traditional nomenclature up such that
each stem has a specific name that relates to the original naming system. Then we
would see that uL4 binds to H34a but not H34b.

Most recently, the accretion analysis was extended to the small subunit [81].
Again, it was possible to assign a relative age to various helices, and phases could
be assigned. The crucial issue at this point is the time of initial collaboration
between the two subunits. The small subunit might be envisioned to initially start as
a small growing RNA with its own history that begins to interact with the emerging
large subunit. In the most extreme case, the small subunit RNA is envisioned to
have absolutely no prior history and thus is associated perhaps by hybridization
with the large subunit as a small RNA. The key to correlating the small and large
subunit timelines is the bridge elements and the extended two-domain tRNAs,
which ultimately connect the two subunits. The bridges can only form when both
partners exist. The timing relationship between the two subunits was based on
bridge elements with directionality supported by A-minor elements in which the
younger A-minor donors were found to be in the SSU. In the accretion model, the
earliest bridge elements are B3 and B2a. Once the bridge elements were in place, it
was possible to correlate subsequent events in the two subunits. However, prior to
the amalgamation of the two subunits, each would have a separate timeline. The

40 G.E. Fox

http://rna.ucsc.edu/rnacenter/images/figs/thermus_23s_2ndry.jpg
http://rna.ucsc.edu/rnacenter/images/figs/thermus_23s_2ndry.jpg
http://rna.ucsc.edu/rnacenter/images/figs/thermus_16s_2ndry.jpg
http://rna.ucsc.edu/rnacenter/images/figs/thermus_16s_2ndry.jpg


combined model provides an approximate time of appearance for each helical
region and thereby provides an approximate timeline (Fig. 4) against which various
ribosomal features and activities can be mapped. This timeline is organized into six
phases for bacterial ribosomes, and events associated with each phase are described
in detail [81].

2.3 Is the PTC the Oldest Portion of the Ribosome?

Separately an alternative model of ribosome origins that putatively relies primarily
on phylogenetic methods applied to the ribosomal RNA structure has been pro-
posed [82, 83]. This model and Petrov’s accretion model [80] have generated recent
controversy [84–86]. A primary issue is whether or not the origin of protein syn-
thesis began with the creation of the PTC region of the large subunit. One strong
indicator of this is that the PTC can be made from a single self-folding RNA,
whereas the decoding center is not [87]. From a purely semantic point of view, it
would appear the origin should be the structure that was first able to make peptide
bonds. However, there is a possible complication in that it has been suggested on
several occasions that the translocation process that moves the mRNA may have
originated in the RNA World, possibly as the original replicase [88–90].

In fact, both Petrov and Caetano-Anollés recognize that a portion of the ancestral
small subunit rRNA may have existed as an independent body prior to any asso-
ciation with a precursor large subunit. Harish and Caetano-Anollés [83] clearly
state, “Intersubunit bridge history indicates early independent evolution of sub-
units.” In this view, both subunits already consist of multiple helices at the time
they first associate. In the case of the accretion model, the large subunit precursor is
envisioned to contain the major components of the PTC and thought to already be
making non-coded peptides at the time it acquires (or is acquired by) the proto-SSU
in phase 3. Indeed, the modern 50S particle can synthesize peptides by itself. It
therefore is appropriate to simply consider the addition of the small subunit as
another step toward the modern ribosome thereby indicating that translation

Fig. 4 A summary timeline representing major events in the evolution of the full ribosome is
reprinted with permission [81]. In this version, the LSU and SSU are envisioned to have initially
evolved independently and subsequently are joined together in phase 3
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evolved from the PTC even if a portion of the 30S subunit had an earlier prior
history. However, this argument does not apply to the Caetano-Anollés model
because at the time of the envisioned merger the PTC region was not yet included in
the emerging large subunit.

The calculations that support this alternative view produce a tree of relationships
between various helical elements. In this tree, helices H76, H41–42, H38, H67,
H96, H60, H55, H101, H27, H25, and H16 all predate the helices that comprise the
PTC. Several of these non-PTC putative aboriginal helices are not part of the
universal core seen by sequence comparisons [68]. In addition, they are not actually
backbone interconnected in the modern structure. This raises the question of how
they were held together to create the proto-LSU structure. It might be argued that
this could be done by hybridization. Consistent with this, in some cases modern
rRNAs have been found to be produced by multiple smaller fragments that
hybridize together to make the full rRNA [69]. In fact, it has been posited that the
PTC itself may have emerged from hybridization of two fragments [69] and/or
duplication of a smaller fragment [25]. From this writer’s perspective, the
Caetano-Anollés model needs to show that the proposed early fragments could have
interacted with one another by hybridization without disrupting their essential
structure. In addition, an explanation for how additional RNA was subsequently
inserted between the putative early helices would be helpful. More detailed dis-
cussion of the Caetano-Anollés model will be found elsewhere in this volume.

3 Major Events Along the Timeline

In the accretion model, events are described at a level in which local structural
elements of the RNAs are added at specific relative times. This allows one to infer
the likely addition of other features. For example, it is reasonable to speculate that a
particular ribosomal protein is not present until its binding site has been added.
There are many inferences of this type that remain to be fully appreciated. In order
to begin organizing this very detailed information, the emergence of various
ribosomal subsystems and components have been broken up into approximately six
phases. Major events associated with various phases in ribosome history will be
discussed in detail in this section.

3.1 Homochirality and the Ribosome

A long-standing issue in the origin of life is when and how homochirality was
introduced into emerging biological systems [91]. Homochirality is generally per-
ceived to be the result of chemical properties and therefore thought to likely precede
the emergence of ribosomes. That said, as reviewed in some detail previously [92],
the modern ribosome can in fact be convinced to accept tRNAs carrying D-amino
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acids [93, 94]. In addition, mutations in the PTC can improve the tolerance for
D-amino acids [45, 95–97] and even β-amino acids [98]. If mutations can decrease
the specificity of the modern ribosome, then it is clear that mutations in the past
may have improved the specificity. Separately, a variety of processes are utilized to
insure that D-amino acids are not attached to tRNAs by the amino acyl tRNA
synthetases [99, 100], thereby indicating that this also may have been a problem in
the past.

Thus, there is strong evidence that the early ribosome likely would have
incorporated D-amino acids with some likelihood. However, if both processes have
the same chiral preference then working together with both having perhaps 70 %
accuracy they quickly produce a product that is over 85 % homochiral. So even if
L-amino acids were not predominant in the pre-ribosome period, the early ribo-
somes would soon be producing nearly homochiral peptides. It should also be noted
that incorporation of a D-amino acids into a modern protein is not necessarily
destructive to the formation of a peptide, but instead it depends on where they are
located [96, 97]. Alpha helices in particular are intolerant of D-amino acids. Thus,
the first peptides made by a primitive ribosome would be more likely to contain
beta sheets than alpha helices. Amino acids that do not present a chirality problem,
e.g., glycine, might also be favored.

3.2 tRNA and the Timeline

The tRNAs span the two subunits and are therefore central to the modern ribosome.
The universal CCA sequence at their 3′ end carries either the incoming amino acid
or the partially synthesized growing peptide chain and is thus associated with the
PTC. At the opposite extreme, approximately 70 Angstroms away, the anticodon
regions of two tRNAs interact with the mRNA at the decoding center of the small
subunit.

The origin of the typical modern tRNA of 76 nucleotides has been the subject of
considerable discussion [101]. It has in particular been observed that the tRNA
consists of essentially two domains with the presumably older top half carrying the
amino acid and the younger lower half interacting with the mRNA [60, 102, 103].
The top portion includes the T-stem, the acceptor stem, and the universal, but
typically not coded, terminal CCA to which the amino acid is attached to the
modern tRNA. It has been suggested that this top portion may have originated as an
even simpler single hairpin to which was later added the T-stem and loop [104].
A subsequent ligation of two copies of a stem loop structure could in principle
produce the essence of the tRNA’s 3D structure including long-range interactions
[24].

As attractive as this general idea is, it is important to appreciate that other facts
raise concern and tRNA origins may be consistent with other hypotheses. For
example, in the case of some mitochondria, the D arm or T arm is deleted from the
tRNA [105]. This feature normally interacts with the L1 stalk in the large subunit
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rRNA, which is also missing. The L1 stalk is a phase 5/phase 6 addition to the
LSU RNA, thereby raising the possibility that the D-stem is a recent addition.
Likewise, the discovery of split tRNA genes in Nanoarchaeum equitans [106]
suggests models in which two half structures formed the tRNA structure by
hybridization rather than duplication [101].

However, the idea of a bottom-to-top addition of the lower portion of the tRNA
stem has been greatly strengthened by the discovery of an ancient insertion fin-
gerprint that supports the addition of the D arm and anticodon arm into an earlier
structure consisting of the CCA stem and T arm [81]. The new addition to the tRNA
would thus make interaction with a proto-mRNA possible, thereby representing the
origins of true coding within the context of ribosome history. When did this occur?
Although it is currently not obvious how to directly time the origin of the
two-domain tRNA, one can infer its presence by the relative time of appearance of
the small subunit helices associated with the decoding center. This places it as most
likely in late phase 3 or early phase 4.

3.3 Ribosome History Has Implications for the Origin
of the Genetic Code

The holy grail of ribosome evolution, which will not be addressed here, is an
explanation of the origin of the modern codon assignments. This relates at least in
part to the aminoacyl tRNA synthetases and has been recently examined in several
reviews [107, 108]. The genetic code, as we know it, is often thought to arise in two
stages. As small RNAs brought possible substrates to the proto-PTC, the sequence
of the RNA carrier would favor the attachment of some amino acids (or perhaps
esters) over others, resulting in an operational code that did not rely on any genomic
information. The peptides made would be largely random depending on the
availability and affinity of particular amino acids. Over time, as the carrier RNA
became larger, additional residues would be added to the CCA stem thereby
expanding the initial operational code. True coding as is found in modern organ-
isms would require a two-domain tRNA and a proto-ribosome that includes the
basic components of both subunits as well as an mRNA. Thus, in the context of the
accretion model, coded synthesis would not begin until late in phase 3 or phase 4.
The likely initial driving force was the dynamic h44–h28 combination, which could
spontaneously switch between two or more configurations. This motion might have
been coupled to a noncoding proto-mRNA that hybridized to h44 much as the
Shine-Dalgarno sequence [109] of modern bacterial mRNAs does. The addition of
the lower portion of the tRNA would then allow the tRNAs to interact indirectly
with the h44–h28 driver by hybridization to the proto-mRNA. Alternatively the
tRNA may have been extended first and then serendipitously interacted with a small
RNA associated with the h44–h28 complex [110]. This would in either case greatly
improve the speed of peptide synthesis by increasing the rate of motion from the A
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to P site. The ability to more rapidly make random peptides of upwards of even 10–
15 residues likely would have provided a new level of complexity to the prebiotic
world. The sequence of the proto-mRNA would govern which tRNAs would best
interact with it. This would create an environment in which, in a manner perhaps
similar to the operational code, a genetic code as we know it could evolve. Thus,
the proto-mRNA that may have initially simply facilitated movement of the tRNAs
would now be available to carry information. Understanding the early history of the
ribosome has not yet provided a specific explanation for any codon assignments.
However, it does provide potentially useful insights into the environment in which
the code was established.

Although the modern code is largely universal, there are numerous minor
exceptions found in various organisms and most especially mitochondria. When a
tRNA is mutated such that it recognizes two anticodons, e.g., UGA and UGG, as
Trp, for example, this eliminates a stop codon. Alternatively, a tRNA mutation may
result in a methionine tRNA that now reads both AUA and AUG. Thus, changes in
codon assignments in modern organisms may really be about changes in the mRNA
and tRNA populations. Especially interesting was the observation that in human
mitochondria the arginine codons AGA and AGG were extremely rare and
apparently the cell did not produce a tRNA to recognize them [111]. Hence, they
were thought to have become de facto stop codons. However, it was subsequently
found that they instead provoked frame-shifting events that then restored a normal
stop codon [112].

These sorts of observation may have implications for the manner in which we
envision coding prior to the LUCA. Initial genomes, especially RNA genomes,
would have initially been small. As a result, many codons would potentially be rare
and have to be dealt with in some manner. If they were treated as stop codons this
would be undesirable as it would limit the size of peptides that could be made. In
this context, tRNAs that could recognize multiple codons might have been pre-
ferred. The role of stop codons and small genomes has been discussed before [113]
and likely should be revisited.

3.4 Ribosomal Proteins Line the Path to Increasing
Complexity

Before the sequences and structures of the ribosomal proteins were known, it was
thought that they might be descended from some small number of ancient proteins
by gene duplication. In fact, there are only a few examples of such relationships,
and lateral transfer events involving the ribosomal proteins are at best rare [114,
115]. In our original attempt to establish a timeline for ribosome evolution [116],
the ribosomal proteins played a key role. It was observed that the non-universal
proteins were typically late additions in ribosome assembly. This led to the
hypothesis that the assembly map recapitulated to some significant extent the
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evolutionary history of the ribosome [116]. It was thus argued that the oldest
ribosomal proteins were likely uL2, uL3, uL4, and uL24, as these were at the core
of the assembly process. Experimental studies showed that 50S particles alone
containing 5S rRNA and eight proteins including uL2 and uL3 were active [117].
Subsequently, the relative ordering of both the SSU and LSU chronologies were
optimized with respect to differences in amino acid usage bias [114]. The results, in
conflict with the cladistics model [82, 83], strongly supported a scenario in which
the LSU predates the SSU. Ribosomal proteins uL2, uL3, and uL4 in particular
again appeared to be the oldest.

Modern genomics has shown that gene order is not typically conserved over vast
phylogenetic distances [118]. In contrast with this observation, analysis of the
ribosomal proteins revealed that in bacteria and archaea there are six
clusters/operons consisting almost exclusively of ribosomal proteins that are in fact
conserved. Within this group, the two largest clusters are the S10 operon, which
includes uL2, uL3, uL4, and the spc operon, which includes uL24. In both cases,
the order of the genes, not just the gene content, is typically preserved. In E. coli
where experimental studies have been made, these operons are all regulated at the
translational (e.g., RNA) level rather than the transcriptional level. This has been
cited in support of these clusters having been part of a primitive RNA genome
[118, 119].

An examination of the ribosomal proteins in the SCOP database release 4.75
[120] reveals that many of the ribosomal proteins have structures that are either all
alpha or all beta. However, the subunits differ in that proteins with all beta struc-
tures, such as uL2 and uL3, and proteins comprised mostly of parallel beta sheets,
such as uL4, occur more frequently in the large subunit than in the SSU. The
universal proteins uL2, uL3, uL4, and uL22 all have extensions that reach the PTC
region. It has been pointed out [121] that the regions that comprise these extensions
are peptides with no secondary structure, loops with beta turns, or beta hairpins.
The exit tunnel, which starts at the PTC, by its role in providing a path to the
exterior of the ribosome, must have been maintained as the ribosome grew larger.
Moving along this path is then basically a timeline. In doing so, one sees initial beta
structures such as an extension of uL22 followed only later by an alpha helix. This
absence of alpha helical structures in the oldest parts of the PTC may reflect the
difficulty in obtaining alpha helices in peptides that initially may have been com-
prised of mixed chirality amino acids.

When equivalent proteins from the three domains of life were aligned, they were
frequently found to exhibit a block structure in which some regions are universal
and other segments are specific to either the Bacteria or the Archaea [122]. In a few
cases, e.g., uL6, uL11, uL14, uS9, and uS11, there is essentially only a single
universal block [122]. The existence of domain-specific blocks strongly supports
the notion that, like the ribosomal RNAs, portions of the proteins may have arisen
at different times. One clear example of a protein with interesting history is uL2. It
has two distinct domains. The N-terminal domain forms an OB fold, while the
C-terminal domain forms an SH3 fold [120, 123]. What is especially noteworthy is
that these two folds are in fact very similar [123]. By simply moving the location of
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one beta segment, it is possibly to effectively convert the SH3 fold to an OB fold.
Thus, it is likely that one of the domains may have arisen from the other by
duplication in conjunction with a partial rearrangement.

The question then is which domain of uL2 is the oldest. The accretion model may
provide the answer by combining RNA-protein interaction sites with the likely age
of the interaction sites. In examining a preliminary protein-RNA interaction map
available at the CRW web site (http://www.rna.icmb.utexas.edu/SIM/4A/
CRWStructure/rpi/rpi.23S.hb.pdf) [124], one finds that the primary site of interac-
tion of the more universal proteins typically interacts with the predicted older regions
of the RNA. At the very oldest regions of both subunits, protein interactions are
minimal to nonexistent. The issue of the primary binding site where a protein
interacts is complicated by the fact that there are typically multiple interaction sites
for each protein. However, in most cases there is a cluster of contacts representing
the primary interaction site. In the case of uL2, the SH3 domain interacts with
accretion elements 12 and 12a, while the OB domain interacts primarily with
accretion elements 9, 13, and 14. In both cases, these regions are assigned to phase 3,
and although both domains are clearly essential to the early history of the ribosome,
it remains unclear which domain is older. Interestingly, there is a small segment of
uL2 that is between the two major domains that forms a small loop that interacts with
the loop of helix 93 in what is regarded as phase 2 in the accretion model. Rather
than either domain, this small element may in fact be the very oldest part of uL2.

Consistent with their early evolution, both the SH3 and OB domains are devoid
of an alpha helix, and each is found in other ribosome-relevant proteins. The SH3
domain is found in bL21 and uL24 as well as a variety of intracellular or
membrane-associated proteins. The OB fold is frequently associated with
oligonucleotide binding and is found in several ribosomal proteins including uS12,
uS17, and bS1. The bS1 protein is associated with initiation and actually contains
six copies of the OB fold that form what is known as an S1 domain.

Useful insight can also be obtained by examining the non-universal proteins.
Although these proteins likely have a post-LUCA origin, the way they have
evolved may provide insight into the pre-LUCA acquisition of proteins. In a
seminal paper, Klein et al. [125] compared the structures and locations of ribosomal
proteins from the archaeon Haloarcula marismortui and the bacterium Deinococcus
radiodurans. It was observed in several cases that one or more of the unique
H. marismortui proteins in fact have non-homologous analogs in the Deinococcus
structure. For example, eL21, eL24, and eL37 have analogs bL27, bL19, and bL34,
respectively. In each case, the analogous proteins are distinctly different in sequence
and structure. However, at the level of secondary structure at least, one sees
essentially no significant change in the LSU RNA in these cases. When differences
do occur, they are relatively minor. There are also examples of proteins that are in
one structure with no analog in the other. Thus, for example bL25 and bL36
are unique to Deinococcus, and eL18, eL19, and eL39 are unique to Haloarcula.
In some cases there are again no obvious RNA differences. This raises the evolu-
tionary question in each case of whether the unique protein is a post-LUCA gain
where it occurs or a loss where it is not found.
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However the RNA sometimes does noticeably change in association with a
protein. One interesting case is eL18, which is unique to Haloarcula and has partial
sequence homology with uL15. It turns out that its binding site partially overlaps
with uL15 on helix H27. In addition, there is a small helix insert (H30) between
H29 and H31, which is the primary binding site for eL18. This insert and the
protein are both absent in Deinococcus.

3.5 Origins of the Dynamic Ribosome

The modern ribosome is a dynamic molecular machine that executes protein syn-
thesis one residue at a time. An incoming tRNA carrying the next amino acid in
association with elongation factor EF-Tu enters at the A site following GTP
cleavage. Peptide bond formation is spontaneous, and the tRNA now carrying the
growing peptide chain moves to the P site with the help of elongation factor EF-G
and a second GTP cleavage. A new tRNA now enters at the A site, and the process
is repeated. As the process proceeds, the tRNA is now deacylated and moves to the
E site from which it exits the ribosome. During the process the small subunit
exhibits head swivel and rotates relative to the large subunit. Although facilitated by
EF-Tu and EF-G, the core motions are actually inherent to the ribosome itself. In
the absence of the factors, protein synthesis can still proceed [126, 127]. Thus, the
ribosome is thought to be inherently a processive Brownian motor [128].

Well before any structures were available, Woese proposed that the tRNA itself
was dynamic, ratcheting between two configurations of the anticodon loop [129].
This proved to be the correct general idea, but not the correct specific structure. The
first atomic resolution tRNA structure revealed what appeared to be a hinge-like
structure in the lower portion of the tRNA [130, 131]. It is now appreciated that as the
tRNA enters and ultimately leaves the ribosome, various conformations are produced
as a result of motions facilitated by the pivot point as indicated in Fig. 5, which was
adapted from Dunckle et al. [132].

Fig. 5 Alternative tRNA orientations seen during a single translation cycle

48 G.E. Fox



The existence of this key center of motion inspired a search for additional pivots
within the large RNAs. Initially, atomic resolution structures of the ribosome before
and after EF-G associated GTP cleavage were compared. A total of 23 pivots were
found [133]. Of these, 15 were in the small subunit and 8 in the large subunit.
A similar analysis of pivots associated with EF-Tu associated GTP cleavage found
16 pivots, 4 of which are uniquely associated with EF-Tu. [134]. That many shared
pivots are found is consistent with the long-standing observation that the EF-G and
EF-Tu sites of interaction partially overlap [135, 136]. Both EF-G and EF-Tu
interact with the factor-binding site, which includes helices H43 and H44.The
pivoting positions are consistently associated with weak spots in the RNA structure
such as non-standard base pairs and bulge loops.

In the case of EF-G, pivots in small subunit helices h28 and h44 are especially
interesting. Motions associated with these two pivots strongly affected other pivots,
Helix h28 appeared to control h31, h33, h36, h37, h39, h40, h41, h42, and h43,
while pivot h32 appears to control motions at pivots h33, h36, h37, h39, and h40.
These pivots are associated with the head swivel and head rotation. Overall, there
appears to be a network of interacting pivots as outlined in Fig. 6, which is
reprinted with permission [134].

The dynamic aspects of the modern ribosome clearly make it faster and likely
more accurate as well. Placing the emergence of this key event on the timeline of
ribosome evolution is an important goal. To begin to answer this question, one can
examine when the various helices containing pivots were incorporated according to
the accretion model [77]. In the case of the LSU, the ten pivots associated with
either EF-Tu or EF-G or both are listed as phase 5 or 6. The one exception is the
helix H89 pivot, which is part of the original aes1 element that initiated the P site

Fig. 6 Proposed partial network of EF-G-associated pivoting elements found in the ribosomal
RNAs [134, 137]. Black lines indicate direct physical contact between moving helixes. Dashed
lines indicate the motion that results from an upstream pivoting motion. Helixes h28, h32, and h34
form the head domain of the SSU and lie in sequence. Helices h28 and h32 influence the motions
of a number of more external pivots, which are listed vertically in the figure, as well as helix h34,
which contacts EF-G. Thus, a cascade of motion originating with EF-G-GTP hydrolysis is
plausible in either direction—forward toward the tRNA or in the reverse direction toward h34

Origins and Early Evolution of the Ribosome 49



portion of the PTC. This helix connects with helix H91 and thereby indirectly with
the alpha sarcin/ricin loop. As has been pointed out [77], helix elongation events do
not leave insertion fingerprints, and therefore in the absence of clues from A-minor
interactions, such events cannot be readily established. Therefore, it is not incon-
sistent with the accretion model to infer that helix H89 arose at a later time as a
simple insertion in the pivoting element. It therefore seems likely that all the mobile
aspects of the LSU RNA were added rather late in the process but nevertheless well
before the LUCA.

The small subunit is clearly more dynamic than the large subunit. It is actively
involved in both the head swivel and head rotation. In the accretion model, the vast
majority of the pivots are either phase 5 (helices h6, h41, h42, and h44) or phase 6
(helices h8, h21, h26, h36/37, h38, h39, and h40). Pivots in helices h31, h32, and
43 are assigned to phase 4. There are small subunit pivots in helices h6, h32, h 41,
and h44, which are also assigned to phase 5. Pivots in helices h8, h21, h26, h32,
h36/37, h39, and h40 are designated as phase 6 and hence more recent. Pivots in
helices h31, h32, and h43 are assigned to phase 4. The remaining two pivots h28
and h44 are regarded as being among the first elements to be incorporated into the
growing small subunit. In the accretion model, they are assigned to phase 2 and
phase 1, respectively. This is consistent with the fact that motions at these pivots
strongly influence the motion seen at multiple other pivots. Helix h44 includes the
Shine-Dalgarno sequence [109], which facilitates the initial interaction of the
mRNA with the small ribosomal subunit during initiation and is involved in mul-
tiple bridges to the large subunit.

Overall these results indicate that the dynamic ribosome arose in essentially two
separate stages. It is likely that initially the H28/H44 pair were part of an inherently
dynamic element that independent of the ribosome would spontaneously alternate
between two or more conformations. When incorporated into the emerging ribo-
some during phase 3, this inherent motion would have driven both the mRNA and
tRNA movement. Subsequently, as the ribosome grew, other mobile elements were
added, primarily in phase 5 or 6, resulting in head swivel and the ratcheting motion.

3.6 Recent Aspects of Ribosome Evolution

The ribosome clearly continued to evolve as complexity reached and extended
beyond that of the LUCA. For example, as discussed elsewhere in this volume,
initiation is distinctly different in eukaryotes. Likewise, the various factors have
evolved over time. In bacteria, the addition of the tmRNA system for recovering
stalled ribosomes is a noteworthy achievement. Another key development is the
introduction of post-transcriptional modifications. In this section, three important
additions that occurred very near the time of the LUCA are discussed.

50 G.E. Fox



3.6.1 Trigger Factor and Factor Binding Site

The involvement of ribosomes in co-translational folding in conjunction with the
signal recognition particle and trigger factor was an important development in the
integration of the ribosome with other cellular systems [138]. In this case, the key
docking protein for the trigger factor is uL23, which interacts near helices H51 and
H53, which are added in phase 5. A second protein that interacts with the trigger
factor, uL29, is associated with phase 6. It thus appears that the trigger factor and
co-translational folding predate the LUCA.

Although the ribosome is at its core a Brownian motor, the modern version is
driven by GTP hydrolysis events associated with the initiation factor IF-2, elon-
gation factors EF-Tu and EF-G, and release factors such as RF-2. The addition of
these factors to the emerging ribosome would have greatly increased the rate of
peptide synthesis and may have been as a result in part responsible for the emer-
gence of the LUCA [70, 139]. In bacteria, the factor-binding site contains multiple
copies of ribosomal protein bL12 attached to an underlying stalk formed by helix
H42, which is thought to be added in phase 5, and ribosomal protein uL10.
However, bL12 is replaced by P1 and P2 in archaea and eukaryotes [140], thereby
associating the continuing formation of the factor-binding site with the post-LUCA
time period. The structures of these various factors have been inter-compared in
some detail, and it was concluded that they likely originated from a fusion of an OB
fold to a Ras-like GTPase [121].

3.6.2 5S rRNA

5S rRNA is a small, independent RNA that largely forms the central protuberance
of the large ribosomal subunit [141, 142]. In combination with several ribosomal
proteins, its incorporation is essentially the last step in ribosome assembly [143]. 5S
rRNA is universally found in all three domains of life and therefore was presumably
present at the time of the LUCA. Reconstituted ribosomes lacking 5S rRNA have
minimal but not completely eliminated activity [144]. In particular,
factor-dependent tRNA binding at the A site is interrupted [142]. It was originally
proposed that the sequence CGAA that frequently occurs in loop C of 5S rRNAs
interacted with the T-loop of the tRNA [145]. As reviewed in detail [142, 146, 147],
it is now thought that 5S rRNA may facilitate communication between different
ribosome regions. This is a key ribosome function, as the movement of the mRNA
likely needs to be coordinated with the synthesis of the peptide bond for the
machine to function smoothly. Among 5S rRNAs’ multiple contacts, its interaction
with ribosomal protein uL5 is of special interest. This is because uL5 in turn
interacts with uS13 to form bridge B1b/c. This bridge is the only protein-protein
bridge between the ribosomal subunits, and its time of appearance likely coincides
with that of 5S rRNA. Ribosomal protein uS13 also has a long C-terminal extension
that reaches the coding site [148, 149]. Hence, a signal may be passed between the
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LSU and the SSU decoding site. However, this is not essential as a deletion of the
uS13 tail only minimally reduced ribosome activity [150].

Although 5S rRNA is regarded as “universal,” this is subject to some inter-
pretation as its structure is somewhat different in various organisms. In the initial
E. coli structure obtained by comparative analysis, 5S rRNA was envisioned to
have four extended helical regions [151, 152]. In contrast, the equivalent eukaryotic
and archaeal structures were soon shown to have a fifth helix [153, 154] in a region
that was originally envisioned as a bulge in the prokaryotic cases. The length of this
helix varies and can be quite extended in organisms such as Thermoplasma aci-
dophilum that are subjected to harsh environments [155]. Subsequent X-ray studies
of this bulge region in E. coli revealed that it was actually a non-standard duplex
formed by what is now known as a bulge E motif [156]. In addition, a few char-
acteristic differences are seen in many 5S rRNA such as a single deletion in the loop
C region in many eukaryotes. The appearance of equivalent structures is, however,
not fully supported by experimental data. Reconstitution assays were conducted in
which 5S rRNAs from various sources were incorporated into the large subunit of
Bacillus stearothermophilus ribosomes [157]. It was found that 5S rRNAs from
prokaryotic organisms typically produced active ribosomes, whereas those from
eukaryotes did not [158].

The issue of 5S rRNA universality has long been questioned because it appears
to be missing in many mitochondria and some chloroplasts. Recently, a detailed
search for 5S rRNA homologs in organelle genomes was conducted [159].
Numerous new examples of 5S rRNA-like RNAs with additional structural varia-
tions were found in multiple cases. In the case of the mammal Porcine (S. scrofa),
the structure of the large ribosomal subunit was examined by cryoelectron micro-
scopy. It appears that a greatly reduced form of 5S rRNA is in fact present [160].
Just as the universality of 5S rRNA was on the brink of establishment, it was
definitively shown this was not the case. The crystal structures of human [161] and
yeast [162] were determined, and in both cases 5S rRNA was completely absent. In
the case of the human mitochondrial large subunit, the 5S rRNA was replaced by a
mitochondrial valine tRNA. This tRNA occupies essentially the same region in the
structure as the abbreviated RNA found in the Porcine example. In summary, 5S
rRNA was likely a late addition to the ribosome shortly before the LUCA.

4 Summary and Future Studies

It is suggested here that the matter of ribosome origins is best regarded as two
distinct problems: the origins of the core machinery and its subsequent evolution.
Much of ribosome history predates the LUCA, and thus its study takes us back in
time some considerable distance into the pre-LUCA world. It is unclear how far
back the origin of the PTC itself or its inherently dynamic SSU counterpart actually
extends into the pre-LUCA time period. Clearly RNA is crucial, and the issue of
where it comes from has significant implications. If an early path to a true RNA
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World of any complexity existed, then the core aspects of the ribosome would be a
direct and possibly quite early product. If, however, the path to RNA was arduous,
perhaps involving catalytic prebiotic peptides, for example, then in the context of
the pre-LUCA time frame, the proto-ribosome may not have been so early.

At this juncture considerable attention has been focused on the mechanism of
peptide synthesis. In addition, much of what can be inferred from ribosome
structures and primary sequences of various components about the very beginnings
has likely been uncovered. One especially interesting reminder is that one should
perhaps pay attention to the nature of the pre-LUCA earth and thereby realize that
ferrous iron may have preceded magnesium in stabilizing RNA [65]. The imme-
diate goal that several groups are pursuing is to uncover a minimal RNA that
incorporates the PTC and makes peptides. This model PTC would provide final
proof that it is the RNA that is catalytic. Such an experimental system would also
provide a starting point for studies to understand the origins and evolution of the
modern PTC. It would be possible, for example, to examine how specificity for L or
D amino acids is affected by changes in the sequence or structure of the model PTC.
Less obvious but likewise important would be to synthesize a minimal segment
based on helices h28, h44, and h45 in the small subunit in order to look for an
inherent strong alternation between two structures. Again, if such an RNA were
available, one could explore its properties with mutational studies.

With regard to the post PTC period, multiple attempts to establish a timeline of
major events have been described [64, 70, 71, 92], culminating in the accretion
model, which is based primarily on RNA insertion fingerprints and A-minor
interactions [81]. As a result, events in the growth of the rRNAs can now be
discussed at the level of individual helices or groups of helices.

This timeline of the relative age of various regions of the RNA can be correlated
with existing knowledge to form an integrated understanding of ribosome history.
This will be especially useful in refining the order of accretion of peripheral ele-
ments in the RNAs. Ongoing, for example, are efforts to correlate protein-binding
sites as provided by atomic resolution studies with helix age. In the case of proteins
with multiple domains, it may be possible to assign a relative age of each domain.
Especially noteworthy is the obvious increasing complexity that is encountered in
the later phases. Simply put, there is rapidly increasing parallelism as one reaches
phases 5 and 6. Much of what is occurring in these and later phases will likely be
found to relate to other cellular processes. This may ultimately allow a unified
history of the cell.
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Evolution of Translational Initiation:
From Archaea to Eukarya

Dario Benelli, Anna La Teana and Paola Londei

1 Translation Initiation: An Evolutionary Overview

Because of its obvious importance for cell survival, translation is perhaps the most
conserved of cellular mechanisms in evolution. For this reason, translation has long
been regarded as a rather dull, if essential, process having only secondary impor-
tance in regulating gene expression. However, in relatively recent years, and
especially since the discovery of miRNAs, translational control has been recognized
as being of central importance in a wide range of cellular processes, from differ-
entiation to tumoral transformation. It has become evident that decoding of an
mRNA is a complex and finely tuned task, whose unbalance may have very
far-reaching consequences for the fate of both the individual cell and the organism
as a whole [30, 39, 45, 47, 49].

Albeit translation may be subjected to regulation at any stage, the main target of
the principal control mechanisms is the initiation phase, during which the ribosome
interacts with the mRNA and recognizes the correct starting point for decoding. In
all organism, this task requires the small ribosomal subunit, a special initiator tRNA
(carrying methionine in Eukarya and Archaea and formylmethionine in Bacteria),
and must be aided by a set of specific proteins called translation initiation factors
(TIF). Despite these common themes, initiation is the least conserved in evolution
of all steps of translation. Indeed, the mechanism and molecular machinery for
initiation have diverged extensively in the three primary domains of life.
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In the Bacteria, the initiation mechanism has been deciphered in fine detail and is
known to be relatively simple, economic but very efficient. The small ribosomal
subunit interacts directly with the mRNA, often using the Shine-Dalgarno
(SD) interaction with the 3′ end of the 16S rRNA, although this is not an obliga-
tory requirement. A minimal set of only three protein factors, IF1, IF2 and IF3,
assists the initiation process [21], performing the really essential tasks: ensuring that
the right initiation codon is identified and that the fmet-tRNAi is correctly located in
the P site as well as preventing the premature joining of the 50S subunit to the
initiation complex.

In the Eukarya, the translation initiation process is also known in fairly good
detail and is far more complicated than in Bacteria. There is a general consensus
that the eukaryotic small ribosomal subunit cannot interact directly with the mRNA,
except for some special cases. Rather, mRNA/ribosome interaction and the selec-
tion of the correct initiation codon are believed to take place by a “scanning”
mechanism, whereby the 40S subunit binds at, or near, the capped 5′ end of the
mRNA and moves in a 3′ direction until the initiator AUG—usually the first
available one—is found [28]. This process requires the assistance of a host of
protein factors, several of which are multisubunit proteins, and is subjected to a
complex regulation, which may entail the modification of certain IFs by phos-
phorylation [25, 26].

As to the Archaea, in silico studies on complete genomic sequences have
revealed that genes are generally organized in operons. The initiation codons may
be preceded by SD motifs, although this is by no means a general rule [29]; indeed,
in some archaeal species, only a minority of cistrons is preceded by SD motifs.
Characteristically, the Archaea possess a significant proportion of mRNAs lacking
5′ untranslated leader sequences [46, 51]. In certain archaeal species, a majority of
mRNAs has this kind of “leaderless structure.” Translation initiation on leaderless
mRNAs dispenses with an SD/anti-SD interaction and takes place with a different
mechanism, somewhat reminiscent of the eukaryotic one [4, 11, 51].

In silico genomic analysis has also revealed that the archaea are endowed with a
set of putative translation initiation factors more complex than the bacterial one and
mostly homologous to eukaryotic proteins. This discovery disproved the simplistic
assumption that translation initiation is intrinsically simpler in prokaryotic cells and
raised new questions about the evolution of this step of protein synthesis. While a
few initiation factors are shared by the three domains of life, some of the com-
plexity observed in present-day eukaryotic cells originated already during the
common evolutionary path shared by the Eukarya and the Archaea [3]. This is
reflected in the larger-than-bacterial number of archaeal initiation factors, as well in
the presence of some factors common to the Archaea and the Eukarya but not found
in Bacteria. The archaeal/eukaryal (a/e) factors are the proteins known as
eIF2-a/eIF2 and eIF6-aIF6. They are especially interesting, since it is known that
they are at the core of important translational control pathways in eukaryotes, and
they will be described in detail later in this chapter.
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2 mRNA Features in the Three Domains of Life

Translation initiation is about finding the right place on the mRNA to begin to
decode the genetic message. Albeit obvious, this is far from being trivial, and the
problem must have been dealt with at the very start of the evolution of translation.
There are reasons to believe that primitive mRNAs were read simply beginning
from the first nucleotide at the 5′ end, dispensing with the untranslated leader
sequences (UTRs) prevalent in modern messages. Such “leaderless” mRNAs are
abundant in Archaea, not uncommon in bacteria and rare only in eukaryotes.
Nevertheless, it has been demonstrated that a leaderless mRNA, regardless of
source, is universally readable by all types of modern ribosomes [19], lending
support to the idea that these were the ancient, universal kind of messenger RNAs.

Modern mRNAs, of course, have acquired different kinds of specializations. One
major difference between the eukaryotes and both prokaryotic domains is the
presence of the nucleus, wherein eukaryotic mRNAs are synthesized and maturated.
This creates a temporal and spatial gap between transcription and translation, which
does not exist in prokaryotic organisms. The reason for the creation of a specific
compartment for RNA transcription and maturation probably derives from the
particular structure of eukaryotic genes, namely the customary presence of the
introns that make the primary products of transcription unreadable as such.

The major structural differences between mature eukaryotic and prokaryotic
mRNAs are, as is well known, the presence in the latter of several cistrons in a row
(polycistronic mRNAs) and of a specific ribosome recognition sequence (the Shine-
Dalgarno sequence). Both features may be absent in prokaryotic mRNAs, but are
nevertheless quite distinctive features of this class of messages. Characteristically,
archaea often harbor leaderless polycistronic mRNAs in which the first gene is
leaderless and the subsequent ones may be preceded by a SD sequence for ribosome
recognition [11, 40].

It is not obvious why the Eukarya should not have SD sequences or polycistronic
mRNAs, but the reason is probably to be found, once again, in the process of
mRNA maturation unique to this domain of life. In prokaryotes, transcription and
translation are contemporary, and the ribosomes begin translation as soon as the 5′
terminus of the mRNA is available. In this scenario, a ribosome may continue
translation decoding several cistrons in a row, or new ribosomes may read the
internal cistrons binding to their translation initiation regions as soon as they appear
on the transcript.

On the contrary, in the Eukarya, mRNAs can only be translated after their
maturation is complete and they are shipped from the nucleus to the cytoplasm,
tightly packed with protein. The ribosomes are then confronted with the task to find
the place to begin translation; in order to do this, the mRNA must be unpacked and
its sequence inspected. The uncovering of the translation initiation region is per-
formed by a set of translation factors unique to eukaryotes. To unpack the mRNA,
these factors take advantage of a modification unique to eukaryotic mRNAs, the 5′
cap structure, which is recognized and bound by a protein complex called eIF4F. In
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addition to the cap-binding function, this complex also includes a helicase activity
for unwinding the mRNA and a docking site for the small ribosomal subunit. It is
believed that the 40S subunit “rides” the unwinding complex scanning the sequence
in search of the initiation codon. To this end, it carries along the initiator tRNA,
whose anticodon must pair with the AUG initiator codon. Once this happens,
scanning is arrested and translation may begin [26]. This is the basic mechanism for
translation initiation in eukaryotes, although many variations on the theme exist.

A crucial point in initiation is the way in which the interaction between the
ribosome and the mRNA is established. There are several solutions to this problem,
some direct and some indirect. Except for the case of leaderless mRNAs, the
ribosome-binding region (also called translation initiation region, or TIR) is more or
less removed from the 5′ end of the message. In prokaryotic mRNAs, the TIR often
contains the SD sequence, to which the 30S ribosomal subunits can bind directly,
thereby framing the initiation codon in the P site. Eukaryotic mRNAs, as said
above, mark the mRNA 5′ end with the cap, which allows the binding of the protein
complex and ribosome scanning. The interaction between the ribosome and the
initiation codon is achieved through the mediation of met-tRNAi.

Besides its function in protein synthesis initiation, it is well known that the cap
has an important function in protecting the mRNAs against 5′ end degradation. This
protection is particularly important in eukaryotes, where mRNAs undergo a long
and complex maturation process before being released in the cytoplasm for trans-
lation. Indeed, it is very likely that the protective function of the cap is the ancestral
one, while its role as a facilitator of translation initiation evolved later.

Since prokaryotic mRNAs are generally shorter-lived than eukaryotic ones, one
would think that the prokaryotic domains of life may dispense with evolving special
devices for mRNA protection. In fact, in Bacteria mRNA capping does not exist.
A true capping is also absent in Archaea. Interestingly, however, the Archaea seem
to have evolved a device similar to eukaryotic capping. They possess a protein factor
that is capable of recognizing specifically the triphosphate 5′ end of an mRNA,
thereby protecting it from degradation until translation begins [24]. The archaeal
mRNA-binding factor is quite unlike the eukaryal cap-binding complex, being
instead the homolog of another eukaryotic factor, the so-called eIF2 (see below).

As most Archaea live in extreme environments, protecting the mRNAs against
5′-end degradation may be useful under stress conditions, when translation is more
or less shut off. Ensuring a reservoir of mRNAs ready to resume translation when
conditions revert to normal may give a selective advantage to archaeal cells.

The presence of phosphate on the mRNA 5′ end may have a cap-like function
also in the sense that it is recognized by the ribosomes binding to a leaderless
mRNA [17]. The mechanism of leaderless initiation is imperfectly understood. In
Archaea, the terminal AUG initiator codon may be recognized by a 30S subunit
carrying a tRNAi [4], while in bacteria a mechanisms implicating void, preformed
70S ribosomes has been described [34].

In summary, as regards mRNA structure, Archaea and Bacteria have several
common features, absent in Eukarya, notably a polycistronic organization and
specific ribosome-binding sequences ahead of the initiation codons. However, it
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would be reductive to state that archaeal mRNAs are bacteria-like, since they very
often are leaderless and make scarcer use of the SD sequence for ribosome-mRNA
interaction. The presence of a system for 5′-end protection of their mRNAs, which
is reminiscent of eukaryotic capping and may be its evolutionary precursor, is
another notable unique characteristic of archaeal mRNAs.

A summary of the mRNA structures present in Archaea is presented in Fig. 1.

3 Translation Initiation Factors: Conservation
and Divergence in the Three Domains of Life

Protein synthesis initiation, as every other complex cellular process, requires the
assistance of numerous protein factors that are not structural components of the
main translating “enzyme,” the ribosome. The principal functions performed by
these factors, in all domains of life, include ribosome/mRNA recognition, delivery
of initiator tRNA (tRNAi) to the ribosome and proofreading of the initiation
complex. However, the number and structure of the translation initiation factors
(TIF) vary widely in the three domains of life. Eukarya have the largest number of
TIFs, which are quite often also large, multimeric proteins. Bacteria are the most
streamlined, having just three TIFs, all of them monomeric, relatively small pro-
teins. Archaea are somewhere in between: they have a larger number of TIFs than
bacteria, but not so many as the eukarya. Interestingly, the Archaea and the Eukarya
share a number of TIFs not possessed by the Bacteria (Fig. 2). Some of these
archaeal-eukaryal proteins have still ill-defined functions [31].

Fig. 1 mRNA structure in Archaea. a Leadered and leaderless polycistronic mRNAs; b leadered
and leaderless monocistronic mRNAs
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3.1 Universally Conserved TIFs

There is a small set of two “core” TIFs that are universally conserved in the three
domains of life (Fig. 2). Depending on whether they belong to the bacterial or to the
archaeal/eukaryal lineage, these proteins are termed IF1/IF1A and IF2/IF5B. The
fact that the archaeal and eukaryal factors have the same name is not casual, but
means that they resemble each other in primary sequence while the bacterial protein
stands apart. A third universal factor, EFP/IF5A, has recently turned out to be
actually an elongation factor and will not be taken into consideration here.

Remarkably, the universally conserved factors are not so conserved when it
comes to their function. At least, IF/IF1As are all thought to have the main role of
occupying the ribosomal A site, thereby helping the unambiguous placement of the
tRNAi in the P site [7, 9]. But IF2/IF5Bs tell another story. All versions of this
protein have a similar, curious shape, resembling a calyx with a stem and a base-
ment (Fig. 3; [38]), but there most of the resemblance ends. Bacterial IF2 is a truly
central player in initiation: it interacts specifically with fmet-tRNAi, directing it to
the ribosomal P site [6]. Apparently, the presence of the formyl group on the
methionine is instrumental for the recognition of the tRNAi by IF2 [22], which may
be the reason why this specific modification is only found in Bacteria.

By contrast, archaeal/eukaryal IF5Bs do not bind tRNAi, albeit they may
stimulate its binding in the P site [10, 32]. Apparently, the main function of IF5B is
to promote the joining of the ribosomal subunits to form the monomeric ribosome
in a late stage of initiation [36]. This function has been clearly demonstrated in
eukaryotes, while some doubts remain as to whether it also exists in archaea. In
both archaea and eukarya, on the other hand, the tRNAi-binding function has been
allotted to another factor, a/eIF2, which probably arose after the splitting of the
bacterial branch from the universal tree of life.

Fig. 2 Universally conserved and archaea/eukarya specific translation initiation factors
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In spite of its functional divergence, there is little doubt that IF2/IF5B is a very
old protein, probably existing already, along with IF1/IF1A, in the last universal
common ancestor of extant cells. Why it came to play different roles in bacteria and
in eukarya/archaea is not clear, although a number of hypotheses can be advanced,
as we shall see later in this chapter.

Finally, there is a third semi-universal factor, in the sense that it is found in all
Archaea and Eukarya (where it is called IF1 or SUI1), but only in certain bacterial
species (where it is called YciH). In Archaea and Eukarya, this is an essential
protein that helps the correct identification of the initiation codon, while in Bacteria
its function is unknown.

3.2 The Archaeal/Eukaryal Factors

Perhaps the most interesting among the TIFs are those specifically shared by the
Archaea and the Eukarya (Fig. 2). They are interesting also because their relative
functions are still not entirely understood.

If a factor is found specifically in the archaeal/eukaryal lineage, this means that it
arose after this lineage separated from the common stem of the evolutionary tree
and that it had an important and specific function in the common ancestor of the
Archaea and Eukarya. Deciphering such functions, therefore, is very important for
understanding the evolution of the modern eukaryal translational apparatus and how
much it is indebted to its archaeal ancestor for its specific functions.

Fig. 3 The crystal structure
of the universal factor IF2/5B.
The protein is composed of
four domains, one of which
contains the guanine-
nucleotide-binding pocket
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It is noteworthy that the archaeal/eukaryal factors, where their function is at least
partially understood, seem to have an important role in translational regulation.

3.2.1 a/eIF2

A central step in translation initiation is the delivery of tRNAi to the ribosomal P
site. This task is assisted in Bacteria by the monomeric protein IF2 and is performed
in Eukarya by the trimeric complex eIF2, consisting of the α, β and γ subunits, none
of which is homologous to bacterial IF2. The textbook rationale for the usage of a
different tRNAi-binding factor in Eukarya and Bacteria was that the former,
because of their multicellularity and greater functional complexity, needed to
evolve a more elaborated tRNAi-binding protein to achieve a more sophisticated
control of translation. In fact, eIF2 is a central target for translational regulation in
eukaryotes. It is a G-protein, which is only active in the GTP-bound form. After
delivering met-tRNAi to the ribosomal P site, eIF2 hydrolyzes its GTP and is
ejected from the ribosome in the inactive, GDP-bound form. To participate in
another round of initiation, eIF2 must be reactivated by GTP/GDP exchange, which
requires the intervention of an exchange factor called eIF2B, a pentameric protein
composed of two catalytic and three regulatory subunits. In most conditions (such
as stress) when a rapid shut-off of protein synthesis is desirable, eIF2 can be
inactivated by the phosphorylation of its α subunit, carried out by certain
stress-activated kinases [15]. This modification converts the α protein in a com-
petitive inhibitor of eIF2B, thereby inhibiting GTP/GDP exchange and blocking the
recycling of eIF2. This mechanism of translational control is essential and wide-
spread in eukaryotic cells, but does not exist in Bacteria and also, most probably, in
Archaea.

Because of this, it was very surprising to discover that all archaeal genomes
contain homologs of the three subunits of eIF2, thereby showing that the presence
of a trimeric tRNAi-binding factor is not a specific adaptation to “complex”
eukaryotic lifestyle. The three archaeal IF2 subunits were cloned and purified, and it
was demonstrated that they do assemble to form a trimeric factor that binds
met-tRNAi selectively and adapts it in the ribosomal P site [23, 35].

Archaeal IF2 is smaller in size than its eukaryal counterpart, due to the greatly
reduced length of its β subunit (15 kDa instead of *50 kDa) (Fig. 4). In all
archaea, the γ subunit is the largest protein (*45 kDa) followed by the α subunit
(*30 kDa). The archaeal β polypeptide is smaller than its eukaryal counterpart due
to the lack of the domains that, in the eukaryal subunit, interact with the guanine
nucleotide exchange factor, eIF2B, and with the GTPase activator, eIF5.

Three-dimensional structures are available for all three subunits of aIF2 (Fig. 4)
as well as for the αγ dimer and the complete trimeric protein [48, 55]. The largest
subunit, γ, has a striking resemblance to the EF-1A (EF-Tu in bacteria) ([41];
Fig. 5), consistent with the fact that it contains the guanine-nucleotide-binding
domain and is principally involved in the interaction with met-tRNAi. The small β
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Fig. 4 The tRNAi-binding factor in Archaea and Eukarya. The drawings on the left and right
show schemes of the subunit structure of, respectively, the eukaryal and the archaeal IF2. The size
of the subunits is indicated in parentheses; the G in the red circle indicated the G domain of the γ
subunit. The three-dimensional structure shown in the middle refers to archaeal IF2 and shows the
relative positions of the three subunits, with the γ subunit in the middle that bridges together the α
and the β subunits

Fig. 5 Structural homology between the a/eIF2 γ-subunit and the translation elongation factor
1/Tu. The structures shown are those of Pyrococcus abyssi, aIF2 γ subunit, and of Thermus
thermophilus EF-Tu. The positions of the guanine nucleotide-binding pocket and of a zinc-finger
motif on the archaeal protein are indicated
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subunit contains a zinc-finger motif. The α subunit is composed of three distinct
domains, two of which have RNA-binding properties.

In spite of their functional and phylogenetic homology, eIF2 and aIF2 display
several notable functional differences. One of these regards the nature of the
tRNA-binding site. The met-tRNAi-binding site of the archaeal factor is all con-
tained in the αγ dimer, to the exclusion of the β subunit. By contrast, met-tRNAi
binding by eIF2 seems to involve mainly the γ and β subunits, while, as explained
above, the eukaryal α-polypeptide is the main target of regulatory kinases that
control the factor’s activity.

A report that Archaeal (Pyrococcus abyssi) IF2-α is also phosphorylated [50] has
not been confirmed to date. However, translational control by IF2-α phosphoryla-
tion is unlikely to happen in Archaea, because it has been shown that aIF2 has a
similar affinity for GDP and GTP and therefore does not require a guanine
nucleotide exchange factor to be reactivated [35]. This is consistent with the
observation that all Archaea lack a homolog of eIF5, as well as three of the five
subunits of eukaryal eIF2B. Archaeal genomes do include homologs of the α, β and
δ subunits of eIF2B, but lack counterparts of the γ and ε subunits that catalyze
guanine nucleotide exchange on eIF2. It has been shown that archaeal IF2B is able
to interact with the aIF2 α subunit, but the significance of this interaction is
unknown [14].

Another difference between eIF2 and aIF2 is the probable lack of a GTPase
activator protein for the latter. GTP hydrolysis of eukaryal eIF2-phosphate is
triggered by the helper factor eIF5, and no recognizable homolog of this protein is
present in the genome sequences of Archaea. It is therefore likely that aIF2 has an
intrinsic, ribosome-triggered GTPase activity, although this has not yet been
demonstrated experimentally. Alternatively, GTP hydrolysis on aIF2 may be
facilitated by an unidentified GTPase activator.

Apart from the problem of tRNAi binding, archaeal IF2 has an intriguing and
unexpected property. It is capable of interacting with the 5′ terminus of an RNA,
but only when this carries three phosphate groups [1, 24]. Most mRNAs fall in this
category; therefore, it seemed likely that aIF2 is an mRNA-binding factor. Indeed, it
was demonstrated that mRNAs carrying a 5′ triphosphate are protected against 5′
end degradation by bound aIF2, while degradation from the 3′ end of from the
central parts of the molecule remained unaffected by aIF2 binding. Moreover,
detachment of one or more of the terminal phosphates drastically lowers the affinity
of the factor for the mRNA. This situation is evidently reminiscent of eukaryotic
capping, which is a molecular device originally evolved just to protect the mRNAs
against 5′-end degradation. In Archaea there is no “capping” modification of the
mRNA 5′ end (i.e., no addition of a 7-methylguanosine by means of a 5′-5′
phosphate bond), but the 5′ terminal phosphates act themselves as a sort of prim-
itive “cap,” in the sense that they, just as the eukaryotic cap, bind specifically a
protein complex aimed at protecting the RNA molecule against nucleolytic
degradation.
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Interestingly, aIF2 can bind mRNA in vitro both as an intact trimer as well as an
isolated γ subunit; neither of the other two subunits binds RNA independently of
the others. It is not known whether this is true also in vivo. Some indication that this
might be the case stems from the fact that the a/eIF2 γ subunit seems to be more
abundant than the other two in exponentially growing Sulfolobus solfataricus cells
(Londei, unpublished work), but more accurate measurements of the aIF2 subunit’s
stoichiometry as well as other evidence are needed before this can be confirmed.

In any event, the mRNA-binding capacity of aIF2 seems to be at odds with its
other function, that of binding met-tRNAi and promoting its interaction with the
ribosome.

However, measurements of the relative affinity of free and ribosome-bound aIF2
for met-tRNAi and for the mRNA 5′ end yielded an explanation of this apparent
paradox [24]. It turned out that aIF2 in a free state has a higher affinity for mRNA
than for met-tRNAi, while the opposite is true when the factor sits on the ribosome.
It must be pointed out that, unlike what happens in the eukaryotes, the interaction
between aIF2 and met tRNAi most probably takes place when the factor is already
ribosome-bound. Thus, in a physiological situation where there is an abundance of
ribosomes, such as during rapid growth, most aIF2 is in a ribosome-bound state,
thereby ensuring efficient translation and a rapid mRNA turnover. By contrast,
when growth is arrested, such as under certain stress conditions, ribosomes become
scarcer and there is more free aIF2 in the cell cytosol. In these conditions, trans-
lation is lagging, and it becomes important to protect the untranslated mRNAs from
degradation to ensure a faster recovery of the cell once the environmental condi-
tions revert to normal. In support of this, it has recently emerged that the removal of
aIF2 from the 5′ end of a leaderless mRNA is stimulated by a new protein factor,
Trf, and that S. solfataricus Trf deletion mutants have an impaired protein synthesis
during outgrowth from the stationary phase [33].

Thus, the Archaea seem indeed to possess a rudimentary cap-like system for
mRNA protection. Its relationship with the more sophisticated eukaryotic system is
uncertain, but the similarity is nevertheless intriguing.

Although more data are evidently needed to fully understand the dual role of
aIF2, its mRNA-binding properties may suggest ideas to unravel the main, still
unanswered question: why did the Archaea adopt a trimeric tRNAi-binding factor
(later inherited by the Eukarya) instead of recruiting the universal factor IF2 for this
function, as the Bacteria did?

To gain insight into this problem, it is useful to bear in mind that, in the last
universal common ancestor, translation most probably dispensed with initiation
factors but did make use of the two elongation factors still present today, with very
few modifications, in all life forms [3]. Elongation factor 1 (called Tu in Bacteria)
delivers aminoacyl-tRNA to the ribosomal A site and checks the accuracy of
codon-anticodon interaction, while elongation factor 2 (called EFG in Bacteria)
promotes translocation, i.e., the reciprocal movement of ribosomes and mRNA that
permits the positioning of the next unread codon in the A site. Both EF1/Tu and
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EF2/G are G proteins, endowed with a guanine-nucleotide-binding site whose
regulated interaction with GDP or GTP controls the activity of the factor.

As shown in Fig. 6, the three-dimensional structure of EF1/Tu closely resembles
that of the a/eIF2 γ subunit and also the globular “head” of bacterial IF2 [41]. This
suggests that the specialized tRNAi-binding proteins are all derived by gene
duplication from the ancestral EF1/Tu, adapting themselves to interact with a
specific initiator tRNA instead of with any aminoacyl-tRNA.

The aIF2 γ subunit was the specialized derivative of EF1/Tu that acquired
met-tRNAi-binding properties in the common ancestor of Archaea and Eukarya.
However, aIF2-γ also interacts with the triphosphate 5′ end of the mRNAs by virtue
of its G domain. It may be supposed that this dual function was important in
ancestral times, as it is important in modern Archaea. Before the branching of the
eukaryotic lineage the protein evolved further, adding two other subunits, probably
to create a factor that had an optimal tRNA-binding capacity, while maintaining the
mRNA-protecting function. Once inherited by the eukaryotes, the trimeric eIF2
retained its original met-tRNA-binding capacity, while a novel and more reliable
“capping” system, which combined mRNA protection with control of translational
initiation, was evolved de novo.

A model depicting the possible evolution of the tRNAi-binding proteins in the
three domains of life is shown in Fig. 7.

Fig. 6 Structural homologies between translational G-proteins. The structures compared are those
of archaeal IF2-γ, bacterial EF-Tu (see Fig. 5) and archaeal IF5B. It can be seen that the “head” of
the latter has a marked resemblance with the other two factors
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3.2.2 a/eIF6

In both Archaea and Eukarya, the translation factor termed IF6 is a small (27 kDa)
monomeric protein that binds specifically to the large ribosomal subunit. In
eukaryotes, eIF6 was initially identified as an anti-association factor for its ability to
bind the 60S ribosomal subunits preventing their association with the 40S ribosomal
subunits to form the 80S initiation complex [52]. Later, however, experiments
performed in yeast revealed that eIF6 may have a role in ribosome biogenesis, since
it is also found in the nucleolus and its loss produces a decrease of 60S particles [44].

aIF6, the archaeal homolog, is a few amino acids shorter than its eukaryal
counterpart, but otherwise shares a high degree of homology with it. IF6’s
three-dimensional structure was first determined for the archaeal protein [20]
serving as a guide to model the structure of the eukaryotic homolog. As shown in
Fig. 8, a/eIF6 has a characteristic flower-like shape with a hole in the middle. The
particular fold of IF6 has been called a “pentein” because it is composed by a
repetition of five very similar domains.

Fig. 7 A model of the evolution of tRNAi-binding factors. On the left of the figure the LUCA
stage is shown, including the ancestral factors EF1/Tu and IF2, the latter probably derived from the
former by a gene duplication or fusion event. On the right the separate evolution of the bacterial
and of the archaeal/eukaryal lineages is shown. In the bacterial lineage, IF2 acquires the ability of
binding f-met-tRNAi specifically, while the archaeal/eukaryal lineage evolves a new
tRNAi-binding factor that also protects mRNAs from 5′-end degradation
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Both the archaeal and the eukaryal proteins bind with high affinity to the large
ribosomal subunit. The binding site, first determined for the archaeal factor [5, 18],
and later also for the eukaryal one [27], lies on the side of the large subunit engaged
in pairing with the smaller one, in close vicinity to proteins L14p and L24e. The
position of eIF6 justifies its role as an anti-association factor since it masks the
RNA and protein sites on the large subunit involved in contacting the small subunit
and in bridging the two particles together.

Despite the detailed structural information, the role in translation of both
archaeal and eukaryal IF6 remains puzzling. Only about one in ten large ribosomal
subunits carry a/eIF6 in the cytoplasm, so one might hypothesize that the factor
undergoes a series of fast binding and release cycles, regulating subunit joining in
the course of translational initiation. However, the interaction of a/eIF6 with the
ribosome is quite strong, and it appears that, in eukaryotes at least, specific factors
are required for its release. Two different mechanisms have been proposed for eIF6
release from eukaryotic ribosomes, and it is not yet clear whether they co-exist or
operate in different circumstances or in different cells. On the one hand, eIF6
detachment from the 60S subunits has been shown to be promoted by a GTPase,
called Efl1, which acts in concert with the ribosome-binding factor Sdo1 (also
called SBDS) to couple GTP hydrolysis with IF6 release [53]. On the other hand,
eIF6 release has also been described to depend on the phosphorylation of the factor,
which is in turn triggered by translation-promoting signaling transduced by the
ribosome-bound kinase RACK1 [8].

Thus far, the prevalent model for the function of eukaryal eIF6 posits that the
factor is important for the late maturation of the large ribosomal subunit. Immature
60S ribosomes would emerge from the nucleus with bound eIF6, being thus still
unable to participate in translation. EIF6 release (by whichever mechanism) would
permit the particles to take part in translation. In this model, the main role of eIF6
would be that of fine-tuning translation by regulating the number of active 60S
subunits. However, many doubts remain, and many data are still needed to confirm
(or refute) the model.

Fig. 8 The “pentein”
structure of a/eIF6
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In Archaea, aIF6 has been shown to bind tightly and specifically to the 50S
ribosomal subunit and thereby to inhibit subunit association [5]. However, the
mechanism for aIF6 release from the 50S subunit is still unknown. The factor does
not appear to undergo phosphorylation. Interestingly, the Archaea possess a
ribosome-binding protein homologous to Sdo1/SBDS, but so far no clear proof of its
involvement in aIF6 release has been obtained, nor has it been possible to identify a
GTPase promoting aIF6 detachment from the ribosome (Benelli, La Teana and
Londei, unpublished work). One study suggests that aIF6, rather than in initiation,
may be involved in ribosome recycling [2], and eIF6 may well have a similar role.

The confusion about the role of a/eIF6 in translation is all the more frustrating
since this factor, in eukaryotes at least, clearly has a very important role in regu-
lating certain crucial cellular processes. Remarkably, eIF6 overexpression is
observed in many natural cancers, while, conversely, eIF6 haplo-insufficiency
protects against certain types of tumors [16]. Moreover, the overexpression of eIF6
has been described to produce developmental defects in Xenopus [12, 13].

Recent studies have provided some hint into the mechanism of action of eIF6 as a
tumor-promoting factor. It has been shown that overexpression of the factor in an
ovarian cancer cell line increases the motility and invasiveness of the cells, thus
enhancing their metastatic potential [37]. Proteomic analysis has revealed that eIF6
overexpression perturbs the cellular proteome, upregulating a set of proteins
involved in cell motility and invasiveness and downregulating another set of pro-
teins, mainly ribosomal ones. On the whole, the data suggest that eIF6 may influence
the cell’s behavior indirectly, by modifying the translational landscape and altering
the relative amounts of certain functionally crucial proteins. However, how it does so
it is still a matter of conjecture. A possibility is that eIF6 overabundance may affect
ribosome biosynthesis, thereby enhancing the production of specialized ribosomes
that would preferentially translate certain classes of mRNAs. That such specialized
ribosomes indeed exist has been shown in a number of reports [43, 54] but it remains
to be seen whether eIF6 is actually involved in their biosynthesis.

Unfortunately, there are no data in Archaea to show whether aIF6 imbalances
have any kind of physiological effects. It is only known that aIF6 is overexpressed
under stress conditions, a fact that may suggest a role in controlling cellular
behavior roughly similar to that observed for its eukaryotic counterpart. However,
we are still a long way from understanding all the functional facets of this fasci-
nating factor, let alone the motive for its evolutionary conservation in the
archaeal/eukaryal line.

4 Conclusions: The Early Evolution of the Translation
Initiation Machinery

As we have seen, present-day mechanisms of translational initiation are widely
divergent in the primary domains of life. This is not very surprising: as initiation is
the main target for translational regulation, each cell lineage has adapted its details
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to its specific physiological needs. Nevertheless, it is still possible to discern con-
served functional traits and common components, which allow tracing a model, if
fragmentary and tentative, of the early evolution of the translation initiation
machinery.

The story of the evolution of translational initiation, as we currently understand
it, begins with a primordial cell, the last universal common ancestor (LUCA),
whose ribosomes decoded leaderless mRNAs interacting with their 5′ extremity and
probably using any codon as the start. The two elongation factors were in all
probability already present. One of them, EF1/Tu, was (and still is) a tRNA-binding
protein that interacted with any aminoacyl-tRNA adapting it in the A site. From
EF1/Tu, a first gene duplication event generated the universal factor IF2/5B. This,
in collaboration with the other universal factor IF1/1A, may have had the function
of facilitating the entrance of the first tRNA in the P site, thus speeding up the
translation initiation process [3].

The bacterial lineage was the first to branch off the common tree of life and to
evolve its own system for translational initiation. According to their generally
parsimonious lifestyle, the Bacteria built up a very streamlined mechanism, keeping
the two initiation factors already present in the common ancestor and adding only a
newly evolved one, IF3. IF2/5B specialized as the initiator tRNA binding factor
IF2, acquiring a specificity for fmet-tRNAfmet. In parallel, the Bacteria modified
mRNA structure to include leader sequences and SD motifs for ribosome binding.

The archaeal/eukaryal lineage found different solutions. As shown in Fig. 7,
another derivative of EF1/Tu, the a/eIF2 γ subunit, was created by gene duplication,
assuming the dual function of mRNA 5′ end protection and of specific met-tRNAi
binding. The latter was achieved by the addition of the α subunit, while the β
subunit probably came later. IF2/5B, by contrast, maintained only a generic
capacity to stabilize met-tRNAi binding in the P site while at the same time pro-
moting the joining of the ribosomal subunits in a late phase of initiation.

A further, and essential, component of the common archaeal/eukaryal translation
initiation machinery was a/eIF6, but as we have seen very little can be conjectured
on the ancestral function of this protein. Perhaps the primordial IF6 had a main role
as a ribosome anti-association factor, being the functional counterpart of bacterial
IF3, or perhaps it assisted ribosome synthesis. Further research on the function of
modern archaeal and eukaryal IF6 is needed to answer this question.

After the branching off of the Eukaryal lineage, the Archaea made only a few
improvements on the original translation initiation machinery, which may be the
reason why they retain to date a large proportion of leaderless mRNAs. The
Eukarya, on the other hand, modified the system, extensively evolving new mRNA
features, a new system to locate the initiation codon and new TIFs to deal with these
novelties.
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On the Origin and Early Evolution
of Translation in Eukaryotes

Greco Hernández, Vincent G. Osnaya, Alejandra García
and Mitzli X. Velasco

1 Introduction

Proteins are one of the elementary molecules of the biosphere, catalyzing the
majority of reactions sustaining life, as well as playing structural, transport and
regulatory roles in all living organisms. Hence, protein synthesis or “translation” is
a fundamental process for all forms of life [1, 2], and translational control plays a
crucial role in gene expression during many cellular and developmental processes.
Accordingly, the process of translation as well as different regulatory mechanisms
should have evolved ever since the beginning of life. Later in evolution, the
emergence of eukaryotes represented a profound hallmark in the history of life on
our planet, leading to crucial changes at the ecological, morphological, biochemical
and molecular levels in living organisms. How translation ever originated and what
changes the process of translation underwent during the arousal and radiation of
eukaryotes is still the subject of intense debate.

The knowledge of the mechanism and regulation of translation has been
established in the last 5 decades by the work of brilliant scientists from many
laboratories across different countries. In recent years, the advent of the powerful
“omics” era has created a huge data set regarding the molecular composition of cells
from hundreds of species from many phyla never studied before, giving rise to an
innovative perspective in the study of biological processes. This approach has led to
the surprising discovery that a number of components of the translation apparatus
have undergone diversification across eukaryotes and that distinct regulatory
mechanisms have evolved in different phyla at different times [3–7]. This also has
allowed performing phylogenomic analyses across the three domains of life,
namely Bacteria, Archaea and Eukarya, to gain insight into how the translation
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machinery might have evolved during the emergence of eukaryotes. Yet, despite the
impressive advances in the field of translation, many questions regarding the
emergence and early evolution of translation in eukaryotes still remain open.

In this chapter, we will review recent research shedding light on the evolution of
the translation apparatus during the onset of eukaryotes and how it might have
evolved right afterwards. Since the elongation and termination steps, or translation,
are very well conserved among all kingdoms of life, and the initiation step has
undergone substantial modification in eukaryotes as compared to both Archaea and
Bacteria, we will focus on the evolution of the initiation step.

2 Translation Initiation in the Prokaryotic World

In prokaryotes, translation happens simultaneously in time and space with tran-
scription, which always synthesizes polycistronic mRNAs. Translation initiation in
bacteria consists of the recruitment of the 5′ end of an mRNA by the 30S ribosomal
subunit, i.e., the formation of the complex among mRNA, fMet-tRNAi

fMet (initiator
formylmethionyl-tRNA) and the ribosomal subunit. It is assisted by the translation
initiation factors (IFs) IF1, IF2 and IF3. IF2 binds tRNAi

fMet and delivers it to the P
site of the ribosomal subunit 30S, and its activity is stimulated by IF1; IF3 controls
the accuracy of codon-anticodon recognition. In Archaea, initiation is more com-
plex since it possesses at least five archaeal initiation factors (aIFs): aIF1, aIF1A,
eIF2, aIF5B and eIF6. aIF1 drives mRNA binding to the ribosome and also confers
fidelity of the start codon selection; aIF2 binds tRNAi

fMet; aIF2 along with aIF5B
delivers tRNAi to the P site; aIF6 keeps ribosomal subunits dissociated. So far, no
role has been found for aIF1A [8–10].

John Shine and Lynn Dalgarno discovered in the early 1970s that mRNA
recruitment to the ribosome occurs by a direct base pairing between a purine-rich
region located *7 nucleotides upstream the mRNA start codon, the so-called
Shine-Dalgarno (SD) sequence with the consensus AGGAGG, and a complemen-
tary sequence at the 3′ end of the 16S rRNA on the 30S small ribosomal subunit
(referred to as anti-Shine-Dalgarno sequence, anti-SD) [11, 12]. The critical role of
the SD sequence in translation initiation was further experimentally corroborated in
a variety of species, both eubacterial and archaeal [10, 13–16]. This, together with
the large number of genes possessing SD sequences in many bacteria, led to the
general idea that for prokaryotic mRNAs the SD sequence is the essential (although
not necessarily the sole) element for ribosome recruitment and for selection of the
correct initiation codon. It was then assumed that the SD/anti-SD interaction during
initiation is conserved in all prokaryotes [9, 10, 17].

Besides the SD motif, it was later found that ribosomal protein (RP) S1 interacts
with the 3′ end of the 16S rRNA, particularly with helices h26 and h45, which
contains the anti-SD sequence, as well as with 11 nucleotides of the mRNA 5′-UTR
located immediately upstream of the SD sequence. Thus, it is thought that the major
function of RPS1 is to bring the mRNA onto the 30S subunit during translation
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initiation, thereby assisting the interactions between the SD motif in the mRNA and
the anti-SD sequence of 16S rRNA. This is consistent with the observation that
translation of leaderless mRNAs does not require RPS1, since it does not depend on
SD interaction [18–23].

The recent advent of genome- and transcriptome-wide studies of thousands of
species led to the discovery in the past few years of a significant number of naturally
occurring mRNAs lacking an SD sequence spread across a wide variety of eubac-
terial and archaeal phyla, being more abundant in Archaea. These include thousands
of mRNAs devoid of 5′-UTR (and hence referred to as “leaderless” mRNAs) pro-
duced from single genes and from the first genes of operons, as well as mRNAs that
possess a 5′-UTR but lack an SD sequence [8, 9, 24–43]. These findings were further
confirmed in a more recent study comprising 2,458 bacterial complete genomes [44].
Indeed, several studies have shown that the major pathway to initiate translation
initiation in Archaea might involve mostly leaderless mRNAs [29, 32–35].

Thus, in addition to the aforementioned SD/anti-SD-dependent initiation, two
other major mechanisms for prokaryotic translation initiation have been described.
(1) For leaderless mRNAs the AUG start codon itself was found to serve as the
most important signal for ribosome recruitment and translation initiation. Here, the
initiator tRNA and IF2 are critical for complex formation between the start codon
and the ribosome. It is noteworthy that translation initiation of leaderless mRNAs
involves the undissociated ribosome 70S instead of the 30S ribosomal subunit [8, 9,
24, 31, 40, 41, 45–52]. (2) For mRNAs possessing a 5′-UTR but lacking an SD
motif, mRNA recruitment into the ribosome can be mediated exclusively by RPS1
[18–23, 30, 33, 53]. These mRNAs exhibiting a pronounced minimum in secondary
structure and AUG start codon reside in single-stranded regions of the mRNAs, and
ribosome binding to the mRNA is a sequence-independent event but is strictly
dependent on the local absence of secondary RNA [54].

Intriguingly, neither archaebacteria nor eukaryotes contain an RPS1 gene, raising
the question of how leadered mRNAs devoid of an SD motif are translated in
Archaea [8, 17, 18, 30, 51, 55]. Finally, in different species alternate non-SD
sequences have been reported to mediate 16S rRNA-mRNA interaction in a variety
of prokaryotic mRNAs, including domain #17 of E. coli 16S rRNA [56], the
“translation initiation region” sequence of the Mycoplasma genitalium tuf gene [57]
and a region of Thermus thermophilus thrS gene mRNA [58]. Moreover, genomic
studies of several archaeal species found a strong conservation of a GGTG atypical
putative ribosome binding site within 15 nucleotides upstream of the start codon of
hundreds of genes [26, 36]. Yet, whether or not these sequences undergo
base-pairing with the anti-SD sequence of 16S rRNA is unknown. The biological
relevance of these sequences, if any, remains poorly understood.

Overall, the emerging view is that in the prokaryotic world, both SD-dependent
and -independent translation mechanisms are present in all major lineages, showing
that the 16S rRNA recruitment by prokaryotic mRNAs is a variable process. Since
elongation and termination steps of translation are highly conserved in prokaryotes,
these findings support the hypothesis that the last universal common ancestor
(hereafter termed LUCA) of extant life already possessed an established
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fundamental translational apparatus, but the mechanisms of initiation further
evolved in the bacterial and archaeal lineages and afterwards changed in eukaryotes
even more [3, 4, 30, 33, 43, 59–61]. Indeed, evidence suggests that a highly
developed translation system was a necessary condition for the emergence of cells
on earth [62]. However, the aforementioned variety of prokaryotic mechanisms
raises the question of how LUCA might have initiated translation.

2.1 mRNA Recruitment in the Last Universal Common
Ancestor of Extant Organisms

As mentioned above, ribosome recruitment by mRNAs is a variable process in
prokaryotes. Thus, a crucial question is whether or not all prokaryotes possess an
anti-SD sequence at the 3′ end of 16S rRNA on the 30S ribosomal subunit. Complete
genome analyses of 277 [30] and 162 [29] prokaryote species (both bacterial and
archaeal) and 18 archaeal species [26] surprisingly found that the anti-SD sequence
is highly conserved among all species analyzed. Since thousands of prokaryotic
mRNAs have been found to lack either an SD motif or a leader sequence, this
paradox could be explained by three alternative evolutionary scenarios, i.e.,
(1) LUCA mRNAs possessed SD sequences at the 5′-UTR of mRNAs, but were lost
multiple and independent times in different prokaryotic lineage [29, 30]. For them,
RPS1-mediated or leaderless mRNA mechanisms of translation initiation work to a
great extent [29, 30]. In this case, the evolutionary pressures that led to the loss of SD
sequences, if any, are completely unknown. (2) Only some organisms have pos-
sessed SD motifs ever since the beginning of life, opening the possibility that the
anti-SD motif present in 16S rRNA from many species might play more,
yet-unidentified roles in translation or even in different process, such as ribosomal
RNA biogenesis, export or stability. (3) One or more hypothetical sequences, other
than the SD motif, might have driven translation initiation in LUCA mRNAs and are
currently present in different prokaryotic mRNAs but have not been identified. This
idea is supported by the finding that a variety of alternate sequences support
base-pairing between the 16S rRNA and mRNA to drive translation initiation [56,
58, 63]. We may conclude that the current knowledge does not shed light on what the
mechanism of ribosomal recruitment by LUCA mRNAs might have been.

3 Translation Initiation in Modern Eukaryotes

In modern eukaryotes, the vast majority of mRNAs initiate translation by the
so-called cap-dependent mechanism, which is mediated by the eukaryotic initiation
factors (eIFs) and consists of the recruitment of the mRNA to the 40S ribosomal
subunit upon recognition of the cap structure (m7GpppN, where N is the nucleotide
located at the very 5′ end of the mRNA) by the cap-binding protein eIF4E.
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It begins with the dissociation of the ribosomal subunits 60S and 40S by IF6.
Afterward, the free 40S ribosomal subunit, which is stabilized by eIF3, eIF1 and
eIF1A, binds to a ternary complex—consisting of eIF2 bound to an initiator
Met-tRNAi

Met and GTP (eIF2-GTP/Met-tRNAi
Met)—to form a 43S pre-initiation

complex. eIF5 interacts with eIF2 and eIF3 and is probably also recruited to the 40S
ribosomal subunit. On the other hand, and most likely simultaneously, the cap
structure of an mRNA is recognized by eIF4E in complex with the scaffold eIF4G.
Then, recruitment of the mRNA 5′-UTR by the 43S pre-initiation complex happens, a
process that is coordinated by eIF4G via its interaction with eIF4E, the ATPase/RNA
helicase eIF4A, the poly (A)-binding protein (PABP) and the 40S ribosomal
subunit-associated eIF3. eIF4G-PABP interaction causes a crosstalk between both
mRNA ends, hence prompting mRNA circularization, a spatial conformation that
stimulates translation and that is known as the closed-loop model. This complex
scans in a 5′ ➜ 3′ direction along the 5′-UTR to reach the start codon, usually an
AUG. During the scanning (a process that requires ATP), eIF4B stimulates the
activity of eIF4A, which unwinds secondary RNA structures in mRNA. eIF1, eIF1A
and eIF5 assist in the positioning and fidelity of the 40S ribosomal subunit at the
correct start codon so that eIF2 can deliver the anti-codon of the initiator
Met-tRNAi

Met as the cognate partner for the start codon directly to the peptidyl-site of
the 40S ribosomal subunit. Once the ribosomal subunit is placed on the correct start
codon a 48S pre-initiation complex is formed. Then eIF5 promotes GTP hydrolysis
by eIF2 and the release of the initiation factors. eIF2B and GTP afterward recycle the
dissociated eIF2-GDP complex so that it can associate with a new Met-tRNAi

Met and
take part in a new round of initiation. Finally, the GTPase eIF5B is required for the
assembling of the 60S ribosomal subunit to the 48S complex to form an 80S initiation
complex. Thereafter, the polypeptide elongation begins [64–66].

In the late 1980s, the groups of Nahum Sonenberg and Eckard Wimmer inde-
pendently discovered that there is an internal sequence in the 5′-UTR of picor-
naviral mRNAs located in the proximity of the start codon that allows the 40S
ribosomal subunit to land directly on the mRNA in a cap-independent manner and
without involvement of eIF4E [67, 68]. This sequence is termed an internal ribo-
some entry site (IRES). A few years later, the first cellular IRES was discovered in
the mRNA of the immunoglobulin heavy-chain binding protein [69], an mRNA that
is translated upon poliovirus infection. Since that time a large number of cellular
and viral mRNAs have been found translated via different IRESs elements [17, 70–
73]. In the following, we will analyze the evolutionary phenomena that might have
spurred the emergence of present-day translation in eukaryotes.

4 The Emergence of Eukaryotic Translation

About 1.8 billon years ago, the endosymbiotic association of respiratory,
alpha-proteobacterium-like prokaryotes (the ancestors of the mitochondria) with
host organisms that possessed an archaeal genetic identity led to the emergence of
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eukaryotes. The posterior association of this cellular consortium with photosyn-
thetic, cyanobacterium-like endosymbionts led to the evolution of plastids [74–77].
The onset of eukaryotes caused the emergence of novel, much more sophisticated
levels of cellular architecture than their prokaryotic ancestors, resulting from the
appearance of a plethora of new cell features, including a nucleus and centrioles, as
well as endosymbiotic bacteria that evolved toward mitochondria and plastids;
peroxisomes, Golgi complex and endoplasmic reticulum; the rearrangement of
genetic information in a “fragmented” fashion (i.e., interrupted genes) and packed
into multiple linear chromosomes inside the nucleus; cilia; cytoskeleton and motors
for vesicle and molecules transportation; sex, mitosis- and meiosis-based cell
division; expansion of genome size; expansion of cell size; and in many phyla the
emergence of multicellularity resulting out of different developmental programs.

Interestingly, despite the well-established idea that eukaryotes evolved from
archaeal ancestors [74, 77–83], phylogenomic analyses have shown different roots
for the cellular components of eukaryotes. While they inherited from Archaea the
informational machineries, namely replication, transcription and translation, the
metabolic and energetic enzymes are mostly of bacterial origin [60, 74, 82].
Consistent with this notion, genome-based phylogenetic analyses as well as
structural and biochemical studies have shown that archaeal translation factors [8, 9,
31, 59, 84, 85], ribosomal proteins [18, 86–88], aminoacyl-tRNA synthetases
(despite extensive horizontal gene transfer undergone among the three domains of
life) [89, 90] and ribosomal RNAs [55, 62, 74, 78–80, 91, 92] have their closest
homologs in eukaryotes rather than in bacteria.

The evolutionary emergences of the nucleus and interrupted genes were para-
mount events of eukaryote genesis. Crucially, they caused the interruption of
genetic information of host cells and led to the spatio-temporal separation of
transcription and translation. Therefore, upon their emergence eukaryotes needed
the prompt evolution of nuclear machineries for intron splicing, for nucleocyto-
plasmic export and for mRNA protection to ensure that transcripts synthesized in
the nucleus reach both the ribosomes and the storage bodies in the cytoplasm.
Surveillance systems such as nonsense-mediated mRNA decay (NMD) also
evolved to discard aberrant mRNAs [3, 4, 93, 94]. The arousal of eukaryotic cells
also led to the evolution of novel features in the translation apparatus, mechanisms
and regulation so that gene expression could take place. The major changes sum-
marized are the following.

(1) Eukaryotic ribosomes are much bigger and more complex than their
prokaryotic counterparts. Ribosomes evolved toward the eukaryotic 40S and 60S
ribosomal subunits from prokaryotic 30S and 50S, respectively. This was due to the
addition of several rRNA expansion segments, peptide additions to most ribosomal
proteins, as well as the addition of extra eukaryotic-specific ribosomal proteins and
the 5.8S rRNA. Thus, while bacterial 70S ribosomes contain *4500 nucleotides of
rRNA, eukaryotic 80S ribosomes contain >5500 nucleotides of rRNA [88, 95–98].
The number of ribosomal proteins increased from 57 (23 in the small ribosomal
subunit and 34 in the large subunit) in Bacteria and 68 (28;40) in Archaea to 78
(32;46) in Eukarya [18, 55, 86, 97].

86 G. Hernández et al.



(2) The initiation step of translation underwent a substantial increase in terms of
the complexity and number of initiation factors as compared to prokaryotes, i.e.,
while in Bacteria and Archaea it is assisted by 3 and 6 factors, respectively,
eukaryotes need the interplay of at least 14 factors. Thus, novel, eukaryotic-specific
initiation factors evolved, namely eIF3 (all subunits), eIF4B, eIF4E, eIF4G, eIF4H
and eIF5 [8, 9, 14, 31, 59, 85]. Except for eIF5, all of them recognize the mRNA 5′-
UTR for recruitment into the ribosome.

(3) mRNAs also underwent profound changes during the transition from
prokaryotic to eukaryotic cells. (a) They acquired a novel structure, i.e., mono-
cistronic, capped, polyadenylated and with long UTRs. Moreover, eukaryotic
mRNA 5′-UTRs are devoid of an SD motif and, for some lineages, the AUG start
codon is surrounded by a context sequence instead. For vertebrate mRNAs, the
optimal context is termed the “Kozak motif,” which consists of the consensus
sequence G/AXXATGG [99]. Experimental and in silico studies of a few mRNAs
from some species suggest that this sequence is not conserved across eukaryotes
[100–106]. Recently, a genome-wide in silico analysis of 48 species found that the
preferred sequence around the start codon significantly varies across species of all
eukaryotic kingdoms [107]. However, no experimental validation of this observa-
tion has been performed. (b) They acquired a novel life cycle, being transcribed,
capped, polyadenylated, spliced and exported from the nucleus, and further stored,
transported, translated and degraded in the cytoplasm. And (c) They acquired a
novel functional conformation when engaged in translation, i.e., a circular shape
displaying a functional crosstalk between both the 5′- and 3′-ends [4, 5, 93, 108].

(4) New mechanisms for translation regulation evolved in different lineages,
including a plethora of eIF4E-interacting proteins (4E-IPs), the TOR pathway,
microRNAs, different cytoplasmic granules, eIF2alpha kinases and the control of
mRNA circularization by poly(A) tail shortening, among others [4–8, 31, 59].

4.1 A Closer Look at the Untranslated Regions
of Eukaryotic mRNAs

Among the key features that evolved in eukaryotic mRNAs are the UTRs, as
mRNA stability, transport and translation rates are tightly controlled by cis-acting
elements located on them. Indeed, both 5′- and 3′-UTRs are critical targets of
different networks of trans-acting factors for finely tuning gene expression at dif-
ferent levels. Notwithstanding, there are remarkable functional differences between
both UTRs, as most cis-acting regulatory elements regulating mRNA polyadeny-
lation, degradation, storage, localization and transport of mRNAs are localized at
the 3′-UTR. In contrast, 5′-UTR is key for ribosomal landing, scanning and binding
of diverse RNA-binding proteins regulating scanning and ATG codon recognition
during translation initiation [66, 93, 108–119]. As a consequence of this, while the
mean length of 5′-UTR remains remarkably constant in most eukaryotic phyla
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(70 − 200 nucleotides), 3′-UTR mean length increases as morphological com-
plexity increases [93, 108, 109, 112, 120–125].

According with the crucial roles UTRs play in post-transcriptional regulation of
gene expression, leaderless mRNAs are rather seldom in eukaryotes [93, 108, 109,
114, 120–123], and extremely short 5′-UTRs have been reported only among
mRNAs from the unicellular protists Giardia lamblia, with 5′-UTRs in the range of
0–14 nucleotides [126], and Entamoeba histolytica, which possesses some 5′-UTRs
as short as 5 nucleotides [127]. However, this feature could be due to their parasitic
life. Recently, some human mRNAs have also been reported to contain short 5′-
UTRs with a median length of 12 nucleotides within a translational element termed
TISU (which stands for translation initiator of short 5′-UTR) [128–130]. Yet, the
frequency of this element in other species remains to be determined.

5 The Transition from Prokaryotic to Eukaryotic
Translation

Several evolutionary forces played crucial roles in the transition from the ancestral,
prokaryotic mode of translation toward the establishment of the predominant
cap-dependent translation of eukaryotes. It is well established that the last common
ancestor of extant eukaryotes had a genome with a high intron density, most likely
as a result of an invasion of group II introns from the new mitochondrial
endosymbionts into the genes of the host organism [94, 131–134]. The emergences
of the nuclear membrane and interrupted genes were probably some of the pri-
mordial selection forces to overcome in the first eukaryotes [60, 94], raising the
immediate need for developing systems for the protection and nucleocytoplasmic
export of mRNAs, for intron splicing and for the removal of aberrant transcripts.

Moreover, because eukaryotic mRNAs lack both SD sequences and RPS1
protein, they cannot efficiently recruit the ribosome directly to the initiation codon.
Most probably this was the most important selection pressure that led early
eukaryotes to develop a novel mechanism to ensure the correct landing of the
ribosome at the 5′-end of mRNAs, i.e., the cap-dependent initiation. These events
led to the stepwise increase in sophistication during eukaryogenesis. Hence,
although eukaryotes inherited from their archaeal ancestors eIF1, eIF1A, eIF2 (all
subunits), eIF2B (but only the alpha, beta and delta and not the gamma or epsilon
subunits), eIF4A, eIF5B and eIF6 [9, 59, 84, 85, 135–137], eIF3, eIF4G, eIF4E,
eIF4B and PABP evolved exclusively in eukaryotes because of the need to recruit
capped and polyadenylated transcripts possessing long 5′-UTRs devoid of SD
sequences [3, 4, 6, 9, 14, 59, 84, 85]. Thus, the crucial question arises of how
ribosomes from early eukaryotes might have recruited mRNAs to initiate translation
in the absence of both eIF4 factors and PABP.
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5.1 What Was the Mechanism of mRNA Recruiting
in the Early Eukaryotes?

Phylogenomic analyses have recently shown that eukaryotes emerged from the
so-called TACK superphylum within the Archaea domain, which comprises the
Thaum-, Aig-, Cren- and Korarcaeota groups of archaea [74, 77, 81–83]. This
means that the closest relative of the eukaryotic lineage is among the species of the
superphylum TACK. Therefore, a close look to the mRNA structure of these lin-
eages might shed light on the type of mRNA (i.e., SD-containing, leaderless or
possessing a 5′-UTR devoid of SD motif) the first eukaryotes might have possessed.
However, the current knowledge does not allow elucidating what species of the
superphylum TACK eukaryotes evolved from, as well as what type of mRNA these
particular species use.

Although genome-wide studies of hundreds of species have shown that the
major pathway to initiate translation in Archaea might involve mostly leaderless
mRNAs [26, 27, 29, 30, 33–37, 42], early eukaryotes might have synthesized
transcripts possessing long 5′-UTRs devoid of the SD motif as happens in virtually
all present-day eukaryotes. Based on this notion, and given the fact that archaea and
eukaryotes lack an RPS1 gene involved in recruitment of bacterial leadered mRNAs
devoid of an SD motif, here we propose three possible mechanisms for mRNA
recruitment by ribosome in early eukaryotes.

(1) mRNAs used a variety of non-SD sequences that interacted with different
internal regions of the rRNAs on the 30S ribosomal subunit. This idea is supported
by evidence proving sequence complementarity and interaction between hundreds
of mRNAs and different segments of the 18S and 28S rRNA from different
eukaryote species with a potential role in translation regulation [138–141]. Indeed,
RPS1 is also missing in some bacterial lineages, which led G.E. Fox to suggest that
RPS1 was added to bacterial ribosomes only after the Archaea-Bacteria divergence
happened [55].

(2) Alternate ribosomal proteins might have been responsible for mRNA
recruitment. Eukaryotes evolved a whole set of novel, eukaryote-specific ribosomal
proteins [18, 86–88], making conceivable that some of them might have evolved
because of enhanced mRNA recruitment. For example, ribosomal proteins such as
RPS5 and RPS15, which along with eIF2α contact mRNA positions −3 and +4 of
the AUG context sequence [142], might have been involved in driving mRNA
recruitment in early eukaryotes.

(3) Existing initiation factors promoted mRNA recruitment. RPS1 contains six
copies of an RNA-binding fragment that is known as the S1 domain. Many proteins
possess one or more S1 domains, including the translation initiation factor IF1 and
its eukaryotic equivalent eIF1A, as well as the eukaryotic eIF2α [18, 55]. Since the
S1 motif is found in all three domains of life and factors IF-1/eIF1A are universally
distributed, Fox [55] has suggested that IF-1/eIF1A might be the original source of
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the S1 motif, possibly derived from the initiation machinery. Thus, in the absence
of the RSP1 and SD motif, eIF1A or eIF2α might have been involved in mRNA
recruitment in early eukaryotes.

6 The Natural History of the Cap Structure, eIF4s
and PABP Sheds Light on the Evolution
of the Cap-Dependent Translation

Because present-day cap-dependent translation is a highly sophisticated process, it
cannot have appeared fully formed, but arose by stepwise addition of components
and regulatory steps. So, what were the possible mechanisms underlying evolution
of translation initiation in early eukaryotes? As with all evolutionary studies, we can
infer the ancient nature of any current biological process by studying its present-day
components and looking at their “ancestral” features. Here we think that the con-
temporary features of the cap structure, eIF4G, eIF4E eIF3 and PABP, all of them
of eukaryotic origin, as well as the more ancient eIF4A, shed light on the evolu-
tionary history of eukaryotic translation initiation. Analysis of these molecules
argues for a stepwise addition of factors into the initiation step of translation by a
mechanism of molecular tinkering [143], i.e., by recruiting more ancient compo-
nents from other, already present cellular processes to perform a novel function into
translation initiation.

Francoise Jacob first proposed the concept of “molecular tinkering” 40 years ago
to explain one of the most creative forces of evolution, i.e., transforming a feature
that evolved to perform a specific function to give it new functions [143]. This
concept was afterwards applied by Gould and Vrba in 1982 to the evolution of
morphological features that now enhance fitness but were not built by natural
selection for their current role. For them, a morphological feature or structure,
previously shaped by natural selection for a specific function (an adaptation), but
later utilized for a new use is called a “exaptation” [144]. In the following, we
analyze current features of different molecules to infer their evolutionary history
and, finally, reconstruct the whole evolutionary history of the translation initiation
in eukaryotes. The evidence supports the notion that some of the eukaryotic initi-
ation factors are indeed molecular exaptations.

6.1 Origin of the Cap Structure of mRNAs

The m7GpppN cap structure of eukaryotic mRNAs plays a crucial role in mRNA
biogenesis and stability. It is essential for efficient splicing, mRNA export and
translation. Interestingly, all nuclear processes of mRNA biogenesis (namely
transcription, capping, polyadenylation, splicing nuclear export and stability) are
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tightly intertwined [145–152]. During transcription, which is performed by RNA
polymerase II (Pol II), the cap addition is the first modification that occurs to all
eukaryotic pre-mRNAs. It is co-transcriptionally added after 20–30 nucleotides
have been polymerized in virtue of the interaction of the capping enzymes with the
carboxyl-terminal domain (CTD) of the largest subunit of Pol II. Once transcription
reaches the transcript’s end, a signal triggers polyadenylation of the pre-mRNA by
the poly(A) polymerase and, right after the transcript is released, a process that is
dependent on the presence of Pol II CTD. The synthesized transcript is then rec-
ognized by the nuclear cap-binding protein CBP20 in complex with CBP80
(forming the so-called nuclear CBC) for both intron splicing and nucleo-cytoplasm
export to happen. Upon phosphorylation, Pol II CTD enhances the overall rate of
splicing.

The extensive coupling of all process for mRNA biogenesis [145–149, 151,
152], the finding that the cap structure is recognized by many proteins belonging to
different processes of RNA metabolism [149, 153] and the discovery of a strong
dependence of most of mRNA degradation pathways on the cap structure (namely
AU-rich element decay, bulk 5′–3′ decay, NMD, miRNA-mediated decay, and
deadenylation-mediated mRNA decay) [147–149] support the hypothesis that the
cap structure has been involved in different aspects of RNA metabolism ever since
eukaryotes originated. It also supports the idea that among the very first compo-
nents and processes that appeared in eukaryotes were the Pol II CTD, the cap
structure and the CBC to provide a “platform” to assemble the splicing, nuclear
export, mRNA protection and NMD machineries [3, 4]. Thus, both the cap and poly
(A) tail of mRNAs might have played no role in translation during eukaryogenesis,
being incorporated into the translation process later in evolution only after eIF4E,
eIF4G and PABP had evolved.

6.2 Origin of Eukaryotic Initiation Factors 3, 4G and 4E

The scaffold eIF3 is the largest and functionally most complex of initiation factors,
with a composition across eukaryotes from 6 to 13 different subunits. Among its
activities, eIF3 binds to and coordinates the interaction between eIF4G and the 40S
ribosomal subunit, thereby enhancing most of the reactions of the translation ini-
tiation pathway [154–157]. Structural and sequence studies have shown that eIF3,
the ‘lid’ subcomplex of the 26S proteasome (involved in protein degradation) and
the COP9 signalosome or CSN complex (involved in the ubiquitin-proteasome
pathway, DNA-damage response and cell cycle control) share a similar architecture
composed of multiple subunits possessing the PCI domain (Proteasome, CSN,
eIF3) [156–161]. Since PCI proteins are crucial scaffolds for the assembly of
multiprotein complexes, these observations support the hypothesis that an ancestral
core of eIF3 evolved from a versatile PCI-containing multimeric complex involved
in different cellular processes other than translation. The finding that some eIF3
subunits also play roles not related to translation, such as the cell cycle, apoptosis,
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protein turnover, mRNA deadenylation or decay, 20S pre-rRNA processing or
NMD [158–161], supports this hypothesis. Thus, an ancestral, multisubunit eIF3
was perhaps a scaffold that gradually incorporated additional subunits from other
cellular machineries and was incorporated into translation initiation later in evo-
lution because it improved the efficiency and regulation of the mRNA recruitment
[4].

eIF4G is a scaffold, modular protein that possess binding sites for different
proteins involved in translation initiation, such as PABP, eIF4E, eIF3 and eIF4A.
The C-terminal third of all eIF4Gs contains of one, two or three consecutive
α-helical domains called HEAT (Huntington, Elongation factor 3, A subunit of
protein phosphatase 2A, and Target of rapamycin) [162, 163]. Homologs of the
HEAT domain named HEAT-1 [162] also exist in Upf2/NMD2, a component of the
NMD system, and in CBP80, indicating that they may have evolved from a
common ancestral protein [85, 162, 164, 165]. For instance, the consecutive
HEAT-1, HEAT-2 and HEAT-3 domains of eIF4G are present in CBP80 as well,
meaning that both proteins descended from an ancestor protein that already con-
tained the three consecutive HEAT domains [162].

HEAT-containing proteins participate in a wide variety of cellular processes that
are dependent on assembling large multiprotein complexes [166, 167]. HEAT
domains are part of central adapters driving processes such as mRNA processing,
translation and degradation [85]. Since the complexes eIF4F, NMD and nuclear
CBC each include a HEAT-1-containing protein (eIF4G, Upf2/NMD and CBP80,
respectively) [164], it has been suggested that early in eukaryotic evolution a
versatile ancestral protein containing the HEAT-1 domain served as an adapter in
different RNA processes that subsequently diverged and evolved toward distinct
binding specificities [85, 162, 164, 165]. Therefore, this protein may have first
appeared in the nucleus as a proto-CBP80 to provide, together with the cap, a
“platform” for splicing factors and for mRNA protection during nuclear export.
Later in evolution, it might have diverged in the cytoplasm into the Upf2/NMD2
when NMD evolved, and also into a proto-eIF4G, a scaffold that facilitated a more
efficient initiation of translation by bringing the mRNAs into the close proximity of
the ribosomes. Therefore, and similar to eIF3, these features suggest that eIF4G
might have appeared in early eukaryotes for functions different from in translation
and that it was incorporated into this process later in evolution because it also
conferred a better efficiency of mRNA recruitment [3, 4, 85, 162, 164, 165].
Cap-dependent initiation of translation could only then have evolved after sites to
bind eIF4E, PABP, eIF4A and eIF3 appeared in the proto-eIF4G [3, 4].

eIF4E has long been known to play its main role in translation initiation through
cap recognition [168] and is also of eukaryotic origin [85]. Interestingly, eIF4E is
found being part of different cytoplasmic granules where it is involved in mRNA
decay or storage [169, 170]. In addition, a fraction of this protein localizes inside
the nucleus in several eukaryotes where it mediates the export of certain mRNAs to
the cytoplasm [171–173]. These findings suggest that eIF4E is versatile enough to
utilize the features required for cap-binding activity in different cellular processes
[4, 171].
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Although most probably eIF4E emerged as a translation factor, it has been
discussed that other evolutionary scenarios are also possible [4, 171]. For instance,
it may first have appeared in early eukaryotes either as a mediator of nuclear export,
thus enhancing mRNA stability, or as a mediator of cytoplasmic storage of mRNAs,
but playing no role in translation [4, 171]. An example of this possible scenario is
provided by one of the eIF4E isoforms from Giardia lamblia, as it binds only to
nuclear noncoding small RNAs and plays no role in translation [174]. The findings
that the cap and eIF4E confer stability to mRNAs by protecting them from 5′
exonucleases and decapping enzymes [175] suggest that the appearance of both the
cap and eIF4E could have been a big evolutionary leap by protecting mRNAs from
degradation. Since 5′ exoribonucleases emerged after eukaryogenesis [176], and the
enzymes for the for capping of mRNAs, namely 5′ triphosphatase, guanylyltrans-
ferase and guanine-N7-methyl-transferase are of eukaryotic origin [177, 178], it
was suggested that the 5′ exoribonucleases evolved in early eukaryotes following
the emergence of mRNA capping for cell protection from RNA viruses or viroids
[177]. The appearance of eIF4E could have followed this evolution by further
increasing mRNA stability, since in the absence of any means of interacting directly
with the ribosome itself, it could not be involved in translation. eIF4E should have
been incorporated into the translation process only after a scaffold protein emerged
(namely eIF4G), able to coordinate eIF4E activity. Because the absence of eIF4E
precludes the existence of the cap-dependent translation, the emergence of the
ancestral eIF4E implies that its own mRNA was most likely translated in a
cap-independent, IRES-dependent manner [3, 4, 171].

6.3 Origin of PABP and the Evolution of mRNA
Circularization

PABPs are scaffold proteins of eukaryotic origin that evolved into two main fam-
ilies, nuclear and cytoplasmic. They interact with many proteins and participate in
different events of mRNA biogenesis both inside the nucleus and in the cytoplasm.
In the nucleus, PABPs play essential roles in mRNA polyadenylation and stability,
and they may be involved in the mRNA shuttle to the cytoplasm. In the cytoplasm,
PABPs either protect mRNAs from decay or trigger transcript decay by promoting
mRNA interactions with deadenylase complex proteins. By interacting with eIF4G,
PABP also promotes circularization of the mRNA, a conformation that is critical for
translation initiation since it provides an effective means for the protein synthesis
apparatus to selectively translate only intact mRNAs, i.e., those that harbor both a
cap and a poly(A) tail. In addition, translation termination happens at a ‘correct’
stop codon, as opposed to a premature termination codon, only if the ribosome is
close enough to the poly(A) tail. The signal indicating this proximity is the inter-
action of the terminating ribosome with PABP. In the absence of this signal,
upframeshift protein (UPF) 1 binds eukaryotic releasing factors (eRF) 1 and 3 in the
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terminating ribosome, triggering NMD. Finally, PABPs also play a role in mRNA
transport and localization [179–184].

PABPs interact with poly(A) tails via their RNA-recognition motifs (RRMs).
These are present in one to four repeats plus a carboxy-terminal domain (CTD) that
interacts with factors regulating translation initiation and termination, polyadeny-
lation and deadenylation [182]. The RRM is the most prevalent eukaryotic
RNA-binding domain and is involved in all aspects of RNA metabolism. This is an
ancient and versatile RNA-binding domain present in all eukaryotes and many
bacteria [185]. RRM-containing proteins, including PABPs, evolved from succes-
sive duplications of a single RRM-carrying gene with the addition of auxiliary
motifs during their diversification in eukaryotes [185].

Hernández has proposed that the poly(A) tail and an PABP first arose in early
eukaryotes as part of the primary adaptive responses to the emergence of nuclear
membrane and split genes, but initially they might have had no role in translation
[4, 6]. Afterwards, mutations in PABP that allowed binding to eIF4G, thereby
promoting mRNA circularization, underwent a strong positive selection because
they (1) increased mRNA stability, (2) ensured a more efficient recruitment of the
40S ribosomal subunit by the mRNA and (3) mRNA circularity represents a
checkpoint that determines to initiate translation only in intact mRNAs [4, 6].

6.4 Origin of eIF4A and the Evolution of the Scanning
Process

Sequence comparison and biochemical analyses show that eIF4A is the most
ancient of eIF4 factors. Orthologs are found in Archaea [9, 14, 59, 85, 186],
Bacteria [187–189] and Eukaryotes [171, 186, 190–193], indicating that eIF4A
evolved before eukaryotes appeared. eIF4A belongs to the extensive DEAD-box
family of RNA proteins, which is a wide and versatile family of ATP-dependent
RNA helicases that exists across all phyla of Bacteria, Archaea and Eukaryotes and
that is involved in many aspects of RNA metabolism, including translation,
nonsense-mediated mRNA decay (NMD), splicing, RNA transport and ribosomal
biogenesis [190–192]. This indicates that RNA unwinding by RNA helicases
already existed before the eukaryotes appeared and that eIF4A evolved from RNA
helicases already present in the archaeal ancestor of eukaryotes [3, 4, 6].

Eukaryotes possess mRNAs with long 5′-UTRs with energetically stable sec-
ondary structures that would prevent scanning and hence translation. Therefore, the
translation machinery requires RNA helicases to unwind these structures. In contrast
to bacterial ribosomes, which possess intrinsic mRNA helicase activity [194], in
eukaryotes RNA unwinding is mainly performed by eIF4A. Remarkably, other RNA
helicases belonging to the asp-glu-ala-asp (DEAD)-box or DEAD/asp-glu-x-his
(DExH)-box families also stimulate or repress translation by performing RNA
unwinding during different steps of translation initiation, including the scanning
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step. This is the case of helicases DDX3/Ded1, Dhh1/RCK, VASA/DDX4,
RHA/DHX9 and DHX29. Interestingly, these helicases also play various roles in
different processes of RNA metabolism other than translation, such as RNA export
and pre-mRNA splicing and transport [190, 192, 193]. Since the RNA helicases are a
family of proteins that participate in many processes of RNA metabolism in both the
nucleus and the cytoplasm [191], it has been proposed that the early eukaryotic RNA
helicases were versatile proteins with broad substrate specificities involved in dif-
ferent RNA processes, and this probably included translation initiation. Later in
evolution, they diversified into more specific enzymes, some of them specializing in
translation [3, 4, 171]. The finding that eIF4A-III, a highly related eIF4A-cognate,
participates in NMD, RNA splicing and mRNA localization, but not in translation
[192], supports this hypothesis.

Thus, an evolutionary scenario is possible where a proto-eIF4A with broad
substrate specificity might have existed, performing its function in diverse aspects
of the RNA metabolism, from which it was afterwards incorporated into translation.
Crucially, the evolution of eIF4G and the incorporation of diverse RNA helicases,
including a proto-eIF4A, into translation initiation allowed both the incorporation
of eIF4E and the establishment of the scanning process in the translation mecha-
nism. These events enabled the translation machinery to efficiently translate
mRNAs with more complex 5′-UTRs, resulting in the current widespread
cap-dependent translation initiation mechanism.

7 A Timeline for the Emergence of the Cap-Dependent
Translation Initiation

We can summarize the evidence discussed above and outline a brief timeline
hypothesis on the origin and early evolution of the cap-dependent translation ini-
tiation in early eukaryotes. Overall, the evidence discussed in this chapter supports
the notion that molecular tinkering [143] has played a crucial role underlying the
establishment of the cap-dependent initiation of translation, i.e., by gradually
recruiting into translation more ancient, already existing molecules involved in
different cellular processes. This notion is supported by the current existence of a
diversity of viruses performing translation with a wide variety of requirements of
the translation factors that, indeed, might represent intermediary steps of this
evolutionary process [3, 4, 6].

Hernández (4) has proposed that upon eukaryote emergence, perhaps there was a
transition period before the arousal of the cap-dependent translation when mono-
cistronic mRNAs with long 5′-UTRs and devoid of SD sequences recruited the 40S
ribosomal subunit in a cap-independent manner and in the absence of eIF3, PABP
and eIF4 factors, becoming thus the first examples of an IRES. In other words, early
eukaryotes inherited a functional translational apparatus from archaeal ancestors
that recruited mRNAs in a cap-independent, IRES-dependent manner. The cap
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structure and the poly(A) tail of mRNA, as well as a PABP and perhaps eIF4E,
already existed, but they played no role in translation. They might have appeared
for functions in RNA metabolism that emerged among the primary adaptive
responses to the emergence of the nuclear membrane (i.e., the need for nucleocy-
toplasmic mRNA export and protection) and the appearance of interrupted genes,
but initially had no role in translation [3, 4]. In this scenario, present-day IRES are
rather relicts of the past [3]. Discistroviridae IRESs represent an example of the
minimal level of complexity in terms of dependence on proteins to initiate trans-
lation (185). They show that some mRNAs could drive recognition of the AUG
start site by the ribosome in the total absence of other factors, including tRNA. For
other mRNAs, at least eIF2 and eIF5B of archaeal origin, were involved in binding
of the Met-tRNAi

Met to the initiator codon and the assembly of 80S complexes,
respectively, as the mechanism used by the some picornaviruses to initiate trans-
lation, such as the porcine teschovirus type 1 (186). In this virus, the 40S ribosomal
subunit can actually be recruited directly to its mRNA by an IRES with only the
further requirement of the eIF2- GTP-Met-tRNAi

Met ternary complex for 48S
pre-initiation complex formation.

The incorporation into translation of novel scaffold molecules with coordinator
abilities, such as an ancestral HEAT-containing domain protein (a proto-eIF4G),
perhaps picked up from other cellular processes such as NMD or mRNA nuclear
export, further improved the efficiency and regulation of the ribosomal subunit
recruitment by the mRNA. Evidence for this possible evolutionary stage is provided
by the translation driven by the encephalomyocarditis virus and other picornavirus
IRESs, which requires nearly all the canonical initiation factors and the middle part
of eIF4G, but neither eIF4E nor the cap structure is required [195, 196].

Later on in evolution, a minimal core of eIF3 (i.e., a proto-eIF3) could have been
derived from other, more ancient cellular processes such as the ubiquitin-
proteasome and protein degradation pathways and incorporated into translation.
Translation initiation thus became more dependent on new factors like eIF3, which
by bridging eIF4G and the 40S ribosomal subunit enhanced the efficiency and
accuracy of mRNA recruitment. This hypothetical evolutionary stage is similar to
what happens in the translation of messages from different viruses, including
hepatitis C virus, pestiviruses and Rhopalosiphum padi virus, where direct binding
of the 40S ribosomal subunit to the mRNA is driven by the IRES [197, 198]. HCV
and pestivirus mRNAs have the additional requirement of eIF3 and
eIF2-GTP-Met-tRNAi

Met ternary complex to form the 48S-initiation complex. In
Rhopalosiphum padi virus mRNA, the binding of the 40S ribosomal subunit
absolutely requires eIF3, but it occurs in the absence of the eIF4 group of factors
[197, 198].

In all evolutionary stages, existing proto-eIF4A helicases, perhaps performing
activity in different RNA metabolism activities, could help RNA unwinding. The
incorporation of a proto-eIF4A along with eIF4E improved both the efficiency and
the regulatory possibilities of mRNA recruitment even more, leading ultimately to
the cap-dependent mechanism to initiate translation.
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8 Concluding Remarks

One of the enigmas of modern biology is how eukaryotic translation emerged. We
have discussed evidence supporting the notion that tinkering [143] might have
played a crucial role in the origin and evolution of the cap-binding mechanism in
eukaryotes [4, 6]. According to Jacob, “…natural selection does not work as an
engineer works. It works like a tinkerer—a tinkerer who does not know exactly
what he is going to produce but uses whatever he finds around him whether it be
pieces of string, fragments of wood, or old cardboards” [143]. “…Evolution would
slowly modify his work, unceasingly retouching it, cutting here, lengthening there,
seizing the opportunities to adapt it progressively to its new use…It works on what
already exists, either transforming a system to give it new functions of combining
several systems to produce a more elaborate one” [143].

We have discussed that early eukaryotes inherited a core of translation
machinery and that, in the absence of SD sequences in mRNAs and RPS1 in
ribosomes, the first eukaryotic mRNAs were translated in a cap-independent,
IRES-driven manner that was then superseded in evolution by the cap-dependent
mechanism, rather than vice versa. Thus, the contemporary cellular IRESs might be
relics of the past. This hypothesis is supported by the observations that
(1) IRES-dependent, but not cap-dependent translation can take place in the absence
of not only a cap, but also many initiation factors and (2) eIF4E and eIF4G,
molecules absolutely required for cap-dependent translation, are among the most
recently evolved translation factors.

Afterwards, the evolution of the translation machinery followed a gradual
addition of scaffold proteins, namely eIF3, eIF4G, PABP as well of eIF4A and
eIF4E, which highly improved the efficiency and regulation of mRNA binding to
the 40S ribosomal subunit [3, 4]. Indeed, eIF3, eIF4G, eIF4A, PABP, the cap
structure and the polyadenylation of mRNAs and perhaps eIF4E might be molec-
ular exaptations. The rudiments of these molecules might have first arisen during
eukaryogenesis with no role in translation before the cap-dependent initiation of
translation appeared, performing activities other than translation, perhaps involved
in mRNA nuclear export, splicing and stability, and were gradually added into the
initiation of translation by a process of molecular tinkering later in evolution [143].
The diversity of viruses infecting present-day cells with a variety of needs of
translation factors and cap that might represent the different evolutionary steps
discussed here supports this hypothesis.

Finally, there are still many open questions on the evolution of translation in
early eukaryotes. For example, we still lack satisfying explanations for the evolu-
tionary origin of monocistronic transcripts, for the mechanism of mRNA recruiting
in the early eukaryotes, for the origin of most ribosomal proteins and RNA
extensions of rRNAs, and for the archaeal lineage that originated the early
eukaryotes.
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Evolution of Translation in Mitochondria

Aldo E. García-Guerrero, Angélica Zamudio-Ochoa,
Yolanda Camacho-Villasana, Rodolfo García-Villegas,
Adrián Reyes-Prieto and Xochitl Pérez-Martínez

1 Introduction

Around 1.5 billion years ago a bacterial cell related to modern a-proteobacteria
established a symbiosis with a eukaryote that originated mitochondria [1]. It is
well-established that mitochondrial origin is monophyletic (i.e., it happened only once
in evolution) and that the organelle arose from an a-proteobacterium with identity yet
to be established [2, 3]. The symbiotic event was followed by extensive reduction of the
organelle’s genetic material, either by gene loss or gene transfer to the nuclear genome.
In addition, mitochondrial DNA (mtDNA) from different lineages diverged extensively
in shape, size, content, mutation rate, and gene expression mechanisms. What mito-
chondria from different lineages have in common is that more than 1000 proteins are
present in the organelle [4–7]. However, only a very limited number of proteins are
encoded in mtDNA. For example, mtDNAs from the Phylum Apicomplexa have only
three protein-coding genes [8], animal mitochondria code (in general) for 13 proteins
[9], land plants code for more than 30–40 proteins [10], and members of the jakobid
protists, which are considered to be relics of the endosymbiont bacterial ancestor, code
around 65 proteins [11]. Thus, the majority of proteins necessary for function are
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imported into mitochondria from the cytosol (for a review, see [12]). The organization
of mtDNA among lineages has also diverged. Some organisms have extended
non-coding regions, including type I and type II introns, as is the case for land plants,
while others, like metazoan, have very compact mitochondrial genomes with only a
few hundreds non-coding regions [9]. While fungal and apicomplexan mtDNAs are
lineal molecules, animals and some protists have circular mtDNA, trypanosome
mtDNA is composed of minicircles and maxicircles, which are topologically inter-
twined [13], and some Amoebidium have several hundred linear DNA molecules with
different gene contents in each molecule [14]. In land plants, mtDNA is arranged in
circular molecules of DNA whose composition varies constantly as a high frequency of
recombination events occurs in this clade [10].

Independent of the shape, coding capacity and size of mtDNA, these organelles
contain a complete gene expression system that comprises DNA replication and
maintenance, transcription, post-transcriptional processing, translation and post-
translation functions, such as protein assembly and prosthetic group additions. Much
of the mitochondrial expression machinery is nucleus-encoded, while only a limited set
of mtDNA genes is coded in the organelle. The Phylum Apicomplexa has only two
ribosomal RNAs coded by the mtDNA. Metazoans have around 22 tRNAs and the
small and large subunits rRNAs, while land plant mtDNA in addition to tRNAs and
rRNAs codes for a varied number of ribosomal proteins. Protists from the jakobid
lineage code in addition a translation factor (TufA), 5S rRNA, RNA polymerase and
a sigma factor, and three chaperones for protein processing [11]. In general, mito-
chondrial genomes code for subunits of respiratory complexes and ATP synthase.
Apicomplexan mtDNAs code for only subunits 1 and 3 of cytochrome c oxidase and
cytochrome b from complex bc1 [8]. In contrast, the jakobid Phylum codes for 12
subunits from complex I (NADH dehydrogenase), 3 for complex II (succinate dehy-
drogenase), 1 for bc1 complex, 3 for cytochrome c oxidase and 6 for ATP synthase [11].

Since mitochondria evolved from an a-proteobacterial ancestor, one might
expect that the mtDNA expression mechanisms have conserved bacterial features.
Even when this is the case, many novel mechanisms to control mtDNA expression
have emerged and diverged among the eukaryotic groups. Some are conserved
among certain lineages, but others appeared later during eukaryote divergence. In
the present chapter, we describe the most prominent features of the mitochondrial
translation machinery across different eukaryotic lineages. This knowledge allows
us to better understand the evolution of the translation process in mitochondria.

2 The Mitochondrial Genetic Code

Translation in jakobid and land plant mitochondria uses the universal genetic code
in mitochondria [11, 15]. However, at least 27 genetic code alterations (i.e., codon
reassignments) are detected in mitochondrial systems of diverse eukaryote lineages
(reviewed in [16, 17]). One of the most common changes in mitochondrial genetic
code is the reassignment of termination codons to sense codons, such as the use of
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Table 1 Mitochondrial genetic code in different organisms

Group/organism Genetic code Comments

Protists Jakobida Standard

Euglenozoa
Alveolata
Rhizaria
Amoebozoa
Malawimonads

UGA Stop ! Trp Alternative initiation
codons
Trypanosoma spp: UUA,
UUG, CUG
Leishmania spp: AUU,
AUA
Tetrahymena spp: AUU,
AUA, AUG
Paramecium sp: AUA,
AUU,AUC, GUG, GUA

Fungi All fungi UGA Stop ! Trp

Saccharomyces
cerevisiae, Candida
glabrata, Hansenula
saturnus,
Kluyveromyces
thermotolerans

AUA Ile ! Met
CUU Leu ! Thr
CUC Leu ! Thr
CUA Leu ! Thr
CUG Leu ! Thr
UGA Stop ! Trp
CGA Arg !
Absent
CGC Arg !
Absent

AUA is frequently used in
VAR1 gene

Metazoa Invertebrates AGA Arg ! Ser
AGG Arg ! Ser
AUA Ile ! Met
UGA Stop ! Trp
UAA Stop ! Tyr

In some flat and round
worms:
AAA Lys ! Asn
In ascidians: AGA, AGG
Arg ! Gly

Vertebrates AUA Ile ! Met
UGA Stop ! Trp

Alternative initiation
codons:
Bos taurus: AUA
Homo sapiens: AUA, AUU
Mus musculus: AUA,
AUU, AUC
Gallus gallus: GUG

Non-chloropycean
algae

Rodophyta
Haptophyta

UGA Stop ! Trp

Viridiplantae Chlorophyta UAG Stop ! Leu Also found in
Scenedesmus obliquus:
UCA Ser ! Stp

Embryophyta Standard Alternative initiation
codons:
Gymnosperms and
angiosperms: ACG
Cycas taitungensis: GCG
Alternative termination
codons:
Gymnosperms and
angiosperms: CGA

Based in http://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi
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the canonical UGA stop codon to decode tryptophan in numerous biological groups
[18] (Table 1). Other cases include the use of the typical UAG triplet as a leucine
codon in chlorophycean algae [19] and the codon UAA, which decodes tyrosine in
the nematode Radopholus similis [20]. Non-standard stop codons are used in
mitochondria from some lineages. For example, the chlorophycean algae
Scenedesmus obliquus uses the TCA codon as a translation stop signal [21]. In
bryophytes and vascular plants, the codons CAA, CGA and GGU are reassigned
stop codons, while AAA and AAU are recognized as stop codons in Oryza sativa
[22]. In vertebrate mitochondria, the AGA and AGG codons, which are universally
assigned to arginine, were thought to become stop codons [23]. However, recent
studies indicate that these codons are unassigned [24]. Other prevalent reassignment
is the use of AUA in Saccharomyces cerevisiae, vertebrates and some invertebrates
to decode methionine instead of the canonical isoleucine [25, 26]. The standard
arginine codons AGA/AGG were reassigned to serine in certain invertebrate groups
(Nematoda, Arthropoda) and decode glycine in Ascidians [27]. In S. cerevisiae, the
typical arginine codons CGA/CGC are unassigned, and the triplets
CUU/CUC/CUA/CUG are used for threonine instead of leucine [28]. In some
invertebrates (flat and round worms), AAA was reassigned, from lysine to aspar-
agine (for an example, see [29]). Atypical start codons are also present in mito-
chondrial systems. For example, humans use AUA and AUU as start alternatives
[24]; other cases of alternative start codons occur in trypanosomatids, which use
UUA, UUG, CUG and the ciliate Tetrahymena with AUU, AUA or AUG [30] and
certain nematodes that use the UUG triplet to initiate protein translation [31].

Why did mitochondria acquire modified codon assignments during evolution?
One explanation is that codon reassignments might be a consequence of the
organelle genome reduction, which encodes for a small set of proteins, and in most
cases for a small number of tRNAs [8–10]. The diversity of mitochondrial genetic
codes across eukaryotic groups might also reflect differential mutational rates in
mtDNAs, a general increase in AT content and a diversification of genome
expression mechanisms [17]. Interestingly, in silico studies suggest that genome
size is not correlated to incident mutations that could lead to codon reassignments
(i.e., the size of mitochondrial genomes does not correlate with mutation rates) [16].
The tRNAs’ structure, the mitochondrial-targeted aminoacyl tRNA synthetases and
in general the translation machinery are adjusted to the mitochondrial genetic code
of each eukaryotic group. For example, reassignment of UGA for tryptophan (in-
stead of the stop codon) is mediated by a tRNA where the wobble position carries a
modified uridine. Modifications include 5-taurinomethyluridine (sm5U),
5-carboxymethylaminomethyl-2-thio-uridine (cmnm5s2U) or 5-carboxymethyl-
aminomethyluridine (cmnm5U). These modifications expand the decoding capac-
ity to R-ending codons, enabling the decoding of UGG and UGA as tryptophan
[32]. Decoding of mammalian AUG and AUA as methionine is possible because the
met-tRNAMet(CAU) has a 5-formylcytidine (f5C) in the wobble position [33, 34].
Some theories try to explain how reassignments in the mitochondrial genetic code
might have occurred during evolution. Two of the most established theories are the
Codon Capture and Ambiguous Intermediate models.
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The Codon Capture, also termed the Codon Disappearance theory, proposed by
Osawa and Jukes in 1989, postulates that genetic code alterations are the result of
neutral changes associated with the GC/AT content balance [35–38]. The theory
posits that the disappearances of both the codon and the decoding tRNA are fun-
damental steps for further codon reassignment. Later, the “lost codon” can be
reintroduced into the system by new mutations, but now is decoded at a relatively
low efficiency by a different, noncognate tRNA, but with a similar anticodon
sequence that allows the “capture” of the recently reestablished codon. Some
reassignments are consistent with this Codon Capture model, such as the case of the
frequent reuse of the UGA triplet to decode tryptophan [16]. A prediction derived
from this model is that in mitochondrial genomes, which are high in AT content,
GC-rich codons disappear at higher frequencies than AT-rich codons [36, 38, 39].
However, some codon reassignments in mtDNA do not follow the predictions of
the GC/AT content balance. Thus, the Codon Capture theory does not explain
satisfactorily the use of GC-rich codons in genomes with high AT content or the
fact that some codons seem to be unassigned in some mtDNA genetic systems.

The Ambiguous Intermediate theory, proposed by Schultz and Yarus [40, 41],
suggests that codon reassignment is the result of selective mechanisms that favor
ambiguity in codon recognition during protein translation. The model postulates
that codon recognition ambiguity, associated with structural changes in the tRNA
molecules, is fundamental for the codon reassignment. The idea is that the codon in
the spotlight is suddenly decoded by two different tRNAs, namely the “original”
and the new “mutant,” which is now able to form a cognate pair with the codon.
Later the “mutant” tRNA takes over the codon in a selection-driven process. Thus,
the triplet is reassigned to a new amino acid. During mitochondrial evolution, many
repeated tRNAs for each amino acid were lost, and in general mitochondria contain
only one tRNA for each amino acid [42]. In contrast to the Codon Capture theory,
in this model the initial loss of the codon before the reassignment is not necessary
[37]. Some examples consistent with the Ambiguous Intermediate theory are the
reassignments of leucine to threonine in yeast mitochondria [17] and from serine to
lysine in Arthropoda [43].

Overall, both models are not mutually exclusive, as reassignments might have
arisen from combinatory events during evolution [17, 44]. Some changes in the
mitochondrial genetic code are explained by the Codon Capture theory, while
others by the Ambiguous Intermediate theory.

3 Mitochondrial tRNAs

Translation of mitochondrial mRNAs requires around 20 tRNAs, but the exact
number varies depending on the wobble rules and the genetic code in each species.
Mitochondrial tRNAs have nuclear and mitochondrial origins. Depending on the
organism, the proportion of nuclear and mitochondrial tRNAs varies. While human
and the jakobid Andalucia godoyi [9, 11] encode a complete set of mitochondrial
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encoded tRNAs for reading all codons in mtDNA, protist-like Trypanosoma brucei
and Plasmodium falciparum have no mtDNA-coded tRNAs [8, 45] and therefore
have to import all tRNAs necessary for translation. Interestingly, the number of
mtDNA-derived tRNAs among closely related organisms is variable. For example, in
chlorophycean algae, Chlamydomonas reinhardtii codes for only 3 tRNAs in mito-
chondria, while Nephroselmis olivacea codes for a full set of 26 tRNAs [46]. It is
expected that mitochondria would import only the necessary number of tRNAs to
complete the*22 tRNAs necessary for translation. However, in some cases, import
of redundant tRNAs can take place. For example, in the yeast S. cerevisiae a tRNALys

(CUU) is imported from cytosol even when mtDNA codes for the full set of tRNAs
necessary to decode all codons [28, 47]. This tRNA is particularly important to decode
codons under stress conditions [48]. Mammalian mitochondria can also import
redundant cytosolic tRNAs [49]. The unicellular algae C. reinhardtii imports 31
tRNAs instead of the expected 22 tRNAs necessary to decode all codons [50]. The
mechanisms to import cytosolic tRNAs are particular to each eukaryotic group,
indicating that import of tRNAs into mitochondria is a process that emerged inde-
pendently several times during evolution (for a review, see [51]). Delivery of tRNAs
tomitochondria is mediated by proteins, usually with a previously described function.
S. cerevisiae Eno2 (involved in glycolysis) delivers the charged tRNALys(CUU) to the
mitochondrial surface, where the mitochondrial lysyl-tRNA synthetase binds it and
co-transports it via the general import machinery. In land plants, aminoacyl-tRNA
synthetases might be involved in the delivery of tRNAs to mitochondria, and the
Voltage Dependent Anion Channel (VDAC), together with the outer membrane
receptors Tom20 and Tom40, functions in tRNA import. In Trypanosoma, the
cytosolic EF1a, together with the import component Tim17 and Hsp70, Hsp60 and
Hsp20 might participate in the delivery and import of cytosolic tRNAs.

The structure, sequence and post-transcriptional modifications of mitochondrial
tRNAs have conserved features with cytosolic RNAs. However, many of these
features have amazingly diverged in different eukaryotic groups and among specific
tRNAs from the same organism. According to the structural characteristics, mito-
chondrial tRNAs are classified into five groups, named 1–5 [51]. Group 1 shares the
most conserved features with cytosolic tRNAs. They carry canonical T and D arms,
anticodon and acceptor arms, and L1/l2 connectors (involved in joining the
acceptor and anticodon helices) [52]. This class of tRNAs is present in mito-
chondria from amoebozoans, alveolates, plants and fungi. Group 2 carries con-
served anticodon and acceptor arms. However, T/D arms may be smaller in size and
may have less conservation on bases involved in D/T-loop interactions (mainly
bases G18, G19, U55 and C56). These tRNAs are present in amoebozoans, alve-
olates, plants, fungi and some metazoans (including mammals). Group 3 consists of
tRNAs where the acceptor arm may be 1–3 nucleotides shorter; they are T-armless
and carry a shorter D-loop. The L2 connector is also shorter (6–7 nt instead of 21–
30 nt). This class of tRNAs is present in some nematodes, bryozoan and arachnid
species. Group 4 is represented by some insect and bryozoan species and by
mammals. They are D-armless and carry shorter T arms. The L1 connector is also
shorter (5–12 nt instead of 19–20 nt). Group 5 carries both shorter anticodon and
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acceptor arms; they are T- and D-armless and have shorter L1 and L2 connectors.
These minimalist tRNAs are found in acaria and some nematodes. In this group, the
only conserved features with cytosolic tRNAs are the presence of an acceptor arm
with the 3′-single-stranded CCA terminus and an anticodon arm with the canonical
anticodon loop of seven nucleotides. The shortest mitochondrial tRNA so far is
54-nt long (tRNASer(UCU)) from the nematode Ascaris suum [53, 54].

As a universal feature, mitochondrial tRNAs are also post-transcriptionally
modified to define the structure and decoding capabilities. The best understood model
is Bos taurus, where all mitochondrial tRNAs were isolated and analyzed. There are
15 types of modifications at 118 positions (representing 7.5 % abundance in mito-
chondrial tRNA bases) [55]. However, the occurrence of modified nucleotides can be
as low as one residue in mitochondrial tRNASer of the rodent Mesocricetus auratus
(representing 1.7 % abundance) [56]. To date, 15 out of 18 conserved modifications
(present throughout kingdoms of life) are observed in mitochondrial tRNAs, with the
exception of ac4C, m3U and m66A, which are not yet detected (reviewed in [51]).
Comparative analyses of tRNA sequences indicate that mitochondria have the
highest number of modified positions that are not universally conserved. The
acceptor stem is particularly rich in W residues, and the number of modifications
located in positions 46–50, 5′ to the T arm, is also relatively low in mitochondrial
tRNAs [55, 56]. There are mitochondria-specific base modifications, like sm5U and
sm5s2U, discovered in ascidian mitochondria [32], f5C, f5Cm, present at the wobble
position 34 in bovine and the nematode A. suum [33, 54], and k2C in potato [57].

4 Mitochondrial mRNAs

Mitochondrial mRNAs have conserved some prokaryotic features, but some other
characteristics have diverged. Mitochondrial mRNAs from some lineages, such as
jakobid protists, have a putative Shine-Dalgarno-like sequence to locate the ribo-
some at the correct AUG start codon [11]. Other lineages lack a
Shine-Dalgarno-like sequence and therefore must have different, unknown mech-
anisms to initiate translation. This is the case for flowering plants [58] and mammal
mitochondria [59]. Similar to what is observed in prokaryotes, mitochondrial
mRNAs do not have a 7-methylguanylate cap (5′-cap), as is found in cytosol
mRNAs. Moreover, mitochondrial mRNAs undergo post-transcriptional modifica-
tions before they are ready for translation. The major post-transcriptional RNA
processing events in mitochondria include 3′-end polyadenylation, intron/exon
splicing and editing. Polyadenylation of RNA is present in all kingdoms of life and
is a near-universal feature of RNA metabolism, although it can trigger different
signals among cells and organelles. Today, the function of polyadenylation in
mitochondrial gene expression is not fully understood. An additional interesting
feature of mitochondrial mRNAs from some lineages is the requirement of RNA
edition before translation. RNA editing might be important to correct transcript
sequences that otherwise would affect the translation product’s function [59, 60].
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An example is editing in land plants, where the amino acid encoded by an edited
mRNA is frequently more conserved than the one predicted from the gene
sequence.

4.1 Polyadenylation of Mitochondrial mRNAs

Polyadenylation is the non-template addition of adenosine residues to the 3′ end of
RNAs. In the eukaryotic cytoplasm, the majority of nuclear-encoded mRNAs
require a poly(A) tail for stability, nuclear export and translatability (for reviews,
see [61, 62]). In contrast, in prokaryotes, RNA polyadenylation functions to tag the
mRNA for exonucleolytic degradation [63, 64]. Although mitochondria have a
monophyletic origin, many features of polyadenylation have extensively diverged
within eukaryotes.

In mammalian mitochondria, 12 out of 13 mRNAs have stable poly(A) tails of
45 nt on average. However, there are slight variations between cell types and
between transcripts within the same cell type [65]. For example, only the ND6
transcript lacks a poly(A) tail [66]. The precise function of polyadenylation is not
entirely understood. However, one function of polyadenylation is to complete the
UAA codon, since several mammalian RNAs contain incomplete translational stop
codons. The same feature is observed in general in metazoans, where some coding
regions lack a complete UAA stop codon, suggesting that polyadenylation also
plays an important role in translation [67, 68]. Although polyadenylation produces
stable transcripts [66, 69], truncated, adenylated transcripts may coexist, suggesting
that human mitochondria use transient poly(A) tails to degrade RNA [70]. The
mechanism of a possible differential polyadenylation on stabilizing and destabi-
lizing RNAs remains to be elucidated. In plants, similarly to the bacterial system,
addition of a poly(A) tail targets exonucleolytic degradation of RNA [71]. In try-
panosomatid mitochondria, most protein-coding transcripts suffer a massive edition
(insertion or deletion of uridines) necessary to render translatable mRNAs [59]. The
addition of a poly(A) tail in these organisms seems to render both stable and
unstable transcripts. Polyadenylation in these organisms has an intricate relation to
edition and translation. Poly(A) tails are 20–200 nt long, and the length of the tail
seems to correlate with the state of edition. Short tails (*20 nt) stabilize edited or
non-edited mRNAs. Long (100–200 nt) poly(A/U) tails are added to fully edited
RNAs, and this extension might render the transcript translationally competent
[72, 73].

Yeast mitochondria are so far the only organelles that do not polyadenylate their
mRNAs. This was found to be the case in S. cerevisiae, Schizosaccharomyces
pombe and Candida albicans [74–77], suggesting that it might be a general phe-
nomenon of fungal mitochondria. Instead, the 3′ ends of some, but not all fungal
mitochondrial mRNAs possess a conserved dodecamer sequence that is encoded in
the mitochondrial genome and seems to be vital for mRNA stability and trans-
latability [75, 76, 78, 79].
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4.2 Edition of Mitochondrial mRNAs

Some organisms requiremitochondrial (and plastid) transcript edition before they can
be translated. RNA editing consists of nucleotide substitutions, post-transcriptional or
co-transcriptional insertion/deletions. These three processes occur in very different
taxonomic groups, suggesting that they arose as several independent acquisitions
[80]. This process is present in dinoflagellates (variable one-nucleotide substitutions),
excavates (U insertions/deletions), unikonts (co-transcriptional insertion of 1 or 2
nucleotides), metazoa (U to C substitution) and archaeplastida (U to C and C to U
substitutions) [80]. Editions throughout a transcript can be limited in number, as is the
case for land plants [60, 81]. In other cases, extensive edition of a transcript is required
to transform an unrecognizable sequence into a conserved protein sequence, as is the
case of trypanosomatids [59, 82] and calcaronean sponges [83].

In land plants, C to U (and less frequently U to C) editing often results in changes
of the amino acid sequence from what the genomic sequence predicts. This process
evolved in land plants [84] and was most likely subsequently lost in some
marchantiid liverworts [85]. The number of edited nucleotides among plant lineages
is: Physcomitrella patens edits 11 sites [86], Arabidopsis thaliana edits 600
cytidines [87], while the lycophytes Isoetes engelmanii and Selaginella moellen-
dorfii edit more than 1,700 and 2,100 nucleotides, respectively [88, 89]. The com-
position of the RNA editosome is not yet fully understood, although cis- and trans-
factors are essential for the editing process. The cis elements that specify the editing
of the C target are present in close proximity to the edition site. Trans-factors include
members of the pentatricopeptide repeat (PPR) motif-containing family, which are
site-specific recognition factors. While the cytidine deaminase catalyzing C-to-U
conversion has not been identified, considerable evidence points to the C-terminal
DYW domain found on some PPR proteins, which exhibits sequence similarity to
known cytidine deaminase motifs (for reviews, see [60, 80, 81]).

In trypanosomatids, edition is a post-transcriptional process, where uridines are
inserted or deleted from mRNA precursors [90]. Edition introduces start and stop
codons, restores frame shifts and often completes the coding sequence of mRNAs.
Mitochondrial editing can occur at different extensions: transcripts that are never
edited, transcripts where edition is restricted to a small region, with minimal edition,
and transcripts that are extensively edited or pan-edited, where a single mRNA is
altered by 553 insertions and 89 deletions [80]. The process in trypanosomatids
includes mRNA cleavage, U deletion or insertion, and mRNA ligation [91]. The
maxicircle molecules of mtDNA code for guide RNAs (gRNAs), which are derived
from scattered intergenic regions. A partial hybrid is formed between the 5′ portion
of the gRNA and the complementary sequence on the pre-edited mRNA. Cleavage
of the mRNA at the 3′ end of the first base that is not paired with the gRNA leaves a
free 3′OH. The uridine addition or deletion is followed by immediate relegation of
the two molecules. Many proteins have been implicated in the edition process
(reviewed in [59, 82]). However, these proteins are not related to the proteins
involved on plant edition.
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5 The Mitoribosome

Mitochondrial ribosomes (mitoribosomes) are located in the matrix, and are closely
associated with the inner membrane [92, 93]. This location facilitates the insertion
of newly synthesized products, which are mainly hydrophobic proteins. All mito-
chondrial genomes currently sequenced encode ribosomal RNAs (rRNAs). In
contrast, almost all mitochondrial ribosomal proteins (MRPs) are nuclear encoded.
Thus, assembly of functional ribosomes requires a coordinated expression of both
genomes and a proper import of the necessary components into the organelle [94,
95]. The mechanism of this process is almost unknown, but evidence supports that
several MRPs assemble with rRNAs in a co-transcriptional fashion [96, 97].

In contrast to the cytosolic ribosomes, mitoribosome composition is highly
variable between different eukaryotic lineages. Their sedimentation coefficient
ranges from 80S in ciliates, to 70–74S in fungi, to 77–78S in vascular plants and
55S in animals. These variable sedimentation values are the result of the difference
in the protein:RNA ratio, while bacterial ribosomes contain a protein:RNA pro-
portion of 1:2, in mitoribosomes this proportion varies from 1:1 in yeast to 2:1 in
bovine [98].

The a-proteobacterial ribosome is composed of 54 proteins [99], which were
also likely to be present in the ancestor of mitochondria. It is proposed that, in the
earliest stage of eukaryotic evolution, several novel proteins were recruited for
ribosomal function, and only one, Rps20, was lost, resulting in an ancestral
mitoribosome of 72 proteins (Fig. 1) [100]. An interesting feature of several
mitoribosomal proteins of bacterial origin is that they increased in length sequence.
Accordingly, this stage in mitoribosome evolution is known as the “constructive
phase”, as the total size of the ribosome was increased considerably [101].

The cause of the constructive phase of the mitoribosome is proposed to be the
accumulation of slightly deleterious mutations on the mitochondrial genome, as this
genome, with the exception of land plants, presents a higher mutation rate than the
nuclear one [103, 104]. Slightly deleterious mutations could trigger the recruitment
of new proteins because a mutation in an original component of the complex is
compensated by the interaction with a new component [105]. This process is called
Constructive Neutral Evolution (CNE), a universal evolutionary ratchet that leads to
complexity [106]. Accordingly, genes coding for MRPs show higher levels of
amino acid replacements than cytoplasmic ribosomal proteins, which suggests a
compensatory modification [107, 108]. Gain of complexity throughout the evolu-
tion of mitochondria is not exclusive to the mitoribosome. The respiratory chain
complexes have also acquired new proteins that are usually important for regula-
tion, assembly and stability [101]. These eukaryotic subunits are in general local-
ized in the peripheral regions of the enzymes. This feature is also observed for the
mitoribosomes [109, 110]. The extensive gain of protein mass observed for
mitoribosomes does not reflect the fate of all endosymbiotic organelles, as the
plastid ribosomes only gained approximately 170 kDa [111, 112]. Several evolu-
tionary mechanisms have led to the increase of protein mass in the mitoribosome.
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One of them was the recruitment of existent proteins, such as the case of Mrpl45, a
homolog of Tim44 (a subunit of the mitochondrial protein translocase machinery),
which is present in several bacteria but is not part of the prokaryote ribosome [102].
Mrpl39, a metazoan protein, was recruited later in evolution and is homologous to
threonyl-tRNA synthetases [113]. It is proposed that addition of Mrpl39 to the
mitoribosome compensated for the loss of bacterial proteins involved in tRNA
binding [102]. Numerous new ribosomal proteins emerged through gene duplica-
tion. For instance, Mrps10 gave rise to Mrpl48 through this process in metazoans.
Interestingly, the duplicated gene product became part of the other ribosomal
subunit [102]. Another case is Mrps18, which in Caenorhabditis elegans has three
variants originated by gene duplication. It is believed that each ribosome contains
only one copy of the protein, suggesting that mitoribosomes exist in heterogeneous
populations [102].

The increment in protein mass in mitoribosomes is not only due to the addition
of new subunits, but also to the gain of new domains in the prokaryotic proteins.

Fig. 1 Reconstruction of the evolutionary history of the mitochondrial ribosome proteome.
Incoming and outgoing arrows indicate the gains and losses of the ribosomal proteins that are
showed in the box. This figure is based on the data given by [102] and [100]. The models
considered for the construction of this figure were: for fungi Neurospora crassa, Aspergillus
fumigatus, Saccharomyces cerevisiae, Schizosaccharomyces pombe, Cryptococcus neoformans,
Ustilago maydis and Encephalitozoon cuniculi; for metazoa Mus musculus, Homo sapiens, Danio
rerio, Drosophila melanogaster, Caenorhabditis elegans and Monosiga brevicolis; for amoebozoa
Dictyostelium discoideum and Entamoeba histolytica; for Archaeplastida Arabidopsis thaliana,
Oryza sativa, Chlamydomonas reinhardtii, Ostreococcus tauri and Cyanidioschyzon merolae; for
Strameopila Thalassiosira pseudonana and Phytophthora ramorum; for Alveolata Tetrahymena
thermophila, Paramecium tetraurelia, Theileria annulata, Plasmodium falciparum, Plasmodium
yoelii and Cryptosporidium parvum and for Excavata Leishmania brasilensis, Leishmania
infantum, Leishmania major, Trypanosoma cruzi, Trypanosoma brucei, Naegleria gruberi,
Trichomonas vaginalis, Giardia lamblia and Reclinomonas americana
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MRPs are sometimes almost twice the size of their bacterial counterparts [102]. In
P. falciparum, Mrpl4 has an AAA domain, which is not present in the bacterial
counterpart. This domain is known to participate in chaperone-like functions [114].
Another case is the presence of an RRM (RNA recognition motif) domain in
Mrps19 of A. thaliana, which could be involved in the association of the protein
with rRNAs [115]. In the yeast S. cerevisiae, the carboxyl-terminal end of Mrp20,
which is mitochondria-specific, plays a role in ribosome assembly [116].

The evolution of mitochondria involved numerous independent losses of ribo-
somal proteins in different lineages (Fig. 1). Bacterial-exclusive S20 protein seems
to have been lost early during mitoribosome evolution. This protein is not essential
for bacterial growth. However, its absence causes a decrease in the association of
the ribosomal subunits [117, 118]. In contrast, S1 protein, which was lost early in
the evolution of unikonts, is an essential protein in bacteria [119]. Moreover, there
is no apparent pattern favoring protein loss from either bacterial or eukaryotic
origin, suggesting that there is no tendency in protein dispensability [100].

Whereas protein gain in mitoribosomes is a general phenomenon in all lineages,
the rRNA content varies greatly. While bacteria have an rRNA content of 1.4 MDa,
in mitochondria this number varies from 0.5 MDa in C. elegans to 1.6 MDa in
Neurospora crassa. Since animals show an important reduction of rRNA, it was
previously thought that the proteins acquired during mitoribosome evolution
replaced the lost helices of rRNA [120]. However, now it is clear that the high
content of proteins in mitoribosomes is not a consequence of the lower concen-
tration of rRNA, as the increase in MRPs occurred previously to the reductive phase
of rRNA [101]. This is consistent with the structural data in which the extra proteins
of the ribosome do not substitute the lost portions of rRNA [121–123].
Furthermore, it is proposed that rRNA reduction might be driven by the reduction
of the mitochondrial genome size and not necessarily by adaptive changes of the
translational machinery [124].

Reduction of rRNA had triggered an important mitoribosome remodeling. For
example, the bacterial ribosomal protein L24 contacts the helices H7 and H19 of the
23S rRNA, stabilizing its binding to the 39S subunit. The mammalian mitochon-
drial counterpart, Mrpl24, lacks both helices. However, mitochondria-specific
protein elements maintain Mrpl24 in the same place and orientation as the
prokaryotic counterpart [125].

An almost general phenomenon in mitochondria is the loss of 5S rRNA, which is
present only in plants and some algae. An extension of the 23S rRNA replaces the
resulting gap in N. crassa. On the contrary, in the mammalian mitoribosome this
space is occupied by protein [121–123].

An interesting aspect of the evolution of mitoribosomes is their assembly
mechanisms. This process has probably evolved differently in each lineage, as the
components of the ribosome are partially different among eukaryote groups. In
some lineages mitochondrial-encoded rRNAs are fragmented, need edition or lack
5S rRNA [8, 9, 126]. As stated above, the composition of proteins also diverged
among eukaryote lineages. The understanding of ribosome assembly, the order of
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rRNA processing and protein addition, the chaperones involved in such events and
the role of mitochondrial RNA granules in ribosome biogenesis are just starting to
emerge, especially in mammals and yeast models [97, 127].

6 Mitochondrial Translation Initiation

Translation initiation in bacteria is carried out by three conserved factors: IF1, IF2
and IF3 [128]. There are important differences between prokaryote and mito-
chondrial initiation factors. While mitochondrial IF2mt is universally present, IF3mt

is semi-universal and IF1mt was completely lost from the mitochondrial machinery
[129]. In addition, there are important structural variations in the mitochondrial
initiation factors. In agreement with the prokaryotic origin, mitochondria seem to
initiate translation with formylated methionine, at least for the studied cases.
Initially, by in vitro experiments, it was demonstrated that the initiation machinery
in mammals does not need a formylated Met-tRNA. However, recent experiments
demonstrate that a failure in formylation is a cause of disease in humans [130, 131].
In the yeast S. cerevisiae it was previously shown that a mutant Dfmt1 (coding for a
methionyl-tRNA formyltransferase) does not affect translation initiation [132].
However, an accessory factor, Aep3, was compensating the lack of Dfmt1. Double
mutant Dfmt1 and Daep3 affect respiratory growth [133]. The mechanisms of
translation initiation regulation have extensively diverged from the bacterial
counterpart. Despite the differences between bacterial and mitochondrial translation
initiation factors, the general steps for initiation are conserved.

6.1 Structural and Functional Conservation of IF2mt

In bacteria, IF2 interacts with initiator fMet-tRNA and promotes binding with the
small ribosomal subunit and with mRNA. It also contains a GTPase activity to
release all initiation factors from the completely assembled ribosome into the
mRNA. IF2 triggers the binding of tRNA to the incomplete P site on the 30S
subunit. After binding of the 50S subunit to the initiation complex, IF2 GTP
hydrolysis assists the release of all initiation factors from the completely assembled
ribosome [128]. Bacterial IF2 contains six domains (I–VI). To date, the function of
domain I is not completely understood. Domain II stabilizes the interaction of IF2
with the ribosomal 30S subunit; this region is not conserved among bacterial
species. Domain III is a linker between domains II and IV. Domain IV contains the
GTPase activity. Domain V interacts with the ribosomal 30S subunit, and domain
VI recognizes the fMet-tRNA [134]. In mitochondria, IF2mt consists only of
domains III–VI (Fig. 2). This short version of IF2mt is not particular for mito-
chondrial systems, as shorter versions of IF2 factors are also present in some
bacterial groups, like extremophiles [135]. Instead, in mammals IF2mt interaction
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with the 28S is performed by domain III, and this interaction is even stronger when
GTP is bound to domain V [136]. Domain III of IF2mt is not conserved in all
eukaryote lineages, but its function might be compensated by the differences in the
small ribosomal subunit protein and RNA content among eukaryotes [137].
Domain IV is the most conserved region of IF2mt in structure and sequence simi-
larity, sharing 99 % (metazoans) to 50 % (fungi) identity with bacterial counter-
parts [138–140]. Domain V in IF2mt is modestly conserved with the bacterial IF2,
sharing identity of 35–50 %. However, the function of this region is not completely
understood [140]. It might be important for interaction with the small ribosomal
subunit because structural modeling of IF2mt suggests that this region is similar to
domain II of EF-Tu and EF-G. This region is important for contact with small
ribosomal subunits [141]. Interestingly, domain V in metazoa IF2mt contains an
insertion of variable length and sequence (Fig. 2). This region might perform the
same function as IF1 [142] (discussed below). Domain VI in bacteria and mito-
chondria is divided into subdomains C1 and C2. Subdomain C2 is important for
binding of IF2 to the fMet-tRNA [143]. Mutagenic analysis in Bacillus
stearothermophilus shows that there are two critical cysteines at the 668 and 714
positions necessary for this interaction [144, 145]. These amino acids are usually
present in IF2mt, suggesting that IF2mt subdomain C2 conserved the same function
as in bacteria. IF2mt contains the C1 subdomain. However, as in bacteria, the
function of this domain is still unknown. By NMR studies it was suggested that this
subdomain from Bacillus stearothermophilus has a similar structure as domain III
from eukaryotic eIF5B. This region is implicated in transmitting and amplifying
structural changes to the G-domain after GTP binding [144, 146].

Fig. 2 Alignment of the insertion sequence on mIF2 among species from different phyla.
Variations in domain composition between E. coli IF2 and Homo sapiens mIF2 are presented in
the upper panel. Numbers indicate amino acid positions. The insertion sequence (IS) is amplified,
and an alignment among different species is shown. Alignments of the insertion sequences were
made with the MAFFT software, with the Blosum70 matrix as in [129]

122 A.E. García-Guerrero et al.



6.2 The Mystery of the Lost IF1 in Mitochondria

In bacteria, IF1 plays an important role in the recognition of the correct AUG
initiation codon. IF1 interacts with the A site of the 30S ribosomal subunit and
prevents binding of the initiator aminoacyl-tRNA to the A site. In addition, bacterial
IF1 increases the affinity of IF2 for 30S, has a role in small subunit dissociation and
assists the release of IF2 form the 70S complex [128, 147]. So far, biochemical and
bioinformatic approaches have failed to identify mitochondrial IF1. This suggests
that IF1 was lost at the earliest stage of eukaryotic evolution [129, 148].
Mitochondria may be able to bypass the need for IF1: Experimental evidence
indicates that, in the presence of mammalian IF2mt and IF3mt, the bacterial ribo-
some does not need IF1 for the formation of the 70S particle or translation in
general [149]. As discussed above, metazoan IF2mt contains an insertion between
domains V and VI [129] (Fig. 2). Even though there is no conservation of the
insertion sequence among eukaryotic IF2mts, it is possible that this insertion sub-
stitutes the function of IF1, at least in metazoa. Through cryo-electron microscopy
and nuclease digestion experiments, it was observed that bacterial IF2 associates
with the interphase of the 30S subunit [134, 148]. Modeling of mammalian IF2mt

suggests that the extension is close to the small subunit A site, similar to bacterial
IF1 [140]. How the need for IF1 is bypassed in other eukaryotic lineages remains an
open question.

6.3 Mitochondrial IF3mt

Bacterial IF3 plays a critical role in translation initiation. It binds the 30S ribosomal
subunit in order to prevent association with the 50S subunit. This interaction is
necessary for the initiation complex to recognize the Shine-Dalgarno sequence in
the mRNA and enhances the interaction and activity of IF2 [140, 150]. Simple
BLAST-P analysis failed to detect orthologs of IF3 in mitochondria. However, the
existence of IF3mt was hypothesized because orthologs of the bacterial ribosomal
proteins S7, S11 and S18, which are in proximity to IF3, are present in mito-
chondria [129]. More sensitive searching algorithms, like PSI-BLAST, identified
IF3mt in fungi, animal, plant and excavates mitochondria [129, 140]. Structural data
show that the IF3 C-terminal end is necessary for interaction with the 30S subunit
through residues in two helical segments, designated H3 and H4. In most IF3mt

orthologs the C-terminal domain is the least conserved region of the protein.
However, some residues from the H3 segments are conserved in IF3mt [140, 151,
152]. Biochemical and structural approaches will clarify the mechanism of action
of IF3mt.
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6.4 How Is the AUG Start Codon Recognized
in Mitochondria?

As discussed above, most mitochondrial mRNAs seem to lack Shine-Dalgarno-like
sequences to direct the ribosome to the AUG start codon. This is the case for
metazoans, flowering plants and fungi [57, 58, 153]. In the case of metazoans it is
even more puzzling because the start codon locates at or very near the 5′ end of the
mRNA. This implicates that cells developed different mechanisms to localize the
ribosome to the correct start codon.

Mammalian mitochondria have developed an initiation codon selection that
relies on leaderless mRNAs. Addition of three nucleotides prior to the COX2 5′
AUG decreased translation by 40 %, and addition of 12 nucleotides reduced
translation by 80 % [154]. It is proposed that the movement of the ribosome is

Table 2 Orthologs of known translational activators in mitochondria. Taken from [134, 157, 165,
168, 169, 225]

Mitochondrial
target gene

Translational
activator(s)

Reported
species

Orthologs Conserved function?

COB Cbs1 S. cerevisiae No

Cbs2 S. cerevisiae No

Cbp3 S. cerevisiae No

Cbp6 S. cerevisiae,
S. pombe

Yes (only
in fungi)

No, in S. pombe is only a
chaperone

Cbp1 S. cerevisiae Yes (only
in fungi)

Not known

COX1 Pet309 S. cerevisiae,
S. pombe

Yes (only
in fungi)

No, in S. pombe Ppr5 is
activator and Ppr4 is repressor

TACO1 S. cerevisiae,
H. sapiens

Yes Not known in S. cerevisiae

C12orf62 H. sapiens, S.
cerevisiae

Yes No, in S. cerevisiae is a
chaperone (Cox14)

Mss51 S. cerevisiae,
S. pombe, M.
musculus

Yes No, in S. pombe is only a
chaperone and in mammals is a
metabolic regulator

COX2 Pet111 S. cerevisiae,
H. sapiens

Yes No, in H. sapiens is a nuclear
protein

COX3 Pet54 S. cerevisiae No

Pet122 S. cerevisiae No

Pet494 S. cerevisiae No

ATP6/8 Atp22 S. cerevisiae No

ATP9 Aep1 S. cerevisiae No

Aep2 S. cerevisiae No

Accessory factors in translation initiation

Aep3
Rsm28
Rmd9

S. cerevisiae No

S. cerevisiae No

S. cerevisiae No
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paused after the first 17 nucleotides of the mRNA enter the ribosome. The small
subunit then inspects the mRNA 5′ end. If there is a start codon at the P site, then a
stable initiation complex is formed [58, 154].

Study of the mechanisms for initiation codon selection in the yeast S. cerevisiae
has made important progress. A group of proteins, named translational activators,
plays a role in the localization of the mitoribosome in the correct AUG start codon.
Each one of these proteins interacts with specific mitochondrial mRNAs and with
the ribosome to pose it on the start codon [155–157]. In addition, translational
activators interact with each other and with the mitochondrial inner membrane,
probably to tether translation initiation to the site where nascent peptides will be
inserted [158–160] (Table 2). Many of these proteins are members of the penta-
tricopeptide repeat (PPR) family or RNA recognition motif (RRM). Other trans-
lational activators have no detectable RNA-binding motifs whatsoever. Many
efforts have been made to find orthologs of these proteins in other organisms. Some
translational activators may be present in other fungi [161–163] and probably also
in humans [164]: However, in mammalian mitochondria, the mechanisms of action
of the putative activators remains to be elucidated, as human mRNAs have either
very short or no 5′-UTRs. Translational activation is also observed in plastids [165–
167], suggesting that this mechanism arose several times during eukaryotic
evolution.

7 Translation Elongation

Translation elongation in mitochondria is highly conserved with bacteria. During
this process three elongation factors (EF) assist the mitoribosome for addition of
new residues to the nascent polypeptide chain. EF-Tumt forms a ternary complex
with the aminoacylated tRNA and GTP and enters the mitoribosome A site.
Cognate codon-anticodon pairing triggers GTP hydrolysis by EF-Tumt and release
of EF-Tumt-GDP. The mitoribosome catalyzes the peptide bond formation at the
PTC. Thus, deacetylated tRNA is left in the P site and the elongated peptidyl-tRNA
in the A site of the ribosome. This process is assisted by EF-G1mt, which catalyzes
the translocation of peptidyl-tRNA from the A to the P site, and removing the
deacetylated tRNA from the ribosome. EF-Tsmt exchanges GDP to GTP from
EF-Tumt to allow a new round of elongation [58, 140]. Mitochondrial elongation, at
least for mammalian and yeast models, seems to be a more conserved process than
initiation and ribosome recycling. However, many components of the translation
machinery have extensively diverged in different phyla, leading to adaptations of
the elongation machinery. For example, as previously discussed, the structure of
tRNAs and of mitoribosomes has diverged from the bacterial ancestor. In the next
section, we discuss the main changes observed in the elongation factors.
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7.1 Mitochondrial EF-Tumt

EF-Tumt must be able to bind tRNA with canonical conformations (e.g., fungi,
plants and some protist lineages) and shorter tRNAs versions (metazoans) [51]. In
some cases the tRNAs reduction is so extensive that EF-Tumt should use alternative
binding modes. The divergence of EF-Tu is evident inside the nematode group:
nematodes have 2 EF-Tumt homologs [53]. While EF-Tu1mt is unable to bind
cloverleaf type tRNAs, it is the only factor that binds T-armless tRNAs [170, 171].
C. elegans EF-Tu1mt has a C-terminal extension of around 60 amino acids that
likely interacts with the D arm of T-armless tRNAs [172]. In the Trichinella lineage
EF-Tu1mt binds T-armless tRNAs, D-armless tRNA and cloverleaf type tRNAs
[170, 171]. Nematode EF-Tu2mt has a short C-terminal extension of 7–15 amino
acids that is necessary for interaction with the D-armless tRNASer [170]. C. elegans
mt EF-Tu2mt is unique because it interacts with phosphates on the T arm on the
opposite side from where canonical EF-Tu binds [173].

In trypanosomatids, EF-Tumt has a highly charged insertion of approximately 30
amino acids near the C terminus. This trypanosomatid-specific motif is dispensable
for the union of EF-Tsmt, but critical for EF-Tumt function [174]. This extension
might be necessary for interaction with tRNAs or with the mitoribosome, which has
less RNA content than mammalian ribosomes [175]. Since trypanosomatid mito-
chondrial tRNAs are imported, EF-Tumt has evolved to interact with
eukaryotic-type tRNAs, suggesting that the appearance of this motif is an adapta-
tion of the mitochondrial machinery to recognize imported tRNAs [174].
Interestingly, complete loss of tRNA genes from mtDNA is also observed in api-
complexans [176, 177], and therefore their EF-Tumts have to bind imported tRNAs.
However, in this case EF-Tumt is closer to the bacterial factor, indicating that each
group has their own mechanisms for imported tRNA-EF-Tumt binding [174].
Another distinctive feature of EF-Tumt is found in hemi-ascomycete yeasts, where
EF-Tsmt seems to be lost [178]. S. cerevisiae EF-Tumt displays greater affinity for
GTP, like the self-recycling GTPases EF-G or IF2 [179]. It is functionally equiv-
alent to the S. pombe EF-Tumt/EF-Tsmt [180].

7.2 Mitochondrial EF-G1mt and EF-G2mt

Bacterial EF-G participates in translation elongation and ribosome recycling.
However, in some bacterial groups these functions are separated in two specialized
paralogs. This is the case of the majority of Spirochaetes, Planctomycetes,
Lentisphaera and some species of d-proteobacteria. Mitochondria of most organ-
isms have specialized EF-Gmts paralogs as well, and these are phylogenetically
related to the specialized bacterial EF-Gs. EF-Gmts probably were acquired before
the eukaryotic last common ancestor, since at least one EF-Gmt paralog is present in
all mitochondriate eukaryotes [181].
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So far, aerobic eukaryotes that possess a unique EF-Gmt (which is an EF-G1mt

paralog) are the plastid/apicoplast-carrying eukaryotes: Archaeplastida, stra-
menopile algae and Apicomplexa [181]. Interestingly, instead of a second EF-Gmt,
these species have a plastid/apicoplast-targeted EF-G (termed EF-Gcp or EF-Gapi).
Outside of these groups, some Cryptococcus species have only one EF-G1mt.
Curiously, they do not have plastids. Until now, it is estimated that all mitochon-
driate eukaryotes have either two specialized EF-Gs or one EF-G1mt and an EF-Gcp/
EF-Gapi [181, 182]. Until now, it is estimated that all mitochondriate eukaryotes
have either two specialized EF-Gmts or one EF-Gmt and an EF-Gcp/EF-Gapi

[181, 182].
There are limited studies about the function of each mitochondrial paralog.

Mammalian EF-G1mt is specialized in translation elongation, while EF-G2mt par-
ticipates in ribosome recycling [183]. In contrast, A. thaliana EF-G1mt carries both
functions, translocation and ribosome recycling [182]. P. falciparum EF-G1mt

participates in ribosome recycling, although its translocation activity was not
investigated [184, 185].

8 Termination and Ribosomal Recycling

Translation ends when the ribosome reaches one of three stop codons, UGA, UAA,
or UAG. These codons are recognized by releases factors (RF) that enter the
ribosomal A site and induce release of the nascent peptide (class-I RFs). Bacterial
RF1 recognizes UAA and UAG, while RF2 recognizes UAA and UGA [186]. These
factors assist the hydrolysis of ester bonds on the peptidyl-tRNA, which is located
in the ribosomal P site, releasing the newly synthesized protein. Bacterial class-II
RFs are GTPases that trigger dissociation of the class-I RF from the ribosome after
peptide release. RFs have a conserved GGQ motif that is involved in ester bond
hydrolysis (peptidyl-hydrolase domain, PTH), whereas RF1 has a PAT or PVT
motif and RF2 SPF motif important for stop codon recognition (codon-recognition
domain, CR) (reviewed in [187]). As mentioned in a previous section, mitochondria
recognize non-conventional codons as stop codons (Table 1). Thus, understanding
the mechanisms of termination and stop codon recognition is a fertile ground for
research. Despite recent advances (mostly in mammalian mitochondria), it is still
unclear how translation terminates in mitochondria. The most challenging subject is
to understand how non-standard stop codons are decodified in mitochondria.

Mitochondrial release factors divide in five distinct subfamilies: mtRF1a,
mtRF2a and ICT1, derived from bacterial ancestors, C12orf65 and mtRF1, so far
found only in vertebrates. While mtRF1a, mtRF1 and mtRF2a conserved both the
PTH and CR domains, ICT1 and C12orf65 have lost the CR domain [188]. Because
the release factor family seems particularly prone to genetic expansion and func-
tional divergence [188], there are high probabilities that the mechanism of trans-
lation termination varies among different phyla.
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• mtRF1a is present in every eukaryotic organism and evolved from an
a-protobacterial ancestor [188]. This protein recognizes UAA/UAG stop codons,
both in vitro and in vivo [189, 190].

• mtRF1 is a vertebrate-specific mitochondrial protein [190], and it may originate
from duplication of the mtRF1a gene at the root of this clade [191]. The function
of mtRF1 is controversial. It may recognize the non-standard stop codons AGA
and AGG [191]. However, posterior structural predictions and experimental data
could not find evidence that mtRF1 recognizes any of the stop codons used in
mitochondria [190, 192, 193]. In human mitochondria, the AGG and AGA
codons may not function as stop codons. Instead, they promote a −1 frameshift
that creates a standard TGA stop codon that can be decodified by mtRF1a [24].
Nonetheless, an analysis from all the vertebrate genomes showed that a −1
frameshift (or even a −2 frameshift) could not originate a canonical TGA stop in
every ORF ending in AGG or AGA [188].

• ICT1 (immature colon carcinoma transcript-1) is widely distributed in mito-
chondria from all eukaryotic phyla [188]. ICT1 is a codon-independent release
factor that lost the CR domain. In addition, it is an integral component of the
mitoribosome and a crucial component for its assembly [194]. ICT1 is the
eukaryotic ortholog of bacterial ArfB. This protein is a rescue factor of stalled
ribosomes in prematurely truncated mRNAs and is also part of the bacterial
ribosome [195, 196]. ICT1’s role in mitochondrial translation is still not com-
pletely understood. The position of ICT1 in the mitoribosome is incompatible
with the mechanism used by ArfB [193, 195]. In fact, the ICT1 integrated to the
mitoribosome has no release factor activity [192]. This protein can rescue
ribosomal complexes not only at the ends of mRNAs, but also in the middle of
mRNAs, and even can rescue ribosomes depleted of mRNAs [192, 194]. ICT1
might terminate translation of ORFs ending in AGG and AGA since these
codons are unassigned in mammalian mitochondria, and mitoribosomes stalled
at AGG/AGA codons might be recognized by ICT1 [192, 193].

• C12orf65 is a release factor that probably derived from ICT1. It has a wide
phylogenetic distribution and is only absent in viridiplantae [188]. Contrary to
ICT1, C12orf65 is a mitochondrial soluble matrix protein that does not exhibit
ribosomal-dependent peptidyl hydrolase activity. However, ICT1 overexpres-
sion partially complements C12orf65’s absence, indicating that both proteins
must have some overlapping functions [197].

• mtRF2s lack experimental data about their function or mitochondrial localiza-
tion. mtRF2 has a narrow phylogenetic distribution, consistently found in land
plants, red algae, dictyosteliida and some stramenopiles (brown algae, oomy-
cetes and Blastocystis). It has been lost at least five times during eukaryotic
evolution, in concordance with the reassignment of the UGA codon to Trp
[188].

The final step of mitochondrial translation consists of recycling of the mitori-
bosomes. Once the nascent chain is released, the ribosome recycling factor 1
(RRF1mt) and the specialized EF-G2mt (see above) separate ribosome subunits to
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allow new cycles of translation [181, 198]. In addition, IF3mt may attach to the
ribosomal SSU to prevent futile association of the mitoribosome until an initiation
complex is formed [199].

9 Mitochondrial Translation Is Coupled to Protein
Assembly

The majority of proteins encoded by mitochondrial DNA are subunits of the res-
piratory chain complexes and the ATP synthase. These proteins are usually
hydrophobic, with two or more transmembrane stretches. Thus, it is expected that
mitochondrial translation machinery is physically coupled to the mitochondrial
inner membrane. Mitochondrial and cytoplasmic subunits have to assemble and
acquire the necessary prosthetic groups in coordination to make active enzymes.
Indeed, major progress in the field has come from beaker’s yeast S. cerevisiae.
Defects in the coordination of mitochondrial-encoded subunit synthesis and
assembly are proposed to affect the cell physiology. When cytochrome c oxidase is
not assembled, then Cox1 synthesis in mitochondria is downregulated [200, 201].
Cox1 is part of the central core of the enzyme and has 12 transmembrane stretches.
Downregulation of Cox1 synthesis may prevent generation of pro-oxidant species,
because the poorly assembled heme a present in Cox1 has peroxidase activity
[202]. When the ATPase F1 sector is not assembled, then translation of the ATP8/
ATP6 transcript is downregulated [203, 204]. This prevents accumulation on the
membrane of Atp6–Atp9 rings that could interfere with the membrane potential
[205, 206]. Translation of the mitochondrial COB mRNA, coding for the cyto-
chrome b subunit from the bc1 complex is also tightly linked to enzyme assembly
[207]. Coordination of mitochondrial translation and assembly is an intricate pro-
cess that requires many factors, many of them specific for each
mitochondrial-coded protein [159, 203, 208, 209] (Fig. 3). In general, initiation of
mitochondrial mRNA translation is achieved by translational activators (discussed
above), which assist in the positioning of the ribosome on the initiator AUG.
Translational activators are themselves associated with the inner membrane and
with other translational activators to tether translation initiation to the localization of
assembly of nascent peptides [155, 156]. Some of these mRNA-specific activators
act exclusively on the 5′-UTR of the target mRNA and are no longer required in
downstream events after translation initiation. Some other translational activators
have dual functions. Together with specific chaperones, they physically interact
with the newly synthesized peptide and are key players in the coordination of
translation and assembly. In general, it is proposed that once the respiratory com-
plex proceeds to assembly, these chaperones/translational activators are released
from the assembly intermediary and recycled for new rounds of translation [159,
208]. Equivalent processes were described for C. reinhardtii photosynthetic com-
plexes in chloroplasts [165].
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In human mitochondria, the scenario is not as clear as with yeast. However,
some orthologs of the yeast translational activators and chaperones are present in
humans, and some of them may have similar roles [164, 209, 218, 219].

10 Concluding Remarks

Mitochondrial translation evolution is an exciting field in biology. Many efforts
have been made to understand mitochondrial translation by studying yeast, mam-
mals, plant and trypanosomatid species, and to a lesser degree apicomplexans,
nematodes and Drosophila. Since the mitochondrial translation machinery has
extensively diverged among eukaryotes, it is necessary to study it in many disparate
groups of eukaryotes in order to understand its evolution. To date, many questions
remain open in this field. For instance: (1) What are the role and mechanism of
action in the translation of mitochondrial-encoded small and large non-coding
RNAs discovered a few years ago [220–222]? (2) How do mRNA polyadenylation
and edition regulate stability, editing and translation in different species? (3) Are

Fig. 3 General model for the coupling of protein synthesis and membrane assembly in yeast
mitochondria. Translational activators assist the ribosome in localization of the AUG start codon
through recognition of specific sequences within the 5′-UTR of each mRNA
Cbs1/Cbs2/Cbp3/Cbp6 (cytochrome b synthesis) [207, 210]; Pet309/Mss51 (Cox1 synthesis)
[157, 200, 201, 211]; Pet111 (Cox2 synthesis) [212]; Pet494/Pet122/Pet54 (Cox3 synthesis) [213–
215], Atp22 (Atp6 and Atp8 synthesis) [204]; Aep1, Aep2 (Atp9 synthesis) [216, 217]. Some of
these activators play a second role in coordination of translation/assembly. They physically interact
with newly made peptides (mtSubunits) and with additional chaperones to form assembly
intermediaries. This is the case for Cbp3/Cbp6 [207] and Mss51 [201]. Once the respiratory
complexes assemble with cytosolic, imported subunits (CytSubunits), then the
chaperones/translational activators are released and recycled. Translational activators are now
ready for new rounds of translation
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there specialized ribosomes devoted to translating a specific mRNA in mitochon-
dria? If this is the case, how are populations of each type of ribosome regulated in
different conditions or cell types? (4) What are the mechanism and regulation of the
recently discovered “programmed translational bypass”? This process was first
discovered in the yeast Magnusiomyces capitatus [223, 224]. In this organism,
almost all protein-coding genes in mtDNA have insertions of 27–55 nucleotides,
called byps. Translation of these insertions would lead to frameshifts and premature
termination of translation, so a precise mechanism to bypass these elements is
necessary. Is translation bypass present in different eukaryotic groups? (5) What is
the role of the recently discovered mitochondrial RNA granules in translation
[127]? Are they present exclusively on mammalian mitochondria, or do they have a
broader prevalence in eukaryotes? (6) Since Shine-Dalgarno sequences are absent
in many eukaryotic lineages, how is the start codon AUG recognized by the initi-
ation complex among different phyla? (7) Are the translation and assembly of
nascent peptides prevalent processes in eukaryotes? The field of mitochondrial
evolution awaits answers to these exiting questions.
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eIF4Es and Their Interactors
from Yeast Species

Daniela Ross and Michael Altmann

1 Introduction

The kingdom Fungi is divided into six phyla, namely Microspora, Zygomycota,
Glomeromycota, Ascomycota, Basidiomycota and Lichens (see Fig. 1a). Phylum
Ascomycota is divided into the subphyla Taphrinomycotina, Saccharomycotina and
Pezizomycotina [1]. In this chapter we describe the variety of eIF4Es and associated
proteins in unicellular fungi belonging to the subphyla Taphrinomycotina and
Saccharomycotina, which are generally quoted as yeasts. The third subphylum,
Pezizomycotina (consisting mostly of mould species such as Penicillium and
Aspergillus), is not clearly defined as uni- or multicellular and will not be further
analysed in this chapter.

The best known yeast species are Saccharomyces cerevisiae (budding yeast) and
Schizosaccharomyces pombe (fission yeast). Both species belong to the subphyla
Saccharomycotina/“true yeasts” and Taphrinomycotina, respectively (for more details
on phylogenetic classification data; see Fig. 1b). Though unicellular, yeast populations
possess—especially when under stress—multicellular-like properties such as pseudo-
hyphenation [2, 3] and quorum sensing, thereby increasing their survival potential [4].

The genomes of baker’s budding yeast Saccharomyces cerevisiae and fission
yeast Schizosaccharomyces pombe were sequenced about 15–20 years ago and, as
versatile model organisms, have rendered plenty of biological information to our
current knowledge on eukaryotic processes. The genomic sequencing of less known
unicellular yeast species has been pursued in recent years, thereby allowing com-
parative studies of all gene encoding translation factors. In this chapter, we will
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Fig. 1 a Phylogenetic classification of the different kingdoms, the six fungi phyla and the three
Ascomycota subphyla. b Table showing the phylogenetic classification of subphyla
Saccharomycotina/“true yeasts” and Taphrinomycotina. All species analysed in this study are
named with corresponding abbreviations (identifiers): 6 species from the subphylum
Taphrinomycotina (dark grey) and 43 species from the subphylum Saccharomycotina (light grey)
classified according to class, order, family and genus [1]
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review the current knowledge on the following initiation factors from yeasts: the
cap-binding protein eIF4E and its interactor eIF4G, which acts as a scaffold protein
for further initiation factors (eIF4E and eIF4G form together with the helicase
eIF4A the eIF4F complex), as well as two further eIF4E interactors termed p20 and
Eap1. We also will comment on the evolutionary implications of the new findings
mentioned here.

2 eIF4E

In 1997, the 3D structure of S. cerevisiae and murine eIF4E (bound to a cap analogue)
was solved [5, 6]. It resembles a baseball glove where the convex part (the palm of the
glove) consisting of eight antiparallel beta sheets (b1–b8) forms the cap-binding groove
and is covered by three long anti-parallel helices (a2, a4 and a5). Three short
alpha-helical structures (a1, a3 and a6) are inserted in loops connecting beta sheets and
contribute to the concave part of the protein to which the eIF4E interactors bind. The
unstructured amino terminal part of yeast eIF4E (aa 1–36) was originally missing in
structural studies and was later solved when yeast eIF4E was obtained in a complex
with the central part of eIF4G (aa 393–490), which when bound to eIF4E changes its
structure [7]. As seen in Fig. 2, the amino terminus of yeast eIF4E—though unstruc-
tured—carries an additional short helix (aa T25–S30).

While the amino terminus of yeast eIF4E (aa 1–20) can be deleted without
noticeable consequences, further deletions (up to aa 1–35) render a strong, slow
growth phenotype and further amino terminal deletions result in a lethal phenotype.
This can be due to eIF4E’s reduced interaction with the central core of eIF4G [7].
Thus, the amino terminus of eIF4E—though mostly unstructured—plays an
important role in its proper interaction with eIF4G.

In eukaryotic species, a conserved core of 160–170 amino acids of eIF4E
contains eight aromatic residues (mostly tryptophanes, which are named Trp1 to
Trp8 according to their position; see Fig. 3b). The aromatic residues of Trp3 and

Fig. 2 3D-structure of yeast eIF4E. Left panel full-length yeast eIF4E (213 amino acids,
green/light grey) interacting with m7GDP (yellow sticks); middle panel full-length yeast eIF4E in a
complex with eIF4G aa 405–488 (purple/dark grey); right panel close-up of the concave mRNA
cap-binding site highlighting Trp3 and Trp5 (blue/dark grey sticks); 3D structure as determined by
Gross et al. [7] (PDB structure 1RF8)
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Fig. 3 (continued)

b Fig. 3 a Dendrogram of eIF4Es from subphyla Saccharomycotina/“true yeasts” and
Taphrinomycotina. Subdivisions of Saccharomycotina (light grey) with eIF4E2,
Taphrinomycotina (dark grey) and Saccharomycotina (light grey) with one or two eIF4E1s are
marked. b eIF4E1 from different yeast species. Tryptophanes 1–8 (velvet/dark grey) are marked;
Trp1 corresponds to Trp-43, Trp2 to Trp-46, Trp3 to Trp-58, Trp4 to Trp-75, Trp5 to Trp-104,
Trp6 to Trp-115, Trp7 to Trp-130 and Trp8 to Trp-166 of the yeast amino acid sequence.
SCHPO = S. pombe; CANAL = C. albicans; PICPG = Pichia pastoris; TETBL = T. blattae;
VANPO = V. polyspora; CANGA = Candida glabrata; YEAST = S. cerevisiae). Besides
S. pombe eIF4E1, all aligned eIF4Es belong to species from the subphylum Saccharomycotina.
The sequence alignment was produced with Clustal Omega (http://www.ebi.ac.uk/Tools/msa/
clustalo/). c Sequence alignment of yeast eIF4E and S. pombe eIF4E1 and eIF4E2. Conserved
Trp1-8 (velvet/dark grey) and D29 of S. pombe eIF4E2 (light grey), which was used to introduce
an amino terminal deletion of S. pombe eIF4E2 (see text), are marked
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tryptophane Trp5 are positioned in a way that can form a stack with the 7m-G
purine residue of the cap structure (see Fig. 2; right panel).

Variations in the arrangement of the conserved tryptophane molecules have
allowed for the classification of metazoan eIF4Es as class I, II and III [8, 9]. Class I
members all carry Trp1 (corresponding to Trp-43 of murine eIF4E) and Trp3
(corresponding to Trp-56 of murine eIF4E), while class II members possess
Trp1 -> Tyr/Phe/Leu and Trp3 -> Tyr/Phe exchanges, and class III (rather seldom)
carries Trp1 but Trp3 -> Cys/Tyr. A clear functional assignment of these three
classes is still lacking, though at least one class II eIF4E found in Drosophila and
other insect species and termed eIF4E-8 or 4EHP has been shown to act as an
mRNA-specific inhibitor of eIF4E activity [10–12].

3 eIF4E in Lower Eukaryotes

Almost 30 years ago, the cloning of the gene encoding for S. cerevisiae eIF4E was
shown to be essential for the survival of haploid cells [13], allowing to obtain
conditionally lethal yeast eIF4E mutants where the endogenous version of eIF4E
was replaced by orthologue versions of the gene from different organisms [11, 14]
or temperature-sensitive alleles of yeast eIF4E [15, 16]. This offered interesting
insights into the properties of eIF4E [13, 14]. It came as a surprise that eIF4E from
such differing organisms as humans, Drosophila and plants could
cross-complement for the lack of essential eIF4E activity in S. cerevisiae [11, 14,
17]. It should be mentioned that not all eIF4Es are capable of substituting for yeast
eIF4E, e.g. Trypanosoma eIF4Es do not complement in yeast [18]. This might be
due to the unusual trimethylated cap structure of Trypanosoma mRNAs.

Fig. 3 (continued)
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Later discoveries of different variants of eIF4E in different eukaryotic species
(such as human/murine, plant or Drosophila eIF4E [9, 11, 19]) allowed for the
following conclusion: three different eIF4E versions may coexist in one species:
namely, type A is required for general translation of capped mRNAs. This form of
eIF4E exists in all eukaryotic organisms. All type A eIF4Es belong to class I of the
classification mentioned above; type B is required for translation of particular
mRNAs and exists beside type A. As an example we will discuss properties of
S. pombe eIF4E2. Type C is an inhibitor of translation of specific mRNAs, iden-
tified in insects and mammalian species as 4EHP [10–12]. Not surprisingly, while
type A cross-complements for S. cerevisiae eIF4E, type B and type C (which are
summarised as eIF4E2s) do not. In principal, all here-studied eIF4Es from around
50 unicellular yeast species belong to type A, but a second eIF4E2 is found in some
species (see dendrogram; Fig. 3a), which carries an extended amino and/or carboxy
terminus. Whether this difference (maybe in conjunction with other differences
along the eIF4E amino acid sequence) plays a functional role is still unclear. eIF4E
classification results in unicellular fungi species carrying three possible eIF4E
“combinations”:

(1) Only one essential eIF4E gene (e.g. S. cerevisiae)
(2) Two eIF4E1 copies, termed eIF4E1A and eIF4E1B, which might both be

essential for survival (Vanderwaltozyma polyspora and Tetrapisispora blattae;
see Fig. 3b).

(3) One essential eIF4E1 and one eIF4E2 gene copy thought to be required for
translating specific mRNAs or to act as an eIF4E inhibitor (e.g. in
C. albicans).

In the case of S. pombe, two eIF4Es have been identified and have been termed
eIF4E1 and eIF4E2 [20]. For both, the amino acid sequence is very conserved (see
Fig. 3c). While eIF4E1 is essential for the survival of S. pombe, eIF4E2 is not and
may fulfil specific functions such as translation of specific mRNAs under stress
conditions [21].

4 eIF4E1 Is Highly Conserved Among Species

All eIF4E1 variants from different yeasts studied so far are very conserved and
cross-complement S. cerevisiae eIF4E (our unpublished results). As an example,
we present an alignment of selected eIF4E1s from some yeast species. They show a
high conservation of amino acid sequences, especially of Trp1 to Trp8 (the only
exception is Trp6 -> Leu in Pichia pastoris eIF4E1) and surrounding amino acid
sequences (see Fig. 3b). Vanderwaltozyma polyspora and Tetrapisispora blattae
carry two copies of eIF4E1, which both complement for yeast eIF4E (our unpub-
lished results).
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5 eIF4E2 Differs Considerably from eIF4E1

Not all yeast species from the subphylum Saccharomycotina/“true yeasts” carry two
eIF4Es, but for those that do, a second version, eIF4E2, which can be clearly
separated from eIF4E1, is observed (see dendrogram; Fig. 3a). eIF4E2s mostly
carry extended amino and/or carboxy termini and show several gaps and/or
insertions when aligned with eIF4E1. Importantly, Trp3, which is responsible for
forming a stack with the capped structure, is lacking or may be replaced by Tyr or
Phe. This allows the question of whether eIF4E2 can efficiently bind to capped
mRNAs.

Though only tested for C. albicans (our unpublished results), the prediction is
that eIF4E2 will not cross-complement yeast eIF4E. It remains unclear what the
function of eIF4E2 is, either an inhibitor or an activator of translation of specific
mRNAs. A further significant feature of this eIF4E2 family is its absolutely con-
served amino terminal amino acid sequence (motif MSENLKRAESLFNRIMN; not
shown), which is not observed for eIF4E1. This motif might be important in
conjunction with other mutations on eIF4E2 (such as the lacking/substituted Trp3)
to fulfil specialised functions.

6 eIF4Es from Taphrinomycotina

Yeast species from this subphylum are quite distant relatives from those of the
subphylum Saccharomycotina/“true yeasts”. Taphrinomycotina yeast species carry
two copies of yeast eIF4E, which for S. pombe have been termed eIF4E1 and
eIF4E2 [20]. While S. pombe eIF4E1 is essential and cross-complements for yeast
eIF4E, eIF4E2 has been shown to be non-essential for the survival of S. pombe
cells. S. pombe eIF4E2 shows reduced interaction with eIF4G in vivo and is
probably required for the translation of specific stress mRNAs. As opposed to
S. pombe eIF4E1, eIF4E2 does not cross-complement for yeast eIF4E [20–22].
Besides an extended amino terminus, S. pombe eIF4E2 is otherwise quite con-
served when compared to yeast or S. pombe eIF4E1; especially all eight trypto-
phanes and surrounding sequences are conserved (see Fig. 3c).

We have experimentally addressed the properties of S. pombe eIF4E2 by
shortening its amino terminus and deleting the first 28 amino acids. The shortened
version of S. pombe eIF4E2 is capable of complementing yeast eIF4E (our
unpublished results), indicating that indeed the amino terminus inhibits
cross-complementation. Probably, the amino terminal part of S. pombe eIF4E2
plays a mitigating role in its interaction with eIF4G, but otherwise the protein is
fully functional. This finding is not completely unexpected as certain variants of
Arabidopsis eIF4E with extended amino termini have also been shown to
impede/attenuate its interaction with plant eIF4G [23].
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Quite different than for Schizosaccharomyces species (such as S. pombe) is the
situation for eIF4E2 from the species Taphrina and Pneumocystis. A clear diver-
gence between eIF4E1 and eIF4E2 from Taphrina and Pneumocystis is observed in
the dendrogram (see Fig. 3a). Accordingly, all eIF4Es from Schizosaccharomyces
species carry the eight conserved tryptophanes, while a distinct feature of Taphrina
and Pneumocystis eIF4E2 is that Trp1/2, Trp3 and Trp5 are modified to Phe or Tyr.
We anticipate that while amino terminal-deleted versions of eIF4E2 from different
Schizosaccharomyces species cross-complement yeast eIF4E, this will not be the
case for Taphrina and Pneumocystis eIF4E2, which have been previously assigned
as class II eIF4Es [9].

7 eIF4E Interactors

Three proteins interacting with eIF4E in yeast have been described: eIF4G, p20 and
Eap1. eIF4G is a scaffold protein that attracts several other initiation factors and
allows for the circularisation of translated mRNAs. p20 and Eap1 rather than
general inhibitors of capped mRNA translation are modulators that affect the
translation of particular mRNAs. As they all share the short amino acid motif
YxxxxLL/YFMI, which is necessary but not sufficient for interaction with eIF4E,
binding to eIF4E is mutually exclusive. As this short amino acid motif is present in
many proteins (in yeast probably around 15 % of all proteins), it is not possible to
predict which proteins will bind to eIF4E by in silico alignments. Also, it is not
known whether further eIF4E-binding proteins that do not carry the canonical
element exist in yeast (such examples exist in higher cells). If so, binding of more
than one protein to eIF4E simultaneously would be possible.

The canonical eIF4E-binding domain is located at very different positions rel-
ative to each other for eIF4G, p20 and Eap1 (see Fig. 4). A particular arrangement
of negatively and positively charged motifs around the eIF4E-binding domain has
been observed, suggesting that eIF4E-binding proteins, when bound to eIF4E,
could electrostatically embrace capped mRNAs, thereby stabilising mutual inter-
actions [24]. Structural data of yeast eIF4E bound to capped mRNAs in complex
with eIF4E interactors are still lacking to confirm or discard this interesting
hypothesis.

8 eIF4G

As shown in Fig. 4, eIF4G is a scaffold protein that binds several initiation factors
such as eIF4E and eIF4A but also carries an interaction domain for poly(A)-binding
protein and thereby allows the circularisation of translating mRNAs. Especially
important is the HEAT domain of eIF4G (aa 597–871 of yeast eIF4G1 and aa 557–
832 of yeast eIF4G2), a crescent-shaped domain consisting of ten alpha helices
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arranged in five antiparallel HEAT repeats [25], which is found in several proteins.
It serves as an interaction platform for other proteins such as eIF4A (see Fig. 4). In
higher eukaryotes, eIF4G carries at its carboxy terminus a second binding site for
eIF4A and a binding site for the multi-subunit complex eIF3 and the MAP kinase
Mnk1/2. In all yeasts, the extended carboxy terminus on eIF4G is lacking and eIF3
probably does not physically interact with eIF4G. Besides eIF4A, the HEAT
domain of eIF4G also interacts with eIF1 and eIF5, thereby reinforcing stringent
AUG selection [26]. As opposed to mammals, eIF4G does not bind to eIF3, which
independently and together with eIF2 can bind to 40S subunits [27]. Besides several
binding sites for proteins, yeast eIF4G carries at least three distinct RNA-binding
sites [28]. eIF4G also serves as a modulator of translation (and not only as initiation
factor) as it binds to Scd6 (a translation repressor whose interaction with eIF4G
depends on its RGG motif) and forms a translationally repressed mRNP complex
[29].

S. cerevisiae carries two copies encoding for eIF4G, namely TIF4631 for
eIF4G1 and TIF4632 encoding for eIF4G2. Deletion of one or both genes is
non-essential for yeast, but deletion of both is lethal, indicating that both eIF4G1
and eIF4G2 are functionally redundant [30]. This assumption is reinforced by
experiments where the ORFs encoding for both eIF4G1 and eIF4G2 have been
interchanged in a yeast strain without causing any phenotype [31]. Studies silencing

Fig. 4 Cartoon comparing different eIF4Gs (eIF4G-I, TIF4631, TIF4632, TIF471) and eIF4E
interactors such as 4E-BP1, p20 and Eap1. The canonical YxxxxLY/F/L/I motif found in all these
proteins and its position are indicated. Binding sites for poly(A)-binding protein PABP/Pab1p, for
eIF4A/Tif1/2, for eIF3, for Mnk1/2 and for RNA are marked
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eIF4G activity in yeast indicate that it is required for effective translation of all
capped mRNAs and that it is involved in recognition by 43S-preinitiation com-
plexes of the capped 5′-UTR but not for the scanning of the 5′UTR region of
mRNAs [32].

Saccharomycetales species exist with only one or with two copies for the eIF4G
gene. While the amino terminal part of eIF4G can vary considerably among species,
the carboxy terminus is quite conserved in sequence and length. Phylogenetically,
eIF4Gs from yeast species can be clearly grouped as follows: those with one eIF4E
and those with two eIF4E genes form two separate groups (not shown).

9 p20

p20 is a small, acidic, non-essential protein that is the target for multiple phos-
phorylations at several serine and threonine residues and that is expressed in
S. cerevisiae at similar levels as eIF4E (around 10,000–20,000 copies per cell; see
also, Saccharomyces Genome Database, http://www.yeastgenome.org/). p20 only
exists in yeast species from the subphylum Saccharomycotina (see Figs. 1b and 6).

Initially, p20 was assumed to be a general inhibitor of translation by competing
with eIF4G for binding to eIF4E. Surprisingly, a knock-out haploid Δp20 yeast
strain did not show any severe translational defect or phenotype under laboratory
conditions [33]. But, in accordance with an inhibitory effect on cap-dependent
translation, overexpression of p20 in yeast strains carrying mutations in components
of eIF4F leads to a more pronounced phenotype of those mutations [34].

More recent data on the translational profile of a p20 knock-out yeast strain have
led to the conclusion that it acts as a modulator of translation affecting preferentially
cap-dependent translation of certain mRNAs [35]. A very recent study indicates that
p20 might exert its inhibitory function by binding, besides to eIF4E, to specific
RNA motifs localised in the 3′UTR region of certain mRNAs, thereby leading to
circularisation and stabilisation of translationally repressed mRNAs [36].

It should be emphasised that besides the conserved YxxxxLL/F/M/I/Y
4E-binding motif, p20 has no homology in its primary amino acid sequence to
4E-BPs from higher organisms. However, it fulfils similar functions as 4E-BPs
from higher organisms by modulating the activity of specific mRNAs. Thus, it
represents an example of evolutionary convergence (no homology of the primary
amino acid sequence, but a similar function) [37]. Though not related in its primary
amino acid sequence, p20 could adopt a similar three-dimensional structure to
4E-BPs when in complex with eIF4E. In accordance, NMR data were obtained for
yeast eIF4E in a complex with mammalian 4E-BP2 and contact points on its surface
could be determined [5]. Mammalian 4E-BPs, when expressed in yeast, only
exerted an inhibitory effect on translation when yeast eIF4E was replaced by human
eIF4E as the only source of cap-binding protein [14, 38]. This led to the conclusion
that the affinity of mammalian 4E-BPs for yeast eIF4E is much smaller than for
mammalian eIF4E [38]. To our knowledge, structural features determining the
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different strengths of interaction between yeast and higher eIF4Es with 4E-BPs
have not yet been determined. Unfortunately, no 3D structure of any p20, alone or
in a complex with eIF4E, has been obtained so far.

It is difficult to associate a clear phenotype to the loss of p20 in S. cerevisiae, as
we only observe a mild temperature-sensitive phenotype in our laboratory strains
(reduced growth at 37 °C), which makes its functional study more difficult. As
mentioned, only yeast species from the subphylum Saccharomycotina/“true yeasts”
but not from other subphyla carry p20. So, S. pombe (and other Taphrinomycotina
species), which are genetically very distant from S. cerevisiae, do not have p20.
This allows the conclusion that p20’s function modulating the translation of par-
ticular mRNAs is very specific for certain yeast species or that its function can be
accomplished by other proteins—maybe by eIF4E2—in other yeast species.

The dendrogram of p20-carrying yeast species shows a division into two
branches (not shown). Especially conserved among all p20s is the amino terminus,
which carries the eIF4E-binding motif and the carboxy terminus consisting of the
hydrophobic motif FNAFEAL followed by several acidic residues. Some differ-
ences between both branches become evident when comparing p20 sequences
(Fig. 5a). All group 1 yeast species, which share a very conserved p20 form, carry
one eIF4E1 (or in some cases two eIF4E1 genes), while group 2 yeast species,
which all have besides eIF4E1 also eIF4E2, carry a somewhat different p20 with an
amino acid motif insertion in the middle part of the protein. Does this correlation
just reflect the phylogenetic distance and/or does it have a functional significance?
Preliminary experiments from our laboratory indicate that both variants of p20 are
functional in yeast, as C. albicans p20 can complement for the lack of endogenous
yeast p20 in our knock-out yeast strains with a mild temperature-sensitive pheno-
type (poor growth at 37 °C; unpublished results).

10 Eap1

Eap1 is a further interactor of yeast eIF4E [39] that competes with eIF4G in
translation initiation. Eap1 is a 70-kD protein with several functions ascribed. It is
assumed to interact with or form part of the spindle pole body (SPB; the equivalent
in yeast to the mammalian centrosome). When insertion of the newly formed SPB
into the nuclear envelope fails, Eap1 specifically inhibits initiation of the translation
of POM34 mRNA, which encodes for an integral membrane protein of the nuclear
pore [40]. A knock-out of EAP1 is non-lethal but causes an increased rate of
aneuploidy and a temperature-sensitive phenotype. Its function in chromosome
separation during mitosis seems to be separate from its second property in com-
peting with eIF4G for eIF4E binding [41]. Eap1 also plays a role in a regulatory
circuit where translation initiation is down-regulated when lipid synthesis is
repressed [42, 43]. Additionally, Eap1 has been described to accelerate degradation
by increasing decapping of certain mRNAs through its interaction with eIF4E [44,
45].
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Eap1 (as p20) only exists in Saccharomycotina. Recent data with a knock-out or
a TAP-tagged version of Eap1 suggest that several hundred mRNAs are interacting
and/or affected by Eap1 action. The interactome of Eap1 is mostly different from
that of p20 [35, 36]. Besides the eIF4E-binding domain, Eap1 only shares limited
homology with p20 (see Fig. 5b).

Fig. 5 A Sequence alignment of Saccharomycotina species carrying p20. p20s from 41 species
are divided in two groups (separating lines): species with only eIF4E1 (e.g. S. cerevisiae, marked
in light grey) and species with an additional eIF4E2 (identifiers are found in Fig. 1b or 6). Ogataea
parapolymorpha (OGAPD) is the only species that does not cluster accordingly in this alignment
as it only has one eIF4E1 and no eIF4E2. The canonical amino terminal eIF4E-binding motif
YxxxxLL/I/Y/F is labelled (velvet/dark grey). b Sequence alignment of yeast Eap1 and p20. The
conserved canonical eIF4E-binding motif YxxxxLY/F is labelled (velvet/grey)
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Fig. 5 (continued)
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Fig. 5 (continued)
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Fig. 5 (continued)
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Fig. 5 (continued)
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11 Conclusions

Despite their simplicity as unicellular organisms, yeast species show different eIF4E
combinations, which include species such as S. pombe that contain more than one
“general” eIF4E required for capped mRNA translation. eIF4E2s in some yeast
species were probably “invented” to allow for translation of specific mRNAs under
conditions when general translation is down-regulated because of a variety of
possible stress conditions. “Simple” eIF4E2s such as that of S. pombe show an
attenuated eIF4G interaction, which was probably introduced during evolution by
the addition of an extended amino terminus. “Complex” eIF4E2s such as that of
C. albicans probably diverged from an original eIF4E1 to fulfil other functions
such as selection or repression of specific mRNAs.

The repertoire for potential regulation of translation was augmented with the
acquisition of eIF4E interactors such as p20 and Eap1, which only exist in
Saccharomycotina/true yeasts (for a summary, see Fig. 6) and select/repress for the
translation of a subset of mRNAs by mechanisms that are not well understood yet
and probably include the interaction of these proteins with other proteins bound to
specific sequences at the 3′UTR of certain mRNAs [36]. It is surprising that
knock-outs of p20 in S. cerevisiae do not lead to the observation of strong phe-
notypes under laboratory conditions. Possible reasons for this are: (1) more com-
plex multivariate conditions are encountered by yeast cells in free nature
(simultaneous changes of temperature, humidity, food supply, competitors) and are
not simple to mimic in the laboratory; (2) S. cerevisiae (and other yeast species)
have developed more than one parallel pathway to encounter stress conditions that
allow them to swap from one to the other depending on the availability of factors
involved in each pathway.

Fig. 5 (continued)
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Fig. 6 Summary of yeast
species carrying eIF4Es, p20
and Eap1. The table
summarises the presence of
one or two copies (2x) of
eIF4E1, of eIF4E2, of p20
and of Eap1 for 6 species
from the subphylum
Taphrinomycotina (dark grey)
and 43 species from the
subphylum Saccharomycotina
(light grey). Note that for one
Saccharomycotina species no
eIF4E1 (CANTT) and for two
further Saccharomycotina
species no p20 (BLAAD and
YARLI) have been reported
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A further potential for regulation arises from eIF4G itself. Though most yeast
species carry two copies of eIF4G, which show considerable variations (especially
in their amino termini), there is so far no evidence for specialised functions of
eIF4Gs in yeast. So, the conclusion is that the amino acid divergence of eIF4Gs
does not affect essential parts of those proteins (especially localised in their HEAT
domain) and that this divergence just reflects the accumulation of mutations ever
since the original genome of a yeast ancestor species was duplicated.
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Expansion of eIF4E and 4E-BP Family
Members in Deuterostomes

Kathleen M. Gillespie, Tsvetan R. Bachvaroff and Rosemary Jagus

1 Introduction

1.1 Deuterostome Phylogeny

Recent progress in the genomic analysis of fish has provided a broad range of
species for analysis [1–11]. Analysis of eIF4E sequences from these genomes, as
well as those of select tetrapods, echinoderm (Strongylocentrotus purpuratus),
tunicate (Ciona intestinalis), and cephalocordate (Branchiostoma lanceolatum), has
allowed a glimpse of the origins and evolution of the eIF4E and 4E-BP families in
vertebrates.

The emergence of vertebrates has been accompanied by duplication within the
eIF4E family. The Cambrian explosion, also called the Cambrian radiation, was the
relatively short evolutionary event, beginning around 550 million years ago (Ma) in
the Cambrian Period, during which most major animal phyla appeared, as indicated
by the fossil record [12]. Lasting for about the next 20–25 million years, it resulted
in the divergence of most metazoan phyla [13, 14]. The earliest generally accepted
deuterostome fossils, those of echinoderms, appeared in the Late Atdabanian
(Cambrian, third stage) about 520 Ma [15]. The deuterostome superphylum con-
sists of three phyla: echinoderms, hemichordates, and chordates. Three subphyla are
recognized within the chordates themselves, the urochordates, including the
ascidians and larvaceans; the cephalochordates or lancelets; and the vertebrates,
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including fish and tetrapods. Figure 1 illustrates deuterostome phylogeny [16].
Phylogenetic analysis based on assembled sequences of more than 200
nuclear-encoded proteins supports the pairing of echinoderms with hemichordates,
corroborating morphological interpretations of larval similarities between these two
groups [17].

Gene duplication is considered to be a major force of evolution because new
copies may acquire new functions by mutation (known as neofunctionalization) [18].
It is generally accepted that two rounds of whole-genome duplication occurred
during the evolution of vertebrates from their chordate ancestors probably before the
divergence of gnathostomes between 550 (VGD1) and 500 (VGD2) Ma [19, 20].
The last common ancestor of all gnathostomes (jawed vertebrates) was the common
ancestor of the Actinopterygii (ray-finned fish) and Sarcopterygii (lobe-finned fishes
and tetrapods), which probably lived during the Silurian period, approximately
420 Ma [21–23]. Within vertebrates, lampreys and hagfish are closely related
(Cyclostomata) and are the nearest relatives of jawed vertebrates. Molecular anal-
yses suggest that cartilaginous fish are the most basal gnathostomes and that the
coelacanth and lungfish (lobe-finned fish) are the closest living relatives of tetrapods.
It has been said that tetrapods are in fact specialized lobefin fish that have adapted to
life on land [8]. Within the ray-finned fish, the dominant extant group is the Teleostii
comprised of over 20,000 species. The teleost lineage split from basal ray-finned
fishes and started to diverge after another whole genome duplication event, referred
to as the teleost-specific genome duplication (TGD) that took place 320–350 Ma [9–
11]. The teleosts began a major evolutionary radiation in the Triassic, about 200 Ma,
attributed to the TGD, and have since undergone massive diversification in mor-
phology, physiology, and habitat. Their genomes did not remain static, and they are
still evolving. Because of the genome duplications, determining the orthology of
genes between teleosts and tetrapods can be challenging.

Genome duplication is always followed by gene loss, genomic rearrangement,
and rediploidization [24]. The expansion of teleosts was accompanied by a phase of
major genomic rearrangement [25, 26], an increase in the molecular evolutionary
rate [27], and rediploidization of the tetraploid genome after the TGD.
Rediploidization involves massive loss of gene copies and other genomic elements
from a duplicated state back to a singleton state. Sequence divergence between
TGD paralogs occurs in an asymmetric manner, usually with one of the two TGD
duplicates evolving faster than the other [28, 29]. Divergence in paralog sequence
and function often occur in a lineage-specific way so that not all lineages lose the
same copy [30–32]. This means that annotation of genomes using BLAST-based
methods is problematic because of lineage-specific reshuffling of teleost genomes
following the TGD.
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2 The Radiation of the Vertebrates Is Reflected
in the Expansion of Their eIF4E Family Members

Teleosts are characterized by many derived characteristics that are absent in basal
ray-finned fish such as gar, sturgeon, and paddlefish. Within the teleosts, the
Ostariophysi (such as zebrafish) retain many primitive characteristics and occupy a
relatively basal position [33]. Thus, the zebrafish is a rather generalized teleost and
can, in most cases, be used to represent the ‘‘primitive’’ or ‘‘ancestral’’ condition in
comparison with more recently emerging teleosts such as the percomorphs,
medaka, stickleback, tilapia, fugu, and tongue sole [33–35]. However, with an
evolutionary separation of less than 150 million years, the zebrafish is still closer to
the more recently emerged fish species than any mammalian model organism such
as the mouse, whose common ancestor with the teleosts lived over 400 million
years ago [34]. However, in terms of connecting fish genes to those of tetrapods, the
genome sequence of spotted gar, Lepisosteus oculatus, the lineage of which
diverged from teleosts before the TGD, is providing a valuable resource [11].

All deuterostomes have one representative from each of the three
classes; eIF4E-1, eIF4E-2, and eIF4E-3. In contrast, mammals have an additional
eIF4E-1 cognate, eIF4E-1B, that functions to downregulate the translation of

Fig. 1 Phylogeny of deuterostomes
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mRNAs containing cytoplasmic polyadenylation elements (CPEs) in their 3′-UTRs
[36, 37]. In addition to eIF4E-1B, zebrafish hve an additional Class I cognate,
eIF4E-1C, as well as two Class II eIF4Es, eIF4E-2A and eIF4E-2B [38–40]. The
availability of fully sequenced genomes from many deuterostome species has pro-
vided an unprecedented opportunity to systematically evaluate the origins and evo-
lution of protein families such as the eIF4E family, shedding new light on the old
question of how organismal complexity arose.

3 Database Searches

In order to investigate eIF4E family members in deuterostomes, zebrafish eIF4E-1A
(NM_131733.1), eIF4E-1B (NM_131454.1), eIF4E-1C (NM_001017851.2),
eIF4E-2A (AGW99949.1), eIF4E-2B (AGW99950.1), and eIF4E-3
(NM_001004589.1) were used as templates for BlastP queries at the National
Center for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.
gov/mapview/) for sea urchin (Strongylocentrotus purpuratus), sea squirt (Ciona
intestinalis), zebrafish (Danio rerio), and mouse (Mus musculus) genomes; in
Ensembl (http://www.ensembl.org/index.html) for medaka (Oryzias latipes),
stickleback (Gasterosteus aculeatus), Takifugu (Takifugu rubripes), and Tetraodon
(Tetraodon nigroviridis) genomes: the Institute of Molecular and Cell Biology
(IMCB) elephant shark genome http://esharkgenome.imcb.a-star.edu.sg; the
coelacanth genome project. The phylogenetic analysis used RAxML with 100
bootstrap iterations with the Jones-Taylor-Thornton amino acid substitution matrix
with a gamma rate parameter [41]. Gene loci designations and orientations were
determined using both the NCBI gene database and the Ensembl gene
region-of-interest function. Spotted cat shark, Scyliorhinus canicula, transcriptomic
sequences were provided by Dr. Helen Dooley and Anthony Redmond from the
University of Aberdeen.

4 Phylogenetic Analysis of Deuterostome eIF4E Family
Members

Previous phylogenetic analysis has divided Metazoa/Fungi/Viridiplantae eIF4E
family members into three clades corresponding to Class I, Class II, and Class III
eIF4E family members [38]. Figure 2 shows a phylogenetic analysis of deuteros-
tome ClassI eIF4Es. The evidence of gene duplication is apparent from the number

b Fig. 2 Phylogeny of deuterostome Class I eIF4E family members using the maximum likelihood
under the Jones-Taylor-Thornton amino acid substitution matrix with a gamma rate correction
using RAxML. The bootstrap values over 100 replicates are shown when greater than 50 %

Expansion of eIF4E and 4E-BP Family Members in Deuterostomes 169

http://www.ncbi.nlm.nih.gov/mapview/
http://www.ncbi.nlm.nih.gov/mapview/
http://www.ensembl.org/index.html
http://esharkgenome.imcb.a-star.edu.sg


of orthologs of each eIF4E class across the deuterostomes to give the subclasses,
eIF4E-1A, eIF4E-1B, and eIF4C. Evidence of the duplication of Class I eIF4Es can
be seen in the elephant shark (Callorhinchus milii), coelacanth (Latimeria
chalumnae), and basal ray-finned fish, spotted gar (Lepisosteus oculatus), all of
which have the three eIF4E-1 subclasses: eIF4E-1A, -1B, and -1C. The emergence
of eIF4E-1 subclasses in these species is consistent with the duplication of Class I
family members prior to the teleost-specific whole-genome duplication (TGD),
probably at one of the vertebrate genome duplications that occurred at *550 Ma
(VGD1) and 500 Ma (VGD2).

Deuterostome Class I eIF4Es: The protochordate tunicateCiona intestinalis, the
cephalochordate lancelet, Branchiostoma floridae, and the echinoderm sea urchin
Stongylocentrotus purpuratus have only one Class I eIF4E cognate. These eIF4Es
form a distinct clade outside of the eIF4E-1A, -1B, and -1C designations of verte-
brates. The eIF4E of lamprey, Petromyzon marinus, is intermediate between the
eIF4E-1A and eIF4E-1B clades. The elephant shark (Callorhinchusmilii), coelacanth
(Latimeria chalumnae), and the basal ray-finned fish, spotted gar (Lepisosteus ocu-
latus), all have three eIF4E-1 subclasses: eIF4E-1A, -1B, and -1C. When reviewing
sequences, C-terminal motifs facilitated the recognition of Class I subtypes as well as
separation from Class III eIF4Es. eIF4E-1As have the motif “SHAD,” eIF4E-1Bs
have “AHAD,” eIF4E-1Cs have “SHDD,” and eIF4E-3s have “PHEEHH.”

Tetrapods and teleosts form two poorly supported clades within the eIF4E-1A
clade (Figs. 2 and 3). Further examination shows a clear separation between the
eIF4E-1As of early teleosts such as zebrafish, carp, and cavefish when compared to
the more recently emerging teleosts such as cod, tilapia, medaka, tongue sole, and
puffer fish. The eIF4E-1As from elephant shark, coelacanth, and spotted gar stand
outside each cluster; the coelacanth and elephant shark eIF4E-1As fall closer to the
tetrapod cluster, whereas the spotted gar eIF4E-1A falls closer to the teleost early
cluster. Consistent with the clustering of sequences, in the eif4e1a gene loci, the
elephant shark and coelacanth loci resemble that of human eif4e1a having nearby
Metap1 genes (Fig. 6). The loci for zebrafish and pike also have Metap1, but lack
tspan5 and adh5. They resemble each other in having lingo2 near by, suggesting a
re-shuffled gene order and consistent with the two poorly supported clades within
the eIF4E-1A clade for tetrapods and teleosts (Figs. 2 and 3). The eif4e1a2 gene,
such as that in tongue sole, has one distinct signature gene, Gar1 (data not shown),
consistent with duplication of the eIF4E1A gene in some teleost lineages.

The neofunctionalized eIF4E1B does not function as a translational initiation
factor, but as a regulator of mRNA recruitment. The expression of eIF4E-1B is
confined to ovaries, oocytes, and early embryos in mice, zebrafish, and Xenopus
and in zebrafish testis [36, 37, 39, 42, 43]. In Xenopus oocytes, eIF4E-1B has been
identified as a component of the CPEB mRNP repressor complex along with the
eIF4E-binding protein 4E-T, the Xp54/DDX6 RNA helicase, and the RNA-binding
proteins Pat and Lsm14, as well as mRNAs containing 3′-untranslated sequences
recognized by CPEB [36]. Neither recombinant nor oocyte eIF4E-1B from zebra-
fish or Xenopus is able to bind immobilized m7GTP, in contrast to eIF4E1A [36,
39]. Within the eIF4E-1B sequences, tetrapods and teleosts form distinct clades that
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are moderately supported (>80 % bootstrap). Again, the eIF4Es from elephant
shark, speckled gar, and coelacanth stand outside each cluster with the sequences
from spotted gar falling closer to the teleost cluster and the elephant shark falling
closer to the tetrapods. It was previously reported that eIF4E-1B in zebrafish is not
orthologous to the tetrapod form because the locus is not conserved between
zebrafish and human [37]. However, this analysis was done before so many gen-
omes were available and before they were so well annotated. Re-examination in the
light of more fish genomes shows that in coelacanth and shark, the eif4e1b locus is
the same as that found in tetrapods and is similar to the eif4e1b locus in gar (Fig. 6).
In contrast, the teleost locus is clearly unique. It seems likely that after the dupli-
cation of the eif4e1b locus arising from the TGD, eif4e1b has been asymmetrically
retained in teleosts such as the eif4e1b locus in zebrafish is different from that of
tetrapods. In the eif4e1b loci, tspan17 (tetraspanin) and sncb (synuclein) genes are
found in the tetrapod, basal ray-finned fish, and shark. The representatives of
eif4e1b genes in teleosts, zebrafish, and pike are instead located near the casr
(calcium sensing receptor) gene (Fig. 6), consistent with the observations of
Evsikov [37]. Interestingly, eIF4E-1B has been lost from the more recently
emerging teleosts such as cod, tilapia, medaka, tongue sole, and puffer fish.

The eIF4E-1Cs are unique to the coelacanth, elephant shark, and gar and to the
teleost fishes. The zebrafish eIF4E-1C has retained its function as a prototypical
initiation factor by its ability to bind to cap analog, interact with eIF4G, and

eIF4E-1C

eIF4E-1A

eIF4E-1B
coelacanth

elephant shark

spotted gar
eIF4E-1A
eIF4E-1B
eIF4E-1C

recently emerged teleost

teleost

tetrapods

Fig. 3 Illustration of the distribution of deuterostome Class I eIF4Es derived from phylogenenetic
analysis
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complement a S. cerevisiae strain conditionally deficient in functional eIF4E [40].
Like eIF4E-1A, eIF4E-1C also interacts with the eIF4E-binding proteins (4E-BPs).
There is a clear separation between the eIF4E-1Cs of early teleosts such as zeb-
rafish, carp, and cavefish when compared to the more recently emerging teleosts
such as cod, tilapia, medaka, tongue sole, and puffer fish. The eIF4E-1Cs of ele-
phant shark and coelacanth fall outside the teleost clusters; the spotted gar
eIF4E-1C falls close to the early teleost cluster. The loci for the eIF4E-1Cs are
clearly distinct from that of eIF4E-1A with closeness to tet1 in common (Fig. 6).

Deuterostome Class II eIF4Es: eIF4E family members of Class II fall within
two discrete clusters within the phylogenetic tree (Fig. 4). The eIF4E designated as
eIF4E-2 (eIF4E-2A) comprises the majority of the Class II eIF4Es within the
deuterostomes. The eIF4E-2B cluster is represented primarily by the ray-finned fish,
gar, and some teleosts. There is a second Class II eIF4E in Xenopus, which clusters
with the fish eIF4E-2Bs in the phylogenetic analysis, but which is found on an
entirely different locus (data not shown). Its phylogenetic relationship to the fish
eIF4E-2Bs is currently unclear. As with the Class I eIF4Es, the Class II eIF4Es tend
to segregate consistently with their evolutionary relationships, although it should be
pointed out that the eIF4E-2 from elephant shark and coelacanth cluster more
closely with the tetrapod eIF2A. Like eIF4E-2A, zebrafish eIF4E-2B does not bind
m7GTP well or eIF4G [40]. Interestingly, eIF4E-2B has been lost in some higher
teleosts. The gene loci of eIF4E-2A show a characteristic signature of the genes
chrnd, chrng, and prss56 (Fig. 6). The eIF4E-2B is clearly a unique gene, the locus
of which is near mink1 (misshapen-like kinase 1), rangrf (RAN guanine nucleotide
recycling factor), and gp1ba (glycoprotein 1ba).

Deuterostome Class III eIF4Es: These are the most conserved eIF4E family
members across the deuterostomes. However, in the percomorph teleosts and some
cyprinodontiforms there is an additional eIF4E-3 member. Phylogenetic analysis
supports two clades we have termed eIF4E-3A and -3B (Fig. 5). The tetrapod
eIF4E-3s fall within the eIF4E-3A clade but cluster more closely with each other
than with the fish eIF4E-3As. eIF4E-3A from gar and coelacanth clusters more
closely with the teleost eIF4E-3As. In contrast, elephant shark eIF4E-3A clusters
more closely with the tetrapod eIF4E-3s. The loci for eIF4E-3A (Fig. 6) are close to
gpr27 (G protein coupled receptor), rybp (RING1 and YY1 binding protein), and
prok2 (prokineticin) (Fig. 6), while eif4e3b is a distinct gene locus from eIF4E-3A,
close to the foxp1-like (forkhead box P1) and the mitf (microphthalmia-associated
transcription factor) (data not shown). The distribution of eIF4E-3A and -3B in the
teleosts varies. Some cyprinodontiforms and some percomorphs (tetradontiformes
and pleuronectiformes) such as fugu, pufferfish, and tongue sole have both
eIF4E-3A and -3B, as do medaka, southern platyfish, mummychug, and guppy.
However, zebrafish, stickleback, and cod have only eIF4E-3A, while blind cave fish
and Atlantic salmon have only eIF4E-3B.
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5 Summary of Deuterostome eIF4E Family Members

A representation of the distribution of different eIF4E family members is provided
in Fig. 7. The distribution of the subclasses of eIF4E1 and eIF4E2 is consistent with
the duplication of Class I and II prior to the teleost-specific whole-genome dupli-
cation. eIF4E-1A is prevalent across deuterostomes from echinoderms to mammals,
although teleosts may have retained different gene copies from tetrapods. eIF4E-1C
is lost in tetrapods. eIF4E1B represents a neofunctionalized duplication of the
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ancestral eIF4E-1. It has been lost in the percomorph teleosts, but retained in sharks,
basal ray-finned fish, lower teleosts, and tetrapods. The eIF4E-1B of teleosts is not
orthologous to that of tetrapods. Gar and many teleosts have a second eIF4E-2,
which we have termed eIF4E-2B. The eIF4E-2B has been lost in the amniotes and
coelacanths, but retained in basal ray-finned fish. Xenopus also has a second
eIF4E-2, the sequence of which clusters with the teleost eIF4E-2Bs, although it is
not orthologous. In general, it is the eif4e genes in elephant shark and coelacanth
that appear to share the same loci as human. Northern pike is a genetic wild card of
sorts, in that it has all eight known deuterostome eIF4E family members,
eIF4E-1A1, -1A2, eIF4E-1B, eIF4E-1C, eIF4E-2A, -2B, eIF4E-3A, and -3B.

Overall, the main expansion of the deuterostome suite of eIF4Es preceded the
diversification of the teleosts to give the subclasses eIF4E-1A, -1B, and -1C arising
from the VGDs. The two VGDs are thought to have occurred prior to the
lamprey-gnathostome split, based on analysis of selected families of gene dupli-
cates [44, 45]. Such a scenario would predict that lamprey should also have
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eIF4E-1A, -1B, and -1C, which it does not. However, it seems that lamprey has
thrown out more and different duplications than the gnathostomes [20, 44, 45].
During teleost evolution, expansion of the subclasses took place in certain lineages
arising from the TGD. Reduction of eIF4E family members accompanied the
evolution of the amniotes as well as the more recently emerging teleosts. Overall,
duplication within the different classes of eIF4E occurred early in vertebrate evo-
lution and after the TGD in different subclasses with some neofunctionalization, as
well as asymmetric losses in different vertebrate classes.

6 Expansion of 4E-BPs in vertebrates

The key role of eIF4E regulation in protein synthesis is underscored by the presence
of eIF4E-binding protein, 4E-BP, a protein that binds specifically to eIF4E to
inhibit cap-dependent translation initiation by competing with eIF4G for binding to
eIF4E (reviewed [46, 47]). The competition between 4E-BPs and eIF4G is
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explained by the presence of a common eIF4E-binding motif in 4E-BP and eIF4G,
YXXXLU, where U is any hydrophobic amino acid. In addition to the
eIF4E-binding site, each 4E-BP harbors two identical canonical TOR phosphory-
lation sites, TPGGT, and several transregulatory phosphorylation sites. Once
activated, in mouse, mTORC1 phosphorylates Thr37 and Thr46 in human 4E-BP1,
which are priming sites for subsequent phosphorylation at Ser65 and Thr70 [48,
49]. The binding of 4E-BP to eIF4E is controlled by the phosphorylation state. The
underphosphorylated forms of 4E-BPs interact with eIF4E, whereas the hyper-
phosphorylated forms do not [50–52]. Upon cell stimulation with serum, growth
factors, or hormones, 4E-BP1 becomes hyperphosphorylated and dissociates from
eIF4E to relieve the translational inhibition [52, 53]. Phylogenetic analysis suggests
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that 4E-BP appeared as a single-copy gene in the last common ancestor of
Amoebozoa, Glaucocystophyta, Fungi, and Metazoa (Hernandez et al., this book).
It is found in all Metazoa except Nematoda, but is only sparsely represented in the
protist lineages.

As with the eIF4E family, early deuterostome 4E-BP has been duplicated in
vertebrates, with up to six cognates found in teleosts. Figure 8 shows a phyloge-
netic analysis of the 4E-BPs across the deuterostomes. Unlike the single 4E-BP
found in sea urchin, urochordates, and cephalochordates, vertebrates have three
4E-BPs, 4E-BP1, 4E-BP2, and 4E-BP3. These are first seen in elephant shark,
likely as a result of the one or more of the VGDs, and persist throughout the jawed
vertebrates. In teleosts, further expansion of each the three 4E-BP classes takes
place, probably as a result of the TGD, to give six eIF4E cognates termed here
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4E-BP1A, 4E-BP1B, 4E-BP2A, 4E-BP2B, 4E-BP3A, and 4E-BP3B. So far no one
fish species has been found to have more than four 4E-BP cognates. Duplicated
4E-BP genes seem to have been lost, but in a lineage-specific way so that not all
fish lineages lose the same copy.

Figure 9 represents sequence logos that were created from the alignments of the
core sequences of 4E-BP1, 4E-BP2, and 4E-BP3 from a range of deuterostome
species. A sequence logo is a graphical technique for displaying a summary of a set
of aligned sequences [54]. Logos compare an overlay of multiple sequences based
on the frequency of amino acid residues (height) and the charge to highlight sim-
ilarities and differences between sequences. The 4E-BPs form three distinctive
clades: 4E-BP1, 4E-BP2, and 4E-BP3. Across these three clades the central
35-amino acid region of the protein is nearly absolutely conserved between clades.
In addition to the eIF4E-binding site, each 4E-BP harbors two canonical TOR
phosphorylation sites, TPGGT, and several transregulatory phosphorylation sites.
Once activated, mTORC1 phosphorylates Thr37 and Thr46 in human 4E-BP1,
which are priming sites for subsequent phosphorylation at Ser65 and Thr70 [48,
49]. A comparison of 4E-BP1s, 4E-BP2s, and 4E-BP3s across the vertebrates
shows that both TOR phosphorylation sites, TPGGT, are absolutely conserved. The
residues equivalent to Ser65 and Thr70 in human 4E-BP1 are universally con-
served. The eIF4E-binding motif (4EBM) is YDRKFLL/M in all 4E-BP classes. In
addition, the non-canonical 4E-BP is recognizable in all 4E-BP classes [55–59].
Within the C-terminus region of 4E-BP classes, patterns of residues emerge in the
4EBD-NC to distinguish between these forms. 4E-BP1s show conservation of an
asparagine doublet followed by a glutamic acid or aspartic acid; 4E-BP2s have a
higher occurrence of asparagines, while 4E-BP3 has a predominance of negatively
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charged aspartic acid and glutamic acid (D) residues. Overall, the different classes
are highly conserved, and each class has distinctive charge patterns near the car-
boxy terminus. All 4E-BP classes have a conserved N-terminus that is a site of high
conservation, QFEMDI.

7 Summary of Deuterostome 4E-BP Family Members

Despite the high conservation of the 4E-BPs and the possible redundancy of having
three classes of 4E-BPs, duplication of teleost 4E-BP genes has resulted in some
fish species having four 4E-BPs. Zebrafish have four 4E-BPs, 4E-BP1, 4E-BP2,
4E-BP3A, and 4E-BP3B (referred to as 4E-BP3L in GenBank, as per [39]). Two
4E-BP3s are found in many teleosts, presumably arising from the TGD. Two
4E-BP1s are found in tongue sole. Figure 10 shows the loci of eif4ebp genes in
vertebrates. It is strikingly apparent that although the duplicated eif4ebps show little
sequence variation, they are found at different loci. The tetrapod 4E-BP1s, along
with those from coelacanth, elephant shark, and gar, show the highest
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Fig. 10 Gene loci of the vertebrate 4E-BPs: genes proximal to the eif4e gene within 0.1–0.4 Mb
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identity/similarity to the teleost 4E-BP1A. However, they are not orthologous to the
teleost 4E-BP1As since they are at very different gene loci.

Figure 11 illustrates the distribution of 4E-BPs in deuterostomes. From a single
4E-BP gene in sea urchins, tunicates and lancelets, the VGDs gave rise to three
classes of 4E-BPs, 4E-BP1, 4E-BP2, and 4E-BP3. These three classes gave rise to
duplicated genes for each as a result of the TGD, although not all duplicates have
been retained. For ease of discussion, these have been termed 4E-BP1B, 4E-BP2B,
and 4E-BP3B. Tongue sole and some other percomorphs have retained both
4E-BP1A and 4E-BP1B. From the gene loci data, it is apparent that tongue sole has
retained 4E-BP2B and 4E-BP3B, unlike zebrafish and other cyprinodontiforms. It is
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anticipated that the duplicated genes will have different expression patterns and
different roles in the regulation of gene expression.

Zebrafish have retained both 4E-BP3A and 4E-BP3B (referred to as 4E-BP3L in
GenBank, as per [39]). Zebrafish 4E-BP3B, but not 4E-BP3A, has been shown to
have a key effect in a zebrafish muscle inactivity model [60]. Inactivity was found
to trigger upregulation of 4E-BP3B, which led to diminished myosin and actin
content, myofibrilogenesis, and fiber growth. The changes were accompanied by
preferential reduction of the muscle transcription factor Mef2c. Analysis of
recruitment of mef2c mRNA to polysomes showed that the reduction in Mef2c
levels was due to reduced translation of mef2ca mRNA. Loss of Mef2ca function
reduced normal muscle growth and diminished the reduction in growth caused by
inactivity. Blocking 4E-BP3B function increased Mef2ca translation and also
prevented the decline in mef2ca translation caused by inactivity. Conversely,
overexpression of active 4E-BP3B mimicked inactivity by decreasing the recruit-
ment of mef2ca mRNA into polysomes. These findings have identified zebrafish
4E-BP3B, but not 4E-BP3A, as a key TOR-dependent regulator of muscle fiber size
in response to activity. The results are consistent with the distinct patterns of
eif4ebp tissue expression; eif4bp1 and eif4ebp2 are expressed widely and at high
levels in head and neural tissue, eif4ebp3a is only abundant in pancreas, and
eif4ebp3b is only expressed in eye, muscle and the branchial arch region [61].

Tetrapods show a different story. Although mammals retain the three 4E-BP
classes, it seems that Xenopus has lost 4E-BP1 and 4E-BP3, and reptiles and birds
have retained only 4E-BP1 and 4E-BP2.

8 Concluding Remarks

The important role of genome duplication in the evolution of the vertebrates was
recognized by Ohno, who postulated that divergence of duplicated genes resulting
from tetraploidization events drives the emergence of new gene functions [62]. In
extant teleost genomes, around 20–25 % of protein coding genes are still retained
as two TGD paralogs, increasingly referred to as ohnologs [30], with important
differences among functional gene classes with regard to the retention and loss of
their TGD paralogs [5, 11, 28]. Genes of high interest to the regulation of gene
expression, such as transcription factors and other developmental genes, are over-
represented among retained TGD paralogs [28, 63]. Sequence divergence between
TGD paralogs often occurs in an asymmetric manner, with one of the two TGD
duplicates evolving faster than the other [28, 29]. Furthermore, the processes of
non-functionalization, rediploidization, and divergence in sequence and function
often occur in a lineage-specific way [5, 30, 31].

In the vertebrate lineages, both eIF4Es and 4E-BPs show expansion as a result of
the VGDs, as well as further expansion in teleosts as a result of the TGD. Multiple
classes and subclasses of eIF4Es and 4E-BPs have arisen with some
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neofunctionalization and asymmetric loss. Because of the genome duplications and
asymmetric loss of loci, eIF4Es and 4E-BPs closely related in sequence may not
show orthology between teleosts and tetrapods.
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The Diversification of eIF4E Family
Members in Plants and Their Role
in the Plant-Virus Interaction

Tzvetanka D. Dinkova, León Martinez-Castilla
and Miguel A. Cruz-Espíndola

1 Introduction

During translation initiation, the cap-binding protein eIF4E recognizes the cap
structure present at the mRNA 5′ end. Its interaction with eIF4G enables it to recruit
the mRNA for translation [1]. The eIF4G interacts with the multi-subunit eIF3,
bringing together the mRNA and the 43S initiation complex formed by eIF3, the
ternary complex (eIF2-Met- tRNAMet-GTP), the 40S ribosomal subunit and other
initiation factors. The eIF4G protein also recruits a DEAD-box ATPase and
ATP-dependent RNA helicase, eIF4A to unwind secondary structures in the 5′
untranslated region (5′UTR) of the mRNA and facilitate the ribosome scanning
toward the AUG initiation codon. The interaction of eIF4G with eIF4E–5′ cap and
the poly(A) binding protein (PABP) located at the 3′ end of the mRNA allows the
transcript circularization for efficient translation re-initiation.

Particular eIF4E amino acids that interact with the 5′ cap structure are highly
conserved across all eukaryotic organisms [2]. Its partner, eIF4G, interacts through
a conserved YXXXXLΦ motif (where X is any amino acid and Φ is hydrophobic),
and formation of the eIF4G/eIF4E complex (eIF4F) improves the ability to bind the
5′ cap [3, 4]. The eIF4E protein primarily functions in the initiation of translation as
part of the eIF4F complex. However, interaction of eIF4E with proteins different
from eIF4G may display different roles in the cell, such as nucleo-cytoplasmic
transport, translational repression and turnover of mRNA [5].

Multiple eIF4E family members have been identified in a wide range of
organisms including plants, flies, mammals, frogs, birds, nematodes and fish [2, 6].
Some of them have altered cap-binding affinities or interactions with eIF4G and
other proteins, providing clues to their physiological roles. It has been suggested
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that each organism has at least one eIF4E that is ubiquitous and constitutively
expressed to carry out general translation and that the other family members are
involved in specialized functions such as developmental cues, abiotic stress or
anti-viral defense [7–13].

The success of viral infection greatly relies on the use of host protein translation
machinery to produce specific proteins required for each stage of the virus cycle.
Hence, important defense mechanisms involve the regulation of different compo-
nents of the translation machinery to restrict the viral invasion. In plants, translation
initiation factors of eIF4E and eIF4G families have been identified as recessive
resistance markers for particular virus infections depending on the host. The
presence of multiple variants of these factors in plants and the naturally occurring
mutations evidenced selectivity in the interaction between viral proteins and the
cellular translation factors.

Here we discuss recent advances in our knowledge about the evolution of dif-
ferent family members of eIF4E in plants, their impact on the plant-virus interplay
and the possible impact of natural selection in these factors as a defense strategy to
viruses.

2 Translation Initiation Factor 4E Family in Plants

Multiple eIF4E family members exist in plants [14]. eIF4E and eIF(iso)4E belong
to class I, and the novel cap-binding protein (nCBP, currently termed 4EHP)
belongs to class II, according to the metazoan nomenclature [2]. The classification
in class I, class II and class III considered conservation of Trp43 and Trp56
(numbering according to the human eIF4E-1 sequence) in the protein. Members
from class I conserve Trp43 and Trp56, from Class II have both residues substituted
by Tyr or Phe, and from Class III only have substituted Trp56 with Tyr, Phe or Cys.
Each class might display particular cap-binding affinities, a range of interactions
with eIF4G or other proteins, selective tissue distribution or even cellular com-
partmentalization, providing diverse mechanisms in translation initiation regulation
[15].

In plants, the eIF(iso)4E protein preferentially interacts with eIF(iso)4G forming
the unique plant eIF(iso)4F complex, in addition to a canonical eIF4F complex
formed by eIF4E and eIF4G [3, 16]. Each complex displays some selectivity in the
recognition of mono- and di-methylated cap structures as well as in translating
mRNAs structured in the 5′UTR [17, 18]. In most plant species, eIF(iso)4E shows
about 50 % amino acid identity with eIF4E, and the relative abundance of each
protein might vary depending on the developmental stage and the plant tissue [19,
20]. Plant 4EHP has been studied to a lesser extent than eIF4E and eIF(iso)4E.
According to a biochemical characterization, it binds to mono-methylated cap and
interacts with eIF(iso)4G, but poorly promotes in vitro translation [21]. The pres-
ence of class II eIF4Es is highly conserved among eukaryotes and is important
during development, as demonstrated in animals [9, 10, 22].

188 T.D. Dinkova et al.



In Arabidopsis thaliana, there are two additional eIF4E-related genes termed
eIF4E1b and eIF4E1c [23]. It was demonstrated that eIF4Eb and eIF4Ec bind
in vitro m7GTP and eIF4G, albeit their affinity to eIF4G is much lower than that of
eIF4E. eIF4 EB transcript is present at low levels in reproductive Arabidopsis
tissues, and eIF4EC transcript has not been detected in global expression analyses.
At present, it is not known whether the correspondent proteins are expressed in vivo
and have some specialized function for the plant. The absence of striking pheno-
types in mutants for each eIF4E or eIF(iso)4E in Arabidopsis suggested that their
function could be partially redundant [24–26]. This is supported by the observation
that in this species the absence of eIF(iso)4E induces higher eIF4E expression,
probably to compensate for its function in general translation initiation. On the
other hand, eIF4E and eIF(iso)4E natural or knockout mutants have been associated
with recessive resistance to different RNA viruses in a wide host range [13, 27]. The
mechanism of such resistance is thought to rely on interactions between the
translation initiation factor and viral proteins. However, the specificity of the virus
requirement for a particular isoform is not completely understood.

3 Translation Initiation Factor 4G Family in Plants

Translational activity of eIF4E depends on its interaction with eIF4G when forming
eIF4F complex. Higher plants have at least two variants, eIF4G and eIF(iso)4G,
each displaying high-affinity interactions with eIF4E and eIF(iso)4E, respectively.
It was demonstrated that the subunits might be interchangeable in vitro, but with
significantly lower affinity [26], supporting that in vivo, each complex is formed
with high specificity [1]. In Arabidopsis, eIF(iso)4G is encoded by two different
genes, eif(iso)4g1 and eif(iso)4g2, which are distinct from eIF4G, but also func-
tionally differ from each other. The single mutants eifiso4g1 and eifiso4g2 do not
display obvious phenotypes, while double mutants on these genes are significantly
affected in their growth and reproduction as well as in the stress response. Hence,
the remaining eIF4G, forming a complex with eIF(iso)4E or not, is unable to
substitute the eIF(iso)4F function during plant development [28].

The functional specialization of wheat eIF4G and eIF(iso)4G has been better
supported experimentally than that of eIF4E and eIF(iso)4E. In vitro assays
revealed that eIF4G preferentially stimulates cap-independent translation by bind-
ing a pseudoknot structure at the 5′ tobacco etch virus (TEV) UTR [29]. Also,
mixed wheat eIF4G/eIF(iso)4E and eIF(iso)4G/eIF4E complexes display more
similar activity to the native eIF4F and eIF(iso)4F in vitro translation experiments,
suggesting that the large subunit of the complex might be driving mRNA preference
[26]. A recent analysis of eIF4G isoform function, regarding reporter mRNA sta-
bility and translation, in the available Arabidopsis mutants revealed that eIF(iso)
4G1 and eIF(iso)4G2 are functionally distinct, the activity of eIF(iso)4G2 being
more similar to eIF4G [30]. This finding and the fact that the eIF(iso)4G2 sequence
features are present only in Brassicaceae suggest that members of the eIF4G family
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have developed specialized functions in mRNA recognition depending on 5′UTR
characteristics and probably on the protein-protein interactions proper of each
organism. eif4 g or eif(iso)4 g single mutants were also associated to virus resis-
tance [31–33]. Noticeably, the reported virus specificity for eIF4E or eIF(iso)4E is
not mirrored by eIF4G/eIF(iso)4G [13]. This suggests the existence of a complex
interplay of each subunit in the eIF4F and eIF(iso)4F complexes with additional
protein partners to exert specific regulatory mechanisms in plant development and
in response to viral infection challenges.

4 Evolution of Plant eIF4E Family Members

Phylogenetic analyses on eIF4E and eIF4G sequences available from Viridiplantae
sequenced genomes suggested that eIF(iso)4E appeared for the first time in flow-
ering plants, while eIF(iso)4G is more ancient and all sequenced genomes contain at
least one copy of this isoform [14]. In these analyses, two eIF4E family members
were reported for Gymnosperms, one resembling the more conserved plant eIF4E
and the other being different from the canonical eIF4E, but also distinct from eIF
(iso)4E. Since both eIF4G and eIF(iso)4G are in Gymnosperms, it is possible that
each eIF4E displays particular affinity for eIFiso4G or eIF4G. However, proving
this hypothesis requires biochemical characterization of the Gymnosperm eIF4F
subunit joining. A phylogenetic reconstruction with currently available eIF4E
Viridiplantae sequences, based on the core region, is represented in Fig. 1. The
log-likelihood of this tree under the JTT + I + G amino acid substitution model was
−22230.103749. The tree was inferred from the amino acid alignment of the core
region of plant and green algae eIF4E-like proteins. Confidence values for each
internal split of the tree were computed from bootstrap replicates in which RAxML
was allowed to halt bootstrapping automatically when convergence criteria were
met (108 bootstrap replicates). The tree shows that the eIF4E family from vascular
plants is divided into three main paralogous lineages: a clade of 4EHP-like
sequences, an eIF4E-like clade and an eIF(iso)4E-like clade.

The eIF4E-like and eIF(iso)4E-like clades appear to be sister to each other,
forming a monophyletic group (albeit with low bootstrap support), which in turn is
sister to the 4EHP-like lineage. The monophyly of each one of these three groups is
well supported by bootstrap values: 63 % for the eIF4E-like clade, 83 % for the
monophyly of seed plants eIF(iso)4E-like sequences (although support drops to
51 % if sequences from bryophyta and lycopodiophyta are included in this lineage)
and 100 % for the lineage of 4EHP-like sequences from vascular plants.

The longest branch of this phylogeny of plant eIF4E family is at the base of a
monophyletic group of sequences from green algae and, intriguingly, Amborella
trichopoda. If the tree is rooted at his longest branch, a grade that also contains
sequences from green algae is formed adjacent to the 4EHP-like clade. However, in
a previous analysis, 4EHP-like sequences were considered absent from green algae
[14]. In our phylogenetic analysis the 4EHP-like clade contains sequences from
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mosses and club mosses, a gymnosperm and angiosperms (including Amborella
trichopoda). Interestingly, neither the eIF4E nor the eIF(iso)4E clades are as diverse
as the 4EHP-like clade. For instance, eIF4E-like sequences include one from Picea
sitchensis (a gymnosperm) but not from any moss or club moss, whereas the eIF

Fig. 1 Maximum likelihood phylogeny of eIF4E proteins from Viridiplantae. An initial reference
alignment of members of the eIF4E protein family from plants was taken from the Pfam database
(Pfam no. PF01652). From this alignment we discarded regions that did not corresponded to the
well-conserved “core” of eIF4E-like proteins [2]. The conserved cores of Arabidopsis eIF4E
paralogs were used as queries or pBLAST searches on NCBI’s RefSeq database as well as on
Phytozome (http://www.phylo.org/). The retrieved sequences were aligned to the core via the–
addlong function of the MAFFT alignment program. The JTT model of amino acid substitution
was picked as optimal. The maximum likelihood phylogenetic reconstruction was performed on
the RaXML program, version 7.0 [101] running on the CIPRES Science Gateway [102]. The
coloring of branches indicate three well-supported monophyletic clades: green branches corre-
spond to 4EHP (formerly nCBP) sequences (bootstrap support for the monophyly of this clade
100 %), red branches correspond to eIF(iso)4E sequences (bootstrap support 83 %), and blue
branches correspond to eIF4E-like sequences (support 63 %). Asterisks highlight the two
sequences belonging to Gymnosperm
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(iso)4E-like clade is closely allied to sequences from Selaginella moellendroffii and
Physcomitrella patens, but none from gymnosperms.

The order of nesting of these monophyletic groups as well as the taxonomic
provenance of their constituents is compatible with a scenario in which an ancestral
cap-binding protein already existed in algae. Then, in the ancestor of vascular plants
an original single copy gene suffered a duplication that gave rise to the 4EHP-like
lineage and the eIF4E-like plus eIF(iso)4E-like lineage. The secondary duplication
that gave rise to eIF4E and eIF(iso)4E appears to have followed shortly. Because of
its closeness to algal sequences, it would appear that 4EHP retains characteristics
akin to those of the ancestral cap-binding protein.

5 Evolutionary and Biochemical Interpretations
for the Presence of Multiple eIF4E Family Members
in Plants

Flowering plants encode eIF4E and eIFiso4E belonging to class I. At least one of
them is needed for survival; 4EHP-like proteins, or even Arabidopsis eIF4E-related
eIF4Eb and eIF4Ec proteins, if expressed, are unable to fulfill their function in plant
translation. As part of eIF4F and eIFiso4F complexes, they exhibit distinct speci-
ficity for mRNA binding and translation in vitro [3] and in vivo [34]. Thus, a major
relevance is attributed to eIF4G or eIF(iso)4G in each complex. This subunit prefers
particular sequences and structures in the mRNA 5′UTR [18, 29], and eIF4(iso)G is
required for Arabidopsis normal development [28]. eIF(iso)4G seems to have
evolved before eIF4E diversification [14]. The phylogenetic tree from currently
available eIF4E sequences (Fig. 1) supports the notion that eIF(iso)4G might have
had as partner an original eIF4E sequence (i.e., the single eIF4E from modern green
algae) sharing characteristics between the class I and class II eIF4E proteins. Upon
divergence of eIF(iso)4E, a preference of interaction with this paralog was estab-
lished for eIF(iso)4G.

How the eIF4F and eIF(iso)4F complexes support their selectivity in translation or
other cellular functions in plants remains a mystery. In animals, there is a known
regulatory mechanism in eIF4E activity regulation by the binding of proteins dif-
ferent from eIF4G through a similar motif (YXXXXLΦ). This mechanism selec-
tively operates for different eIF4E family members, depending on protein-protein
affinity and particular mRNA sequences [35]. The most studied of such proteins in
animals are 4E-BP1, 2 and 3. They act as sensors of stress and nutrient availability
through a phosphorylation cascade involving the mammalian target of rapamycin
(mTOR) pathway [35, 36]. Stimulating the pathway by nutrients and growth factors
phosphorylates 4E-BPs, releasing eIF4E for binding eIF4G and promoting transla-
tion. Under stress, unphosphorylated 4E-BP binds eIF4E, thus preventing its inter-
action with eIF4G and repressing translation. Other characterized eIF4E-interacting
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proteins are development-related proteins that act on specific mRNA translation
regulation [10, 37].

Although the TOR pathway is essentially conserved in plants and responds to
nutrient, hormone and stress signals [38–40], 4E-BPs are missing. Instead, eIF4E
and eIF(iso)4E protein expression patterns seem to be differentially influenced by
TOR stimulation or inhibition in maize [41, 42]. Considering eIF4F and eIF(iso)4F
mRNA selectivity, this could represent an alternative mechanism of translation
regulation in response to metabolic states. Different expression patterns of eIF4F
and eIF(iso)4F during plant development further support the possibility that each
complex undertakes specific translational activity [19, 20, 43].

There are a couple of reports on plant proteins, bearing the eIF4E-binding motif,
shown to weakly interact in vitro with eIF4E or eIFiso4E [44, 45]. However, the
in vivo interaction of eIF4E family members with these proteins or their role in
plant translation regulation has not been demonstrated. A proteomic characteriza-
tion of cap-binding complexes in maize revealed the presence of new potential
eIF4E/eIF(iso)4E or eIF4G/eIF(iso)4G interactors with a possible role during
development and stress response [46]. Further explorations of these candidates are
needed to establish whether they directly interact with eIF4E or eIFiso4E or not and
whether any of them has some relevance in translation.

6 Plant eIF4E Impact on the Specificity in Host-Virus
Interaction

Considering the early diversification of eIF4E family members in plants, differences
in their function are expected. As described above, few reports have experimentally
proven their function in vivo. However, it was evidenced that an important range of
plant viruses requires one or another eIF4E family member in their infection cycle
depending on the host [13, 27]. Naturally occurring mutants for either eIF4E or eIF
(iso)4E were identified as markers of viral resistance, particularly (but not exclu-
sively) for potyviruses (see Table 1). Potyvirus resistance was associated with
amino acid changes in the loop near the cap recognition pocket of eIF4E (Fig. 2) in
pepper, lettuce and pea [47–49]. On the other hand, natural or induced mutations
that generate truncated or null eIF(iso)4E mutants were related to potyvirus resis-
tance in Arabidopsis, pepper and plum [24, 50–52]. In some species potyviruses
have adapted to use both eIF4E and eIFiso4E, and resistance is consequently
associated with mutations in both genes. Such is the case of pepper veinal mottle
virus (PVMV) [53].

The reported susceptibility/resistance associated with eIF4E or eIF(iso)4E is
mostly based on the interaction between these proteins and the genome-linked viral
protein (VPg) covalently attached at the 5′ end of the viral-positive RNA strand [78,
79]. However, the specific eIF4E-VPg interaction alone could not fully explain the
observed relationships among the virus-host-eIF4E isoform [80–82]. Therefore, the
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involvement of additional host and viral determinants is probably required to
determine how the interaction between the initiation factors and the viral genome is
specified and what role it performs during viral infection.

Several functions have been proposed for the eIF4E/eIF(iso)4E-VPg interaction
during potyviral infection. First, it might play a role in viral RNA translation, since
VPg mimics the 5′cap of cellular mRNAs, and through interaction with a particular
eIF4E isoform it might recruit the translation machinery. Although this is feasible, it
could not fully explain the requirement of a particular eIF4E isoform depending on the
host-virus system. For example, tobacco etch virus (TEV) requires a functional eIF
(iso)4E to infectArabidopsis thaliana, but its RNA possesses a translational enhancer
at the 5′UTR, which preferentially recruits eIF4G and is translated in a
cap-independent fashion [29]. On the other hand, eIF4E, but not eIF(iso)4E, was
found as relevant for TEV infection in tomato [83]. In another scenario, eIF(iso)4G
represents a determinant in rice yellowmottle virus (RYMV) susceptibility/resistance,
and it was demonstrated that VPg directly binds to eIFiso4G rather than eIF4E iso-
forms [84, 85]. Therefore, while specific eIF4E/eIF(iso)4E-VPg interactions may be

Table 1 Natural resistance against virus determined by eIF4E family members

Common
name

Plant species Virus Resistance
determinant

References

Chinese
cabbage

Brassica rapa PPV, TuMV eIF(iso)4E (retr01) [54–56]

Pepper Capsicum spp. PVY, TEV eIF4E (pvr1; pvr2) [57–61]

Pepper Capsicum spp. PVMV, ChiVMV eIF(iso)4E (pvr6) [53, 61]

Watermelon Citrullus lanatus ZYMV eIF4E [62]

Muskmelon Cucumis melo MNSV eIF4E (nsv1) [63, 64]

Barley Hordeum vulgare BaMMV, BaYMV eIF4E (rym4/rym5) [65–67]

Lettuce Lattuca sativa LMV eIF4E (mo1) [48, 68]

Green tomato Solanum
habrochaites

PVY, TEV eIF4E (pot1) [69]

Common
bean

Phaseolus
vulgaris

BCMV, ClYVV eIF4E (bc3) [70, 71]

Pea Pisum sativum PsBMV, BYMV,
ClYVV

eIF4E
(sbm1/wlv/cyv2)

[49, 72–
75]

Apricot Prunus armeniaca PPV eIF4E [76]

This table only includes natural mutations of eIF4E family members as determinants of virus
resistance. For a complete panorama on eIF4E/eIF(iso)4E-mediated resistance, see reference [13].
BaMMV barley mild mosaic virus; BaYMV barley yellow mosaic virus; BCMV bean common
mosaic virus; BYMV bean yellow mosaic virus; ChiVMV chilli veinal mottle virus; ClYVV clover
yellow vein virus; LMV lettuce mosaic virus; MNSV melon necrotic spot virus (Tombusviridae);
PPV plum pox virus; PsBMV pea seed-borne mosaic virus; PVMV pepper veinal mottle virus; PVY
potato virus Y; TEV tobacco etch virus; TuMV turnip mosaic virus; ZYMV zucchini yellow mosaic
virus. Except noticed, all viruses belong to the Potyviridae family. BaMMV and BaYMV are
bymoviruses, the rest are potyviruses
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used in viral RNA translation for some virus-host combinations, it probably has
additional roles in the infection cycle.

Second, a sequestration of eIF4E/eIF(iso)4E by VPg might inhibit global or
specific cellular translation to favor viral RNA translation during the virus infection
cycle [86, 87]. There are a number of viral strategies that impair the proper inter-
action between components of the translation machinery and decrease cellular
translation upon virus infection [13]. However, global translation is not usually
affected by the absence of one of eIF4E family members. Hence, sequestration of
either eIF4E or eIF(iso)4E from translation would not greatly impact cellular pro-
tein synthesis. Nevertheless, it could promote changes in specific mRNA translation
[34]. An indirect effect of sequestering a particular eIF4E isoform could be the
translation inhibition of particular host factors used in plant defense against viral
infection.

Third, specific interaction between eIF4E isoform-VPg and/or other viral and
host factors might drive viral replication, location to particular cellular compart-
ments and viral movement to systemic tissues to achieve a successful viral [80–82,
88]. A particular co-localization of the turnip mosaic virus (TuMV) precursor NIa
(VPg + Pro) with eIF(iso)4E, eEF1A and PABP in membrane-associated viral
replicating vesicles suggests a possible role for these factors in viral RNA repli-
cation [89–91]. In addition, mutation of eIF4E or eIF(iso)4E is related with
restricted cell-to-cell or systemic movement for some potyviruses [49, 50].

Fig. 2 A 3D ribbon diagram based on wheat eIF4E structure [77]. Amino acid positions relevant
for potyvirus resistance are shown. Residue G94 shaded in red represents G107R mutation affecting
both VPg and cap binding and is associated with virus resistance in pepper, tomato and pea. Blue-
shaded residues represent other positions where substitutions affect only VPg binding
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Furthermore, the interaction between eIF(iso)4E and the TEV coat protein
(CP) might facilitate the viral systemic movement in Arabidopsis [81]. A direct
interaction between eIF4E or eIF(iso)4E and the viral helper component proteinase
(HcPro) has also been demonstrated for potyviruses [92]. Hence, multiprotein
interactions likely underlay host-virus specificity regarding the eIF4E isoform
resistance determinants. A recent report found that complementation of
TEV-resistant Arabidopsis eifiso4e mutant with a susceptible eIF4E allele from
pepper was able to restore particular TEV accession susceptibility [93]. This was
surprising since the pepper eIF4E sequence is much more similar to Arabidopsis
eIF4E than to eIF(iso)4E (Fig. 1). A plausible explanation for the complementation
outcome is that the pepper susceptible eIF4E was able to interact with particular
viral determinants in a host-independent fashion. Supporting this, the overexpres-
sion of this allele, but not of Arabidopsis eIF(iso)4E, conferred susceptibility to a
different TEV accession that is normally unable to infect Arabidopsis.

7 Positive Natural Selection for Virus Resistance in Plant
eIF4E and eIF(iso)4E

Natural variation and functional analyses evidenced co-evolution between eIF4E
and potyviral VPg [60, 67, 94]. The resistance-conferring mutations on eIF4E
represent an important tool in plant defense mechanisms and adaptation [47–49, 57,
69]. Based on the resolved wheat eIF4E structure, mutated amino acids locate
mainly in two regions on the protein surface, one near the cap-binding pocket and
another rotated 90° from this pocket [77]. Most of the resistant mutants carry more
than one amino acid substitution, making it difficult to understand the significance
of each mutation. A nice functional analysis was performed for the pepper pvr1
(eIF4E) resistant allele, where dissected alterations revealed the role of corre-
sponding amino acids in affinity with potyviral VPg in planta [47]. The study found
that G107R (G94 for wheat; Fig. 2) near the cap-binding pocket is able to disrupt
both the VPg interaction and the cap binding, while L79R (I66 for wheat, Fig. 2),
located within an external loop, strongly affected VPg, but not cap binding.
Therefore, the optimal interaction of VPg and eIF4E requires at least two binding
sites, and one is closely related to the cap-binding site. Mutation of glycine 107 is a
critical amino acid substitution to gain resistance against viruses not only for pepper
(pvr1; [59]), but also for lettuce (mo1; [48]), tomato (pot-1; [69]) and pea (sbm1;
[49]). Additional mutations observed in all these mutant alleles could act to min-
imize the costs of cap-binding impairment or to reinforce the VPg-binding dis-
ruption associated with resistance.

In vitro interactions between eIF4E and cap analogs or potyviral VPg have
shown that VPg interaction and cap binding are not mutually exclusive, although
the binding of one ligand reduces the affinity for the other [78]. Taking together the
mutational analysis, in vitro experiments and distribution of substituted amino acids
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on eIF4E structure, it is proposed that the VPg-binding domain partially overlaps
with the cap-binding domain, but does not necessarily affect the cap binding. The
precise contact points between eIF4E and potyviral VPg are optimized for each
potyvirus and host system. Distinct eIF4E isoforms are preferred depending on the
host, and only specific combinations of mutations lead to virus resistance [74]. For
example, the pvr6 locus in pepper represents a null allele of eIF(iso)4E, which in
combination with pvr2 (eIF4E point mutations) allows PVMV resistance [53, 61].
Therefore, in some cases acquiring virus resistance might render defective functions
for eIF4E family members at the cellular level. The presence of multiple eIF4E
proteins in plants might compensate for the lack of function for one of the members
[24, 25], allowing the evolution of resistance [68, 94, 95]. Some species, like
pepper or Arabidopsis, might offset the cost of mutations on eIF4E by taking
advantage of additional paralogs, different from eIF(iso)4E and 4EHP, although
their function in cellular translation is uncertain [14, 23]. Nevertheless, even the
presence of such paralogs might not be sufficient to fulfill expected functions of a
particular eIF4E family member under non-optimal growth conditions.

Viruses have also evolved to overcome natural resistance mediated by eIF4E or
eIF(iso)4E mutants [94, 96, 97]. Particularly, amino acids of the VPg central domain
involved in eIF4E binding are subject to positive selection to restore an interaction
with the mutated resistance protein [96]. A co-evolution of both the eIF4E resistance
determinant and VPg avirulence factor might lead to the diversification of both genes
[60, 95] in the context of particular plant-virus systems and geographical contexts
[75]. Initial evolutionary studies were performed mostly at the intraspecific level or
involved a small number of species with available data on resistance-related point
mutations [67, 94, 96]. These studies revealed that although eIF4E is highly con-
strained [analyses that average the ratio of non-synonymous-synonymous substitu-
tions (dN/ds) over the whole length of the sequence yield a strong signal of negative
natural selection], particular amino acid positions appear under positive natural
selection, including some of the amino acids relevant for cap binding. Testing the
available eIF4E allele sequences for pepper, tomato and pea by two different
methods, a phylogenetic analysis using maximum likelihood (PAML) and hypoth-
esis testing using phylogenies (HyPhy), found ten positions as positively selected,
from which seven corresponded to resistance mutations [94]. Between these, the
G107 position in pepper and pea (G94 in wheat, Fig. 2) and AA76–77 (VA60–61 in
wheat, Fig. 2) were found under positive selection by both methods.

In a more recent report, 22 eIF4E sequences belonging to different plant species
including monocots and dicots were tested for natural selection, revealing only four
positions under positive selection [95]. Two of these positions corresponded to
reported resistance-related substitutions in pepper and pea, while the other two had
not been previously associated with virus resistance. In this analysis, the position
corresponding to G107 (G94 in wheat) did not appear under positive selection,
suggesting that it might be relevant in host-virus interaction only for a narrow group
of plant species. Since resistance-associated mutations were reported only for 7 out
of 22 analyzed species, it is possible that positions not associated with known virus
resistance are relevant for a similar purpose or for different adaptive processes in the
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remaining species [95]. Alternatively, the possibility remains that the position
corresponding to G107 indeed plays a role in virus resistance for any of the species,
but that resistance has appeared independently as pressure was exerted only in
particular contexts. If this is the case, only a series of analyses focusing on dN/dS
rate patterns among alleles and paralogs within species would be able to detect the
signature of positive natural selection.

Taking advantage of pea germplasm diversity and the systematic screening of
eIF4E resistance alleles in a high number of accessions with known geographical
origins, a recent analysis exposed the frequency of resistance-associated allelic
diversity and their relationship with domestication [75]. At least in pea, the several
virus-resistance eIF4E alleles did not appear in wild accessions, whereas they
showed a particular clustering according to different regions of the cultivated
crop. Similar results were reported for barley eIF4E haplotypes, where higher
mutation frequency was also coincident with regions of early cultivation and high
bymovirus incidence [67]. This supports that evolution of resistance proceeded
independently in wild and crop species, suggesting that viruses had greater impact
as agriculture developed.

Curiously, high evolutionary constraints were also found for potyviral VPg [60,
95, 96]. Most amino acid substitutions under positive selection belong to the central
domain of the protein and are involved in overcoming eIF4E-mediated resistance
with different infection spectrums [98, 99]. The co-evolutionary pattern of amino
acid substitutions in eIF4E and VPg could have important consequences for each
particular pathosystem. For eIF4E, mutations conferring resistance and maintaining
generally unaltered cellular function are accepted within each specific genetic
background. Several mutations impacting the resistance (VPg interaction) could
probably contend with the reciprocal counter-evolution of viral VPg for a longer
time. On the other hand, VPg mutations to overcome eIF4E resistance might impact
its interaction with several targets at the same time, allowing pleiotropic
pathogenicity effects [99].

The durability of some pepper eIF4E resistance alleles has been also evaluated in
the context of co-evolutionary history for eIF4E and potyviral VPg [95]. This study
evidenced a positive correlation between the resistance spectrum and its durability,
suggesting that the spectrum of action of resistance alleles might be actually used as
predictor of their potential durability in the pathosystem. Also, additional alleles,
such as pvr6 and the genetic background in pepper pvr2 accessions, were shown to
play an important role in the frequency of resistance breakdown [97, 100].
Therefore, evaluation of the spectrum broadness in reported resistance alleles, as
well as the quantitative resistance in different genetic backgrounds and habitats,
would provide better understanding of the evolution of eIF4E-mediated resistance
against viruses.
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8 Concluding Remarks

The greater availability of completely sequenced plant genomes increases our
understanding on eIF4E evolution in combination with other components of the
translation machinery. However, in vivo functional analyses are still scarce and
unable to decipher whether paralogs within each species are required for specific
functions in translation regulation or other cellular processes. Testing the available
eIF4E family member natural or induced mutants under diverse stressful conditions,
as well as uncovering their potential cellular targets and interactors, would shed
light on the associated regulatory mechanisms and the relevance of their conser-
vation throughout evolution. Regarding their pivotal role in plant-virus interaction,
future work should aim at a deeper understanding of the mechanisms underlying
family member-virus-host specificity and exploration of the role exerted by addi-
tional components associated with the eIF4E-VPg complexes. Evolutionary anal-
yses for eIF4E variants within species, or groups of closely related species, and
their relationship with viral VPg co-evolution are promising tools for
virus-resistance field management. However, is there a cost for the spread of mutant
eIF4E versions? In other words, how would plants with impaired eIF4E and/or eIF
(iso)4E contend with other stressful conditions, such as temperature, salinity or
drought? Combinatorial biotechnological, genetic and biochemical approaches
would surely contribute to answering these questions, not only for the model plant
Arabidopsis, but also for agriculturally relevant species.
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Evolution of eIF4E-Interacting Proteins

Greco Hernández, Kathleen M. Gillespie, Tsvetan R. Bachvaroff,
Rosemary Jagus, Cátia Igreja, Daniel Peter, Manuel Bulfoni
and Bertrand Cosson

1 Introduction

Regulation of gene expression at the translation level is fundamental for many
cellular and developmental processes. In eukaryotes, the vast majority of mRNAs
are translated in a cap-dependent manner. During the initiation step of this mech-
anism, a preassembled 43S preinitiation complex (PIC) is targeted to the capped 5′-
end of the mRNA through the interaction of the cap-binding protein eIF4E, with the
scaffold protein eIF4G, the DEAD-box RNA helicase eIF4A and eIF4B (also
eIF4H in mammals) [1–4]. Helicase eIF4A, bound to eIF4G, is thought to expose a
single-stranded region in mRNA for interaction with the ribosome. Binding sites in
eIF4G for either eIF3 (in mammals) or eIF5 and eIF1 (in yeast) facilitate recruit-
ment of the 43S PIC to eIF4G bound at the cap structure [1, 5]. In many eukaryotes,
eIF4G also harbors a binding site for the poly(A)-binding protein (PABP) that,
together with an RNA-binding domain in the middle region of mammalian eIF4G,
increases the stability of the assembly of eIF4E, eIF4G and eIF4A to the 5′ end of
mRNA and promotes circularization of mRNA to improve initiation efficiency in
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repeated rounds of translation [1–4]. This ‘closed-loop’ model of translation initi-
ation hypothesizes that mutual interactions of eIF4E, eIF4G and PABP hold the 5′
and 3′ ends of mRNA in close proximity and promote recruitment of the small
ribosomal subunit to the mRNA 5′ end. The ribosomal complex thus formed is
termed a 48S pre-initiation complex. This complex scans in a 5′ ➜ 3′ direction
along the 5′-UTR to reach the start codon, usually an AUG. The interaction
eIF4E-eIF4G is one of the most critical events regulating mRNA recruitment and
offers a major target for regulation of gene expression [1–4].

In the 1990s, it was discovered that mammalian eIF4E is regulated by three
phylogenetically related proteins, termed eIF4E-binding proteins (4E-BPs) 1, 2 and 3
[6–8]. 4E-BPs share with eIF4G the eIF4E-binding motif (4E-BM) YX4Lϕ (where X
is any amino acid and ϕ is a hydrophobic residue), which interacts with the dorsal
surface of eIF4E. Thus, the 4E-BPs act as competitive inhibitors of the interaction of
eIF4E with eIF4G, thereby repressing cap-dependent translation [9–12]. In mammals
and Drosophila, the 4E-BPs are able to respond to changes in nutrient status and
diverse stress stimuli, growth factors and hormones, through signaling via the mTOR
pathway downstream of the P(I)3k signaling pathway. The activity of 4E-BPs is
controlled by its phosphorylation state: hypophosphorylated 4E-BP shows high
affinity for eIF4E; in contrast, phosphorylation results in reduced affinity for eIF4E and
prevents the ability of 4E-BP to competitively inhibit eIF4G binding to eIF4E [13–18].
Hypophosphorylated 4E-BP selectively regulates certain classes of mRNAs such as
those possessing terminal oligopyrimidine tracts (5′-TOP and 5′-TOP-like) [19].
Following the discovery of mammalian 4E-BPs, additional eIF4E interacting proteins
have been identified in diverse organisms (Tables 1 and 2 [20–23]). Since these are
not phylogenetically related to the mammalian 4E-BPs, in this chapter they are termed
“4E-interacting proteins (4E-IPs)” as has been proposed previously to distinguish them
from the 4E-BPs [22]. Recent examples of 4E-IPs also include proteins that enhance
translation [24] or initiate mRNA decay [25].

With the rapid advance of genome-wide sequencing of hundreds of species from
disparate lineages, it has become apparent that most organisms possess not just the
cap binding translational initiation factor eIF4E, but also a family of eIF4Es that
serve a range of functions [80–86]. These eIF4E cognates often exhibit differential
expression and varying abilities to interact with the cap, eIF4G or 4E-BP/4E-IPs.
Thus, diverse 4E-IPs may interact differently with the many eIF4E cognates across
eukaryotes. In this chapter, we discuss recent research showing that, in contrast to
the monophyletic origin of eIF4Es, 4E-IPs have arisen independently multiple
times, often co-opted by preexisting molecules with a wide range of original
functions to bind to eIF4E to regulate mRNA recruitment in eukaryotes [22].

1.1 eIF4E Diversification

While the general process of translation is well conserved across all forms of life, in
eukaryotes the initiation step and the number of mechanisms to regulate it have
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undergone a substantial increase in complexity as compared to prokaryotes. Only
three initiation factors, IF1, IF2 and IF3, are required to place the small ribosomal
subunit at the start codon in eubacteria [87]. Archaea possess a larger number of
translation initiation factors: at least six translation initiation factors, which contain
up to three subunits [88–90]. In contrast to mRNA recruitment in the prokaryotic
life domains, in eukaryotes there is a need for mechanisms to shuttle the transcripts
into the cytoplasm and provide for their protection against degradation. This has
complicated the process of mRNA recruitment; eukaryotic translation initiation
relies on a scanning mechanism to locate the start codon in mRNAs with 5′-
protected caps and involves 13 core initiation factors, some of which are large,
multimeric complexes [1, 4]. Accordingly, with the exception of eIF5, all the
eukaryotic-specific initiation factors, eIF4E, eIF4G, eIF4B, eIF4H (some lineages),
eIF3 and poly(A) binding protein, PABP, are involved in the 5′-cap-binding and
scanning processes [91–93]. The increase in complexity of the translation initiation
step during eukaryotic evolution [22, 88, 89, 92, 94–96] promoted the increase of
the number of initiation factors, such as eIF4E, as well as the evolution of new
regulatory mechanisms, such as the arousal of a plethora of 4E-IPs in different
lineages [22, 91, 92].

eIF4E is a highly conserved protein across eukaryotes. It is defined by the
cupped hand structure within which the mRNA cap is bound. This novel fold is

Table 1 4E-IPs with known role in translation

Protein Binding
partner

Organism Biological process Reference

4E-BP1
4E-BP2
4E-BP3

eIF4E-1A Mouse,
human,
zebrafish

Cell cycle progression, cell growth
and proliferation; synaptic plasticity
and memory formation

[6–8, 11,
26]

4E-BP/Thor eIF4E-1 Drosophila Resistance to viral and microbial
infections; fat metabolism and
response to nutrient starvation

[27, 28]

4E-BP eIF4E-1 Echinoderm Embryonic development [29, 30]

Neuroguidin eIF4E-1 Mouse Neurogenesis [31]

Angel1 eIF4E-1 Human Endo-/exo-nuclease-phosphatase
domain-containing protein; no
known biological role

[32]

Brain tumor
complex

4E-HP* Drosophila Embryo patterning and neurogenesis [33]

p20 eIF4E S. cerevisiae Pseudohyphal growth under lack of
nitrogen

[34–37]

Mextli eIF4E-1**
eIF4E-2**
eIF4E-3**
eIF4E-4**
eIF4E-7**

Drosophila Oogenesis; germ line stem cells
maintenance and early
embryogenesis; promotes translation

[24]

Leish4E-IP LeishIF4E-1 Leishmania Promastigote-specific protein [38]

** Class I eIF4E
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Table 2 4E-IPs involved in additional biological processes independent of translation

Protein Binding partner Organism Biological process Reference

GEMIN5 eIF4E-1A Human WD repeat domain-containing
protein; RNP assembly; RNA
transport; RNA alternative
splicing; apoptosis; motor
neuron system development

[39, 40]

PML eIF4E-1A Human Nuclear mRNA export and DNA
repair; cell growth and apoptosis

[41, 42]

GYGYF2a 4E-HP/eIF4E-2 Human Glycine-Tyrosine-phenylalanine
(GYF) domain-containing
protein; insulin metabolism

[43]

CYFIP1 eIF4E-1A Human FMRP-interaction factor during
neuronal activity; actin
polymerization

[44]

LRPPRC eIF4E-1A Human Leucine-rich pentatricopeptide
repeat containing protein;
Mitochondrial RNA transport
and expression; nuclear mRNA
metabolism; neurogenesis;
mitochondrial unfolded protein
response

[45, 46]

PRHb eIF4E-1A Human Homeobox transcription factor;
hematopoiesis

[47]

HOXA9 eIF4E-1A Human Homeobox transcription factor;
hematopoiesis.

[48]

Belle/DDX3 eIF4E-1-1A
eIF4E-1*

Human;
Drosophila

DEAD box RNA helicase;
Transcription; RNA splicing and
transport; development

[49–52]

EMX2c eIF4E-1A Mouse Homeobox transcription factor;
neurogenesis

[53]

PREP1 4E-HP/eIF4E-2 Mouse Homeobox transcription factor;
embryo development;
hematopoietic stem cell biology

[54, 55]

4E-Td/Cup Drosophila
eIF4E-1; Xenopus
eIF4E-1B; human
eIF4E-1A, -1B,
4E-HP/eIF4E-2

Human;
Drosophila;
Xenopus

Nucleo-cytoplasmic shuttling
protein; RNA decay and P-body
formation; repression of
translation; important for
oogenesis and embryogenesis in
Drosophila and Xenopus

[21, 25,
56–61]

Bicoid 4E-HP* Drosophila Homeobox transcription factor;
embryogenesis

[33]

Ago2–
RISCe

complex

eIF4E-1* Drosophila RNA interference machinery [62]

Diap1f eIF4E-1* Drosophila Inhibitor of apoptosis; epithelial
tracheal tube morphogenesis

[63–65]

Eap1g eIF4E S. cerevisiae Walker A motif-containing
protein; genetic stability

[37, 66–
68]
(continued)
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characteristic of the eIF4E family, as exemplified by the prototypical mouse eIF4E
[PDB:1L8B] [97, 98]. The mRNA cap-binding region is found within a conserved
core of 160–170 amino acids containing eight aromatic residues with conserved
spacing [81]. The secondary structure consists of eight antiparallel beta sheets and
three major alpha helices [97, 98]. The beta sheets line the binding pocket, and
recognition of the 7-methylguanosine moiety is mediated by base
sandwich-stacking between conserved aromatic (usually tryptophan) residues [97,
98]. Alpha helix one, containing the recognition motif of S/TVXXW, interacts with
eIF4G and 4E-IPs [10]. All eIF4E cognates for which there is a structure or which

Table 2 (continued)

Protein Binding partner Organism Biological process Reference

PGL-1h IFE-1** C. elegans RGG-box protein; Component of
P-granules; germline
development.

[69, 70]

SPN-2i IFE-1**
IFE-2**
IFE-3**
IFE-5**

C. elegans Protein with partial similarity to
human 4E-T and Drosophila
Cup; Spindle formation during
meiosis

[71]

Maskin eIF4E-1A Xenopus Transforming acidic coiled-coil
(TACC3)-motif-containing
protein; oogenesis; cell division;
Mitotic spindle assembly and
microtubule growth during
mitosis

[72–76]

CPEBj eIF4E-1B Xenopus Regulates polyadenylation of
mRNAs important for oogenesis
and neurogenesis

[56]

Z protein eIF4E-1A Human
arenavirus

Viral life cycle [42]

VPgk eIF4E***
eIF(iso)4E***

Plant
potyviruses,
vertebrate
caliciviruses,
and
picornaviruses

Viral life cycle [77–79]

*Class II eIF4E
**Class I eIF4E (binds mono- and tri-methylated caps
***Class I eIF4Es
aGrb10-interacting GYF protein 2;
bProline-rich homeodomain;
cVertebrate homologue of Drosophila gene empty spiracles;
deIF4E-transporter;
eArgonaute2-RNA-induced silencing complex;
fDrosophila inhibitor of apoptosis protein;
geIF4E-associated protein
hP-granule protein;
iSpindle orientation defective;
jCytoplasmic polyadenylation element-binding protein;
kViral genome-linked protein

Evolution of eIF4E-Interacting Proteins 211



have been modeled correspond to this three-dimensional core structure, although
mammalian eIF4E-3 seems to recruit additional contacts to offset the decline in
binding energies caused by the Trp to Cys substitution [99]. These findings argue
for a monophyletic origin of eIF4E [93].

Expansion of the eIF4E family has occurred across the eukaryotic domain, from
excavates (such as the trypanosomes) and alveolates (such as the dinoflagellates) to
the different multicellular lineages. Multiple eIF4E family members (between 1 and
15) have been identified in a wide range of organisms that include plants, flies,
mammals, frogs, fish, birds, nematodes and various protist lineages [80–84, 86,
100]. It seems likely that the wide eukaryotic radiation into many ecological niches,
whether of unicellular protists or multicellular organisms, as well as the develop-
ment of multicellular organisms from a single cell, and the physiological special-
ization of cells into different cell types and tissues in multicellular organisms,
represented the driving force for expansion of the eIF4E family. Thus, a single early
eIF4E gene underwent a series of gene duplications throughout evolution, gener-
ating multiple structural classes and in some cases subclasses. Some eIF4Es support
general translational initiation. Others promote or inhibit translation of specific
mRNAs or classes of mRNAs. Some are involved in translation in response to
stress; others show variable biochemical properties or affinities for different cap
structures, or may not be involved in translation at all [80].

It has been noted that the nomenclature for eIF4E family members has evolved
with confusion [99]. One proposed classification has divided the different members
of the eIF4E family from metazoans and fungi into structural classes: class I, class
II and class III, to give eIF4E-1, eIF4E-2 and eIF4E-3 and subclasses of these [81].
Three structural classes of eIF4E have been recognized in plants, fungi and
metazoans, most easily apparent by variations in the residues equivalent to Trp-43
and Trp-56 (as per the numbering in human eIF4E-1) [81]. Class I members contain
both Trp residues; class II members (also named 4E-HP) contain Tyr, Phe or Leu at
the first position and Tyr or Phe at the second position; class III proteins contain Trp
at the first position and Cys or Tyr at the second position. Subclasses of eIF4Es in
each class can be given additional letter designations, after the class designation,
but these would only be equivalent within taxa. Class I members include the
prototypical initiation factor but may also include eIF4Es that recognize alternative
cap structures such as IFE-1, -2 and -5 of Caenorhabditis elegans [101, 102] or
eIF4Es that fulfill regulatory functions such as the vertebrate eIF4E-1Bs [26, 56,
103] and the class I eIF4E-3 of Drosophila [104].

Phylogenies of the eIF4E family are in general poorly resolved, but strongly
support monophyly of metazoan and fungal classes I–III. Increasingly, this
nomenclature is in use, but has not been universally adopted by investigators
accustomed to an earlier nomenclature or because the gene name is in a public
database and its adoption would be confusing in the respective field. Drosophila
has seven different cognates of class I eIF4Es, termed eIF4E-1 to eIF4E-7 [84, 105]
in FlyBase. The class II eIF4E of Drosophila was recognized to be related to
contemporaneously discovered class II eIF4Es in vertebrates and plants termed
4EHP (for eIF4E homologous protein [106]) and nCBP (for novel cap-binding
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protein [107]), respectively. Therefore this Drosophila eIF4E was given the same
non-systematic name, 4EHP or eIF4E-8 [105, 108]. In C. elegans, eIF4E family
members have been termed IFE-1, -2, -3, -4 and -5 (with ife standing for initiation
factor of elegans) [102] in WormBase. Four of the five C. elegans eIF4E family
members, IFE-1, -2 and -3 and -5, are class I eIF4Es. IFE-3 corresponds to
mammalian eIF4E-1 and binds to monomethylated cap structures [102]. IFE-1, -2
and -5 are also class I members but interact with monomethylated and the
trimethylated cap structures found in transpliced mRNAs. Here we will keep the
FlyBase and WormBase nomenclature, indicating the class each eIF4E belongs to
as appropriate in the text and tables. Any deuterostome eIF4E will be given its
systematic name.

1.2 The Ancestral 4E-BP

4E-BPs are small, acidic, heat-stable proteins first described in vertebrates as a
three-member protein family, 4E-BP1, 4E-BP2 and 4E-BP3, that share 55 % amino
acid identity [12, 109]. 4E-BPs are involved in disparate cellular processes,
including cell cycle progression, cell growth and proliferation, longevity, synaptic
plasticity and fat metabolism, resistance to nutrient starvation and oxidative stress,
and the responses against viral and microbial infections [14–18]. Thus, 4E-BPs
have been proposed to act as metabolic “brakes” that can rapidly shut down
cap-dependent translation in response to various challenges [17, 110, 111].

In mammalian 4E-BP1 and 4E-BP3, the 4E-BM is YDRKFLM; in 4E-BP2, the
4E-BM is YDRKFLL [7]. The consensus 4E-BM is Y(D/E)RXFL(L/M) in all
4E-BPs except basidiomycetes, in which it is YSRDXLL. Similarly, the
non-canonical 4E-BM [112–116] is recognizable in all 4E-BPs except those from
basidiomycetes. In addition to the 4E-BM, each 4E-BP harbors two canonical TOR
phosphorylation sites, TPGGT and several transregulatory phosphorylation sites.
Once activated, mTORC1 phosphorylates Thr37 and Thr46 in human 4E-BP1,
which are priming sites for subsequent phosphorylation at Ser65 and Thr70 [17,
109, 117, 118]. A comparison of 4E-BPs across the eukaryotes shows that the
second TOR phosphorylation site (TPGGT) is absolutely conserved. The first TOR
phosphorylation site (TPGGT) is conserved in all 4E-BPs found except for those
from basidiomycetes in which it is missing. The residues equivalent to Ser65 and
Thr70 are universally conserved. Whether TOR phosphorylates 4E-BP in other,
so-far uninvestigated species, such as Basidiomycetes or different protists, remains
an open and exiting question.

Figures 1 and 2 show a phylogenetic analysis of the 4E-BPs across the
eukaryotes. 4E-BP is widely distributed in metazoan lineages, including sponges,
Placozoa, Hydra, jellyfish and sea anemones, but is absent in nematodes. In general,
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the 4E-BPs cluster according to the phylogenetic relationships of the species;
vertebrate 4E-BPs cluster together; mollusk 4E-BPs cluster together. Tick, spider
and Chelicerata 4E-BPs cluster together. 4E-BPs from insects cluster together, close
to those from Crustacea. 4E-BPs from Hydra, sea anemone and sponge cluster
together; those from Amoebozoa cluster together, as do 4E-BPs from basid-
iomycetes. The 4E-BPs from basidiomycetes are the most derived. Multiple cog-
nates of 4E-BPs are only found in vertebrates in which they mirror to some extent
the vertebrate expansion of eIF4Es (Gillespie et al., this book). 4E-BP has not been
found so far in choanoflagellates, a group of free-living, unicellular and colonial
flagellate eukaryotes considered to be the closest living relatives of the metazoans.
Choanoflagellates are part of the Supergroup referred to as Unikonta [119],

Fig. 1 Phylogenetic analysis of 4E-BPs. A maximum likelihood phylogeny of the 4E-BP family.
The tree was calculated using RAxML with the Jones Taylor Thornton amino acid substitution
matrix with gamma rate correction. There were 70 sequences in the alignment of 16 sites.
Bootstrap proportions >50 % of 100 replicates are shown above branches. The individual species
are given only a single letter for genus followed by the species name
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Amorphea [120] or Podiata [121], composed of the Opisthokonts (Metazoa, Fungi,
Choanoflagellata) and Amoebozoa, which are all thought to have arisen from a
common protist ancestor. Among the protist lineages, the distribution of 4E-BP is
limited. Although it is found in the Amoebozoa and Glaucocystophyta, it is not
found in the major protist lineages Alveolata, Stramenopiles, Rhizaria and Excavata
(for example, Trypanosoma and Euglena). 4E-BP is also not found in the Jakobids,
which contain the most deeply rooted eukaryotes such as Reclinomonas. In fact,
with the exception of the glaucocystophytes, 4E-BP is only found in the eukaryotic
Supergroup Unikonta/Amorphea/Podiata. The finding of 4E-BP in glaucocysto-
phytes was a surprise, since they lie outside this group and are generally considered
to represent a form close to the original algal type that gave rise to green algae, red
algae and land plants. 4E-BP is not found in plants and has a restricted distribution
in fungi, being found only in basidiomycetes as well as some glomeromycetes and
zygomycetes. If the glaucocystophytes are basal to the green algae, red algae and
plants, then they have been lost in these lineages. Figure 2 shows the distribution of
4E-BP across all eukaryotes. This distribution does not support the idea that a single
ancestral 4E-BP gene might have emerged along with eIF4E in the last eukaryotic
common ancestor (LECA).

Fig. 2 Distribution of 4E-BP and neuroguidin in eukaryotic lineages. The distribution of 4E-BPs
and neuroguidins in the eukaryotic superfamilies are shown based on the sequences found. Seven
major lineages are shown grouped into five supergroups. Multicellular lineages are shown as gray
branches. Lineages with 4E-BP are shown in red. *Lineages in which neuroguidin is found are
marked with an asterisk
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1.3 Molecular Tinkering: A Recurrent Phenomenon
for the Emergence of Novel 4E-IPs

Besides 4E-BPs, an increasing number of proteins that interact with eIF4E have
been discovered in distantly related species (Tables 1 and 2; [20–23]). They control
translation in disparate biological processes such as development, response to
different stresses or neurogenesis, sometimes in an mRNA-specific manner [12, 20–
23]. Most 4E-IPs are phylogenetically unrelated to each other or to the 4E-BPs.
Surprisingly, whereas some have a unique role in translation (Table 1), most 4E-IPs
play other or additional roles in different cellular processes such as RNP assembly,
RNA transport, alternate splicing or mRNA turnover. Many of them are home-
odomain proteins (Table 2) [22, 122]. Unique lineage-specific 4E-IPs have evolved
independently in some taxonomic groups such as p20 [34] and Eap1p [66] in yeast,
Mextli in higher dipteran and some nematodes [24], and SPN-2 in C. elegans [71].
Most 4E-IPs use the consensus 4E-BM YXXXXLϕ, or a similar one, for eIF4E
interaction. However, human promyelocytic leukemia (PML) [41], cytoplasmic
fragile X mental retardation protein (FMRP)-interacting protein (CYFIP1) [44] and
arenavirus Z protein [42] do not contain this motif. Instead, PML and Z protein bind
eIF4E via a RING motif [42] and CYFIP1 uses a peptide with a tertiary structure
that mimics the consensus 4E-BM [44].

Considering that (1) the ranges of roles that many 4E-IPs play are unrelated to
translation, (2) the lack of a phylogenetic relationship to each other and to the
4E-BPs, (3) the identification of some 4E-IPs only in specific lineages, (4) the
variability in the 4E-BM used by different 4E-IPs and (5) the wide spectrum of
protein architecture, it seems likely that the ability to bind eIF4E evolved inde-
pendently multiple times. During evolution, genes are often subject to duplication
events that can affect single genes, a stretch of several genes, whole chromosomes
or even whole genomes (WGD). After duplication events, particularly after WGD,
there is extensive gene loss and genomic rearrangements. Duplicate gene pairs can
undergo different fates; one can be lost or change to provide a new function as has
happened with the eIF4Es (Gillespie et al., this book). These processes are likely to
account for the plethora of 4E-IPs. This phenomenon was famously anticipated by
Francois Monod [123] who referred to it as “molecular tinkering” in the
pre-genomic era. Overall, the emerging view is that the ability to bind eIF4E has
been a recurrent phenomenon that has facilitated control of mRNA translation in
different tissues, developmental stages or conditions, throughout eukaryotic evo-
lution. 4E-IPs have been found in all major eukaryotic lineages although none has
been identified so far in plants. The notion that different 4E-IPs have independently
emerged either independently or by co-option of the 4E-BM by existing proteins is
illustrated in this section by the following five different examples of unique
eIF4E-4E-IP interactions that may have evolved only in specific lineages.

(1) Bicoid: The transcriptional factor Bicoid (Bcd) is a Hox protein that interacts
with class II eIF4E (4EHP/eIF4E-2), but not with eIF4E-1, during Drosophila
embryogenesis and oogenesis [33, 49, 124]. Drosophila 4EHP/eIF4E-2 is not able
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to bind eIF4G [105]; hence, it represses translation mRNAs [33, 49, 124]. During
early embryogenesis, binding of Bcd to the 3′-UTR of caudal mRNA recruits
4EHP, which associates with the cap structure, thereby blocking caudal translation.
Although caudal mRNA is evenly distributed all over the embryo, Bcd is anteriorly
localized, so 4EHP/eIF4E-2 causes specific repression of caudal mRNA translation
to give a posterior distribution of Caudal [124].

Hox proteins are transcription factors that specify morphological identities and
embryo patterning along the anterior-posterior axis across metazoan [125]. The
sister genes bcd and zerknüllt (zen) are Hox genes that emerged from a duplication
of the Hox3 gene when higher dipteran insects originated [126–128]. After this
duplication, zen and bcd retained their original function in embryo patterning but
bcd gained the novel features that gave rise to a protein with the ability to bind
4EHP/eIF4E-2 for translational inhibition of caudal mRNA. Thus, Bcd and its
function in embryo patterning are unique to close relatives of Drosophila and are
absent in all other insects [126–128]. Accordingly, non-dipteran insects evolved a
different mean to block Caudal accumulation in the anterior pole that is independent
from a Bcd-4E-HP interaction, namely through localization of caudal mRNA in the
posterior pole [127, 129]. Moreover, the 4EHP/eIF4E-2-binding motif of Bcd [124]
is absent in Zen and Hox3 [128, 130]. Thus, the Bcd-4EHP/eIF4E-2 interaction is a
feature that evolved only in higher dipterans by molecular tinkering, i.e., by
transforming Bcd from the transcription machinery into a translational regulator to
play a novel, different role. In another study, it was found that translation of
hunchback mRNA is regulated by the same 4EHP/eIF4E-2, but in this case, the
eIF4E-binding partner is Brat [33].

In a related example, from mouse oocytes, 4EHP/eIF4E-2 co-localizes with
Prep1, a homeodomain transcription factor, which contains an eIF4E-binding motif
[54]. The Prep1-4EHP/eIF4E-2 interaction seems to bridge the 3′-UTR of Hoxb4
mRNA to the 5′-cap structure suppressing its translation. This has been the first
demonstration that a mammalian homeodomain transcription factor regulates
translation. In order to determine the role of eIF4E-2 in mouse, a 4EHP/eIF4E-2
knockout was created that leads to increased translation but perinatal lethality in
mice [43]. Overexpression of Hoxb4 in mouse zygotes in vitro resulted in the
slowing of development. Since homeodomain proteins are widely distributed in
angiosperms, fungi and metazoa, including the early branching metazoan phyla,
Cnidaria, Placozoa and Porifera, more instances of translational regulation through
4E-BM-containing homeodomain proteins seem likely.

(2) Mextli: Mextli (Mxt) is a Drosophila 4E-IP that binds some eIF4E paralogs,
promotes translation, and plays a role during oogenesis and early embryogenesis.
Mextli is present in all Drosophilidae species and in C. elegans, but has no
counterpart in other eukaryotes [24]. Comparison of the Mxt primary sequence and
its predicted secondary structure strongly suggests that Mxt might have evolved
from ancestral subtilase-like proteases containing KH and HEAT domains.
Although these proteases are present across all eukaryotic phyla, the 4E-BM was
acquired only two times (in Drosophilidae and Nematoda), most likely by con-
vergent evolution.
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(3) Leish4E-IP: In the lineage of parasitic protists Leishmania spp, a 4E-IP
termed Leish4E-IP has been found that interacts only with LeishIF4E-1 among the
several eIF4E cognates in the promastigote life stage [38]. Although it is 985 amino
acids, secondary structure prediction suggests that the protein is mostly unstruc-
tured with a small-coiled coil region between amino acids 187–217. It has a
YTREELL motif close to the N terminal. Although LeishIF4E1 has been reported
not to play a role in translation [131], Leish4E-1P is found associated with
Leish4E-1 in promastigotes. Leish4E-IP is conserved in Trypanosomatidae species,
but does not have a counterpart in other eukaryote lineages and may represent a
novel 4E-IP.

(4) Angel1: The CCR4-Not complex is a central regulator of mRNA metabo-
lism. Angel (also called CCR4d/e) belongs to the family of the CCR4-like proteins
that all possess a conserved deadenylase domain. Interestingly, in vertebrates, the
Angel1 paralog acquired a 4E-BM. An ancestral gene coding for Angel, but lacking
the 4E-BM, is present in the chordates Branchiostoma floridae and Ciona intesti-
nalis, representatives of the two primary deuterostome subphyla Cephalochordates
and Urochordates. Early during vertebrate divergence, the ancestral gene coding
for Angel gave rise to two paralogs coding for Angel1 and Angel2 from a dupli-
cation of the Angel locus [132]. An extra exon coding for the 4E-BM appeared in
the Angel1 gene that has no equivalent in the Angel2 gene [32]. This motif was
acquired simultaneously or immediately after the duplication of the ancestral gene
Angel and has been conserved throughout the evolution of vertebrates. Thus, the
eIF4E-Angel1 interaction is a vertebrate-specific feature that appeared by neo-
functionalization of a duplicated copy of the Angel1 gene through the insertion of
an extra exon.

(5) Neuroguidin: Neuroguidin (Ngd) was first detected in the mouse central
nervous system in association with CPEB and is able to promote neural develop-
ment by regulating the translation of CPE-containing mRNAs [31]. Ngd is also
found in the embryonic nervous system and neural crest of Xenopus embryos. Ngd
belongs to a protein family that includes Utp3 and LCP5, which are components of
the U3 RNP. It also includes the human C1D protein and Saccharomyces cerevisiae
YHR081 W (rrp47), an exosome-associated protein required for the 3′ processing
of stable RNAs, and Sas10, which has been identified as a regulator of chromatin
silencing. Ngd contains three 4E-BMs contained in a disordered region. In addition
to binding to eIF4E, Ngd also interacts with CPEB and inhibits mRNA translation
in a CPE-dependent manner when injected into Xenopus oocytes. However, whe-
ther Ngd orthologs from different phyla bind eIF4E is not know.

Surprisingly, little work has been done on neuroguidin outside of Xenopus and
Drosophila. Notwithstanding, it is currently the only identified 4E-IP that is rep-
resented in all eukaryotic lineages. It is found in all deuterostomes, all metazoan
phyla, sponges, placozoa, jellyfish and sea anemones, Arabidopsis and rice, but also
in the major protist lineages, namely excavates (trypanosomes and Naeglaria) and
alveolates (dinoflagellates and apicomplexans). Figure 2 shows the distribution of
4E-BP and Ngd across the eukaryotic tree of life. Thus, Ngd might be the 4E-IP
candidate that arose with eIF4E in early eukaryotes, but that has been superseded in
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significance as additional 4E-IPs evolved. It would be worth experimentally testing
whether Ngd interacts with eIF4E in different lineages.

1.4 Conservation and Plasticity of the Molecular
Architecture of 4E-IP and EIF4E Interaction Across
Eukaryotes

The function of eIF4E in translation initiation depends on the binding of mRNA
and proteins to its conserved and specific surfaces (Fig. 3). The cap-binding cavity
of eIF4E resides in the concave and ventral surface of the protein formed by the
strongly bent β-sheet containing the eight antiparallel β-strands [97, 98]. At the
convex and dorsal surface, composed by the three α-helices, a conserved patch of
hydrophobic residues interacts with the canonical eIF4E-binding motif, 4E-BM,
present in eIF4G and 4E-IPs (Fig. 3, top) [9, 10, 97, 98]. A second and conserved
hydrophobic cavity on the lateral surface of eIF4E is also of crucial importance for
the association of 4E-IPs with eIF4E. At this surface, eIF4E is contacted by
sequences of 4E-IPs located usually 15–30 residues after the canonical motif. In
contrast to the canonical motifs, these sequences differ highly among all proteins
and might reflect the absence of phylogenetic relation among eIF4E partners; thus,
these were termed as non-canonical 4E-BMs (Fig. 3, bottom). These motifs con-
tribute to the binding of 4E-IPs to eIF4E and are absolutely required for their ability
to compete with eIF4G [112–116, 133, 135, 136].

Despite the diversity in function, sequence and origin, recent studies have
revealed that 4E-IPs have common binding principles when they are in complex
with eIF4E (Fig. 3). All exhibit a bipartite binding mode defined by three common
structural elements: (1) a canonical motif docked at the dorsal surface of eIF4E,
(2) an elbow loop following the canonical α-helix that the bends the protein
backbone 90 degrees downward and (3) a non-canonical motif that addresses the
conserved lateral surface of eIF4E (Fig. 4b) [112, 113, 133]. These eIF4E-binding
regions are usually located within intrinsically disordered regions (IDRs) or present
in small intrinsically disordered proteins (IDPs), such as 4E-BPs, i.e., protein
sequences that are mainly unstructured in the absence of a binding partner and
undergo a disorder-to-order transition upon binding to it [113, 138–142]. Inside
these IDRs, the 4E-BMs represent short sequence elements (also called short linear
motifs or SLiMs) that sample alternative conformations and become ordered upon
binding to eIF4E. Single motif binding is usually weak and transient, but as in the
case of 4E-IPs, flanking motifs act in a concerted and cooperative manner, pro-
viding increased affinity and specificity and enabling the reversibility of the binding
mechanism [114–116, 143]. These disordered regions evolved rapidly and have the
capability to adapt to new demands as they provided an evolutionary neutral
platform in which considerable variation can be accommodated. As such, new
functions can be gained and different proteins can be rewired to novel pathways
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Fig. 3 Molecular architecture of 4E-IPs in complex with eIF4E. (Top) View of the canonical
eIF4E-binding motifs bound to the dorsal surface of eIF4E. Close-up views of the canonical helix
of Drosophila melanogaster (Dm) eIF4G (blue) and Dm Thor (purple) in complex with eIF4E.
The consensus residues involved in the interaction with eIF4E are shown as sticks. The Arg
residues at positions 2 and 9 of the motif cover a hydrophobic patch at the dorsal surface of eIF4E.
The Leu residue in the canonical helix was replaced in Dm Thor by a Met. (Middle) Surfaces and
structure of cap-bound eIF4E. The secondary structural elements (α-helices and β-strands) are
labeled in black. The bound m7GTP cap is shown in sticks and labeled in red, and the tryptophan
residues involved in cap binding are highlighted in red. N (N terminus), C (C terminus). Protein
databank (PDB): 4UEC [112]. (Bottom) Structures of different 4E-IPs bound to eIF4E. These
structural overviews highlight the common bipartite arrangement that 4E-IPs adopt upon binding
to eIF4E. The 4E-IPs are as follows: Hs 4E-BP1 (PDB: 4UED and 5BXV), Dm Thor (PDB:
4UE8), Dm 4E-Transporter (4E-T, PDB: 4UE9) and Dm CUP (PDB: 4AXG) [112, 133, 134].
eIF4E is colored in gray and the 4E-IPs peptides in pink (4E-BP1), purple (Thor), dark green
(4E-T) or red (CUP)
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[141, 143]. The diversity of 4E-IPs, their involvement in distinct cellular pathways,
their different molecular functions and the fact that they cover a whole bandwidth of
protein complexity suggest that the IDRs of the different 4E-IPs independently
evolved the ability to interact with eIF4E.

Since the IDRs of 4E-IPs are engaged in the interaction with eIF4E, their
interfaces offer new opportunities to develop structure-guided small molecules.
Such molecules would bind to eIF4E and mimic the function of 4E-IPs halting
translation in a multitude of biological contexts. To date three small molecules have
been described to inhibit the eIF4E-eIF4G interaction. Interestingly, one of these
molecules, the 4EGI-1 inhibitor, binds like the non-canonical motif of 4E-IPs to the
lateral surface of eIF4E and displaces eIF4G from the dorsal surface by an allosteric
mechanism while it promotes binding of 4E-BP1 [133, 144, 145]. The two other
molecules, 4E1RCat and 4E2RCat, block the association of eIF4E with eIF4G and
4E-BPs, but their inhibitory mechanism is currently unknown [146, 147]. Despite
their anti-cancer activity in different cell culture systems and animal tumor models
[145, 147, 148], the selectivity and potency of these translational inhibitors require
further improvement and highlight the need to develop structure-based drugs.

1.4.1 The Canonical 4E-BM and the Dorsal Surface of EIF4E

The canonical 4E-BM is the best-conserved feature among 4E-IPs. Its consensus
sequence, YX4LΦ, folds into an α-helix upon recognition of invariant residues on
the dorsal surface of eIF4E. In detail, the LΦ residues hold the position of the
canonical motif through hydrophobic contacts with conserved Val and Trp residues
in helix α1 of eIF4E. Moreover, the His-Pro-Leu motif present at the N terminus of
strand β1 of eIF4E proteins is in contact with the Tyr residue of the canonical motifs
[10, 112, 134, 149]. In the majority of the proteins, the canonical motif is also
flanked by conserved Arg/Lys/Gln residues that shield the hydrophobic patches on
the dorsal surface of eIF4E from solvent exposure [10, 112]. These residues adopt a
similar arrangement in all structures of 4E-IPs bound to eIF4E available so far and
suggest that the canonical motif is better defined by the following sequence YX
[R/K]X2LΦX2[R/K/Q] (Fig. 3, top). Interestingly, exceptions to this extended motif
lead to a significantly different mode of binding of the 4E-IP, causing structural
variability and altered properties, and will be discussed below.

1.4.2 The Non-canonical 4E-BMs and the Lateral Surface of eIF4E

4E-IPs utilize non-conserved regions contiguous to the canonical 4E-BMs to extend
their interaction with eIF4E. These sequences include variable linker regions and
versatile non-canonical 4E-BMs that associate with the lateral binding site on eIF4E
[112, 115, 133] (Fig. 4, bottom). Although not conserved at the sequence level, the
non-canonical motifs are enriched in hydrophobic residues and use similar mech-
anisms to contact eIF4E [112, 113]. In essence, the non-canonical motifs adopt to a
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small hydrophobic pocket of eIF4E, lined by conserved Ile and aromatic amino
acids (Phe in Hs eIF4E, Tyr in Dm and Ce eIF4E), using different arrangements
(unstructured vs. helical) and residues (smaller hydrophobic residues vs. aromatic
residues) to maintain the major interactions (Fig. 5) [112, 113].

The variety of the molecular arrangements employed by the non-canonical
motifs to adapt to eIF4E is in striking contrast to the conserved binding mode of the
canonical motifs and suggests that the lateral surface of eIF4E imposes lower
molecular constraints than the dorsal surface onto 4E-BPs. Such molecular con-
straints are associated with the degree of sequence conservation on the different
surfaces of eIF4E (Fig. 4) and might have represented the evolutionary pressure
that determined the way the 4E-BMs interact with eIF4E. On the one hand, a highly
similar molecular signature present in the canonical motifs was optimized to bind to
the strictly conserved and dorsal surface of eIF4E. Such a binding mode provided

Fig. 4 Representation of sequence conservation at the dorsal and lateral surfaces of eIF4E. a,
b eIF4E is represented as a surface and 4E-BP1 as a pink cartoon. The surface of eIF4E is colored
from light to dark blue according to sequence conservation obtained using the Protskin software
with an alignment of eIF4E sequences from yeast to human [137]. eIF4E is shown in two
orientations to highlight the differences on sequence conservation between the dorsal and lateral
surfaces of eIF4E
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high specificity toward eIF4E. On the other hand, variable non-canonical sequences
co-evolved in different proteins to associate with the lateral and less conserved
surface of eIF4E (Fig. 5). A binding site with lower complexity might have
emerged to recruit and select potential eIF4E partners that later in evolution adapted
to the higher molecular constraints present on the dorsal surface of eIF4E through

Fig. 5 The multiple molecular arrangements of the non-canonical motifs of 4E-IPs at the lateral
surface of eIF4E. Non-canonical 4E-BMs dock at the lateral surface of eIF4E and get ordered into
loops or helical structures. In this figure eIF4E is represented as a surface color coded as described
in Fig. 2. The non-canonical motifs of 4E-IPs are depicted as a cartoon. The 4E-IPs are as follow:
Hs 4E-BP1, Dm Thor, Dm 4E-T, Dm CUP, Dm Mextli and Ce Mextli
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the acquisition of a canonical motif. Alternatively, the additional interactions pro-
vided by the non-canonical motifs evolved to increase the affinity of 4E-IPs to
eIF4E and provide novel properties to the different eIF4E complexes during the
regulation of translation. Independently of the evolutionary scenario, the presence
of canonical and non-canonical motifs in 4E-IPs can be explained by the rapid
evolution of IDRs toward 4E-BMs.

1.4.3 Plasticity of the eIF4E-Binding Mode: Bipartite Versus
Tripartite 4E-IPs

Although variations in the arrangement of the non-canonical motifs occurred fre-
quently, most of the eIF4E partners have evolved a bipartite mode of binding. Yet,
deviations of this evolutionary conserved binding strategy exist in nature and
resulted, for instance, from minor changes in the consensus sequence of the
canonical motifs. Strikingly, these changes lead to an even higher plasticity and
complexity in the overall interaction mode with eIF4E. The Drosophila Mextli
protein is a remarkable example of the molecular diversity of 4E-IPs. In contrast to
other 4E-IPs, Mxt is reported to promote translation, as it not only binds several
eIF4Es but also recruits eIF3 components to the mRNA, ultimately driving trans-
lation initiation [24]. Mxt is an invertebrate specific protein, and in Drosophila it
regulates germ stem cell maintenance and early embryogenesis [24]. Moreover,
Mxt is also exceptional in its way of binding to eIF4E (Fig. 6a). Recent structural
insights have revealed that the classical bipartite molecular architecture of 4E-IPs is
extended in Mxt by an additional linker and an auxiliary 4E-BM, which lead back
and address again the dorsal surface of eIF4E (Fig. 6a). Such a unique tripartite
binding mode is only possible because of specific changes on the sequence of
canonical 4E-BM of Mxt, namely, the long aliphatic Arg/Lys/Gln residues that
flank the canonical helix in the majority of 4E-IPs were replaced by shorter amino
acids (Ile and Ser, Fig. 6c). Due to such modifications, an auxiliary helical motif
can accommodate on the dorsal surface of eIF4E, antiparallel to the canonical helix,
replacing the interactions and covering the surface usually occupied by the side
chains of the aliphatic residues present in the majority of 4E-IPs (Fig. 6c) [113].
Interestingly, this tripartite binding mode seems to be only conserved in dipteran
and some non-dipteran insects, as the sequences of the auxiliary linker and helix are
more divergent or absent in Mxt proteins from other non-dipteran species, arthro-
pods and nematodes. Curiously, in Mxt homologs lacking the auxiliary sequences,
like C. elegans (Ce) Mxt, the canonical motif contains Arg residues at positions 2
and 9 (Fig. 6c). Accordingly, the structure of the Ce Mxt-eIF4E complex shows
that in nematodes Mxt arranges in a classical bipartite manner and lacks the aux-
iliary sequences of the fruit fly protein. As such, the replacement of the long
aliphatic residues within the canonical motif co-evolved with the acquisition of an
auxiliary binding region (Fig. 6).
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Fig. 6 The tripartite and bipartite binding modes of Mextli proteins. a, b Overview of the
structures of Dm (a) and Ce (b) Mxt proteins bound to eIF4E. PDBs: 5ABV and 5ABY [113].
eIF4E is colored in gray, Dm Mxt in cyan and Ce Mxt in orange. (c, Right) Schematic
representation of the bipartite (Ce Mxt) and tripartite (Dm Mxt) mode of binding to eIF4E. In Dm
Mxt, the absence of Arg/Lys/Gln residues at positions 2 and 9 of the sequence of the canonical was
compensated by the presence of an additional auxiliary 4E-BM that replaces the interactions the
long aliphatic side chains perform at the dorsal surface of eIF4E. (c, Left) Close-up views of the
canonical helices and the auxiliary helix of Ce (orange) and Dm (cyan) Mxt proteins bound to the
dorsal surface of eIF4E. The Arg residues at positions 2 and 9 of the canonical motif of Ce Mxt,
and the corresponding replacements (Ile and Ser) in the Dm canonical helix are highlighted in the
figures
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The distinct binding strategies present in Mxt proteins evolved to form com-
plexes with eIF4E that display distinct functional properties. As a consequence of a
more elaborate mode of binding, the tripartite Mxt (in flies) has a reduced ability to
compete with eIF4G for binding to eIF4E than the bipartite Mxt (other species).
However, in flies the eIF4E-Mxt complex is more stable and highly resistant to
regulation by other 4E-IPs, allowing the function of Mxt in translation to be
maintained in conditions in which the association of eIF4G with eIF4E is blocked
[113]. Thus, Mxt proteins are an excellent example of how the plasticity of the
mode of binding to eIF4E conferred unique properties to the proteins or to the
assembled complexes. Most of the 4E-IPs so-far known adopt a bipartite
arrangement when bound to eIF4E; it is less complex, easier to evolve, provides
specificity and high affinity for eIF4E and an ideal competitive behavior to regulate
translation initiation. In the case of Drosophila Mxt, specific cellular requirements,
absent in other animal species, might have generated the evolutionary driving forces
underlying the development of a novel binding mode. The evolution of a tripartite
binding mode might also be associated with the repertoire of 4E-IPs present in
different tissues or species in which the Mxt proteins have to fulfill their function,
but more insight into the diversity of 4E-IPs and the function of Mxt proteins is
required to draw further conclusions.

1.5 Concluding Remarks

One of the most creative forces of evolution is the transformation of a gene to
perform a new function. Francois Jacob first proposed the concept of “molecular
tinkering” 40 years ago [123] to account for such a fundamental law of nature at the
molecular level. In the post-genomic era, such changes can be accounted for as
arising from the consequences of gene or genome duplications that gave rise to
duplicate copies that adopted new functions along with genome rearrangements.

In this chapter, we have discussed the lack of phylogenetic kinship among most
4E-IPs; the existence of some 4E-IPs only in specific lineages; their additional roles
in distinct cellular processes such as transcription, RNA transport, splicing and
degradation; their different molecular mechanisms; the wide spectrum of protein
architecture; and the variability in the motif used to interact with eIF4E. In this way,
evolution has provided a myriad of 4E-IPs from a plethora of different proteins,
including several transcriptional factors. However, underlying all of this is the
common theme of using intrinsically disordered proteins to fit the 4E-IP to the
eIF4E.

The successive radiations of eukaryotes into many lineages led to the emergence
of an amazing spectrum of ecological niches, body plans, organismal complexity,
metabolic requirements, developmental programs and behavioral patterns. These
events most probably constituted both the driving causes and effects of a parallel
diversification, to different degrees in different taxa, of components and
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mechanisms of the translation apparatus such as eIF4E and 4E-IPs. These mole-
cules, in turn, expanded the translational regulatory capabilities of eukaryotes.
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Evolution of eIF2a Kinases: Adapting
Translational Control to Diverse Stresses

Stefan Rothenburg, Millie M. Georgiadis and Ronald C. Wek

1 Overview

Protein synthesis is dynamic and is modulated rapidly in response to diverse
physiological and environmental stresses. The focus of this review is a family of
protein kinases that control translation by phosphorylation of the a subunit of
eukaryotic initiation factor-2 (eIF2) during diverse stresses, a process that regulates
the initiation phase of translation. A central theme of eIF2a kinases is that each
family member is activated by different stress conditions, triggering global and
gene-specific translation, which provides for cell adaptation to the underlying stress.
To respond to different stress conditions, each eIF2a kinase contains unique reg-
ulatory regions that recognize perturbations in cells. The juxtaposition of a related
eIF2a kinase domain to unique regulatory sequences suggests that members of this
protein kinase family arose by a process of exon shuffling, which culminated in
adjoining new combinations of stress sensing regions to the catalytic domain. This
review will begin with an overview of eIF2 and its role in the initiation of protein
synthesis and translation control, followed by a description of the phylogenetic
relationships between eIF2a kinases and the contributions of diverse regulatory
domains in the mechanisms activating each eIF2a kinase.

S. Rothenburg
Laboratory for Host-Specific Virology, Division of Biology, Kansas State University,
Manhattan, KS 66506, USA
e-mail: sr1hsv@ksu.edu

M.M. Georgiadis � R.C. Wek (&)
Department of Biochemistry and Molecular Biology, Indiana University School of Medicine,
Indianapolis, IN 46202, USA
e-mail: rwek@iu.edu

© Springer International Publishing Switzerland 2016
G. Hernández and R. Jagus (eds.), Evolution of the Protein Synthesis
Machinery and Its Regulation, DOI 10.1007/978-3-319-39468-8_11

235



2 Eukaryotic Translation and eIF2

Regulation of protein synthesis in eukaryotes occurs predominantly during the
initiation phase, which features multiple associated proteins that enable assembly of
competent 80S ribosomes onto mRNAs. These initiation factors, each designated as
eukaryotic initiation factors (eIFs), help recruit the small 40S ribosomal subunit
coupled with initiator methionyl tRNAs to mRNAs [1, 2]. Upon binding to the 5’-
end of the gene transcript, the small ribosomal subunit processively scans in search
of an appropriate initiation codon. Once the initiator tRNA is bound to the start
codon in the P site of the ribosomal subunit, the large 60S ribosome joins, which
allows ribosomes to proceed to the elongation phase. One of the initiation factors,
eIF2, plays an integral role in the delivery of the initiator tRNA to ribosomes. This
delivery process requires eIF2 to be in an active conformation that features asso-
ciation with GTP. Ribosome recognition of the mRNA initiation codon and sub-
sequent joining of the small and large ribosomal subunits require hydrolysis of the
GTP associated with eIF2 producing GDP, followed by release of eIF2-GDP from
the ribosome machinery (Fig. 1). To facilitate subsequent rounds of translation
initiation, the eIF2-GDP is recycled to eIF2-GTP by a mechanism aided by a

Fig. 1 The family of eIF2a
kinases regulates translation
in response to different
stresses. Each of the eIF2a
kinases is activated by distinct
sets of stress arrangements,
leading to phosphorylation
of the a subunit of eIF2.
Phosphorylation of eIF2a
converts the translation
initiation factor to an inhibitor
of the guanine nucleotide
exchange factor eIF2B. As a
consequence there are
lowered levels of eIF2-GTP,
which reduces the delivery of
initiator tRNA to ribosomes
and represses global protein
synthesis. Four eIF2a kinases,
designated EIF2AK1-4, are
expressed in humans, whereas
PKZ is present in fish
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guanine nucleotide exchange factor, eIF2B. Hence eIF2-GTP can again combine
with initiator methionyl tRNAs and serve to expedite another round of translation
initiation.

An important step in the regulation of translation initiation features control of
recycling of eIF2-GDP to the active GTP-bound form of the initiation factor. The
eIF2 consists of three distinct subunits, a, b, and c, and phosphorylation of eIF2a at
a residue designated as serine-51 can dramatically lower the efficiency of this
guanine nucleotide exchange. Phosphorylation of eIF2a converts the initiation
factor from a substrate to an inhibitor of its guanine exchange factor eIF2B,
resulting in reduction in eIF2-GTP that sharply deters eIF2 binding to initiator
tRNA and delivery to ribosomes (Fig. 1) [1, 2]. As a consequence, translation
initiation is rapidly lowered, which allows cells to conserve energy and resources
and reconfigure gene expression to adapt to the stress conditions.

It is important to note that while eIF2a phosphorylation can repress global
protein synthesis, translation of many mRNAs is largely indifferent and some are in
fact preferentially translated upon eIF2a phosphorylation. An underlying reason for
this differential translation control among mRNAs involves the presence of short
upstream ORFs (uORFs) located in the 5’-end of the gene transcripts [3]. Among
the preferentially translated genes are those encoding transcription factors that help
cells to alleviate damage from stress. For example, yeast Saccharomyces cerevisiae
GCN4 and mammalian ATF4 contain multiple uORFs that allow for the coding
sequences of these gene transcripts to be translated predominantly during eIF2a
phosphorylation and stress [3–7]. This translation control scheme has remarkable
conservation among virtually all eukaryotes, including plants, fungi, protists, and
animals. Another class of mRNAs that can be translated with low eIF2-GTP levels
includes those that show eIF2-independent translation initiation through internal
ribosome entry sites (IRES) [2, 8]. A stress response can also be the result of the
different turnover rates of proteins and mRNAs. An example for this regulation of
gene expression is the activation of the transcription factor NF-jB because the
levels of its labile inhibitory protein IjBa are rapidly lowered during eIF2a
phosphorylation and stress because of its repressed translation of IjBa mRNA
[9, 10].

3 Family of eIF2a Kinases Responds to Different Stresses

In vertebrates, up to five distinct members of the eIF2a kinase family, designated
GCN2 (EIF2AK4), PERK (EIF2AK3/PEK), HRI (EIF2AK1), PKR (EIF2AK2/
PKRK), and PKZ, phosphorylate the same serine-51 residue in eIF2a and mediate
translation control. An important distinguishing difference between these eIF2a
kinases is that each is activated in response to different stress conditions and stimuli
(Fig. 1). As illustrated in Fig. 2 and discussed in depth below, while each of the
family members possesses a related kinase catalytic domain, there are flanking
regulatory sequences by which each eIF2a kinase can recognize distinct stress
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signals. These regulatory regions function to bind to different cellular and viral
molecules whose levels are modulated during stress, serving to control activation of
the eIF2a kinases by a process involving autophosphorylation in the kinase domain.
The juxtaposition of related eIF2a kinase domains to unique regulatory sequences
suggests that members of this protein kinase family arose by a process of exon
shuffling or retrotransposition of partial mRNAs, which culminated in new com-
binations of stress sensing motifs to the kinase catalytic domain. In addition to the
five eIF2a kinases with well-defined regulatory domains, a plethora of proven or
putative eIF2a kinases are found in many protist species. While some of the protist
eIF2a kinases contain some regulatory domains that are found in GCN2, others do
not contain any well-defined modulatory sequences and may be activated by unique
stimuli that reflect the life cycle of the protist and its environmental conditions.

4 Phylogenetic Relationships Between eIF2a Kinases

eIF2a kinases are present uniformly among eukaryotic organisms. Among the
eIF2a kinases that are expressed in plants, fungi, and animals, GCN2 shows the
widest distribution and is found in organisms of all three kingdoms (Table 1). By
comparison, HRI is absent in plants but is found in some but not all fungi and
animals, while PERK is only present in animals. PKR has only been identified in
vertebrates, whereas PKZ is only present in some fish species. Since the eIF2a
kinase domains are more closely related to one another than other protein kinases,
the different eIF2a kinases likely emerged through gene duplications. One copy of

Fig. 2 The eIF2a kinases contain different stress responsive domains that function to coordinate
translational control upon diverse stresses. The eIF2a kinases share a related protein kinase domain
that is flanked by distinct regulatory regions that function to monitor stress conditions. The size of
the eIF2a kinase regions is variable among family members because of the different lengths of the
signature insert situated in the N-terminal lobe of the protein kinase domains
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the eIF2a kinase genes subsequently acquired different regulatory domains, which
provided selective advantages, whereas one copy of the duplicated gene was
maintained. Drawing from the distribution of eIF2a kinases among different
organisms, phylogenetic analyses of the kinase domains suggest GCN2 to be
ancestral to the other eIF2a kinases (Fig. 3) [11, 12]. A duplication of the GCN2
kinase domain in a common ancestor of fungi and animals likely led to the
emergence of HRI, which itself is ancestral to PERK and PKR. Thus, a duplication
of HRI probably occurred in an early ancestor of extant animals, which is suggested
to have resulted in the evolution of PERK. A duplication of PERK likely occurred
in a common ancestor of teleost fish and tetrapods, which resulted in the emergence
of PKR [11, 12]. Within teleost fish, a duplication of PKR led to the evolution of
PKZ [13]. Other eIF2a kinases may have evolved during the evolution of plants,
fungi, and animals, which either existed temporarily or might be still present in
some extant organisms and have so far eluded identification. In the latter case,
inclusion of newly identified eIF2a kinases would allow the construction of a more
refined eIF2a kinase family tree.

An interesting observation in the phylogenetic relationships among eIF2a
kinases is that family members were not only gained during evolution, but also lost,
as observed for HRI genes. While HRI likely evolved in an ancestor of fungi and
animals, it is absent in some organisms belonging to these kingdoms. For example,
HRI is found in many fungi, including Schizosaccharomyces pombe (fission yeast)
and Aspergillus species, but is absent from S. cerevisiae (budding yeast) and other
Saccharomycotina fungi. Furthermore, not all animals possess HRI genes. HRI is
found in many insects including mosquitoes, bees, and silkworm but is absent from
the genomes of Drosophilidae, including Drosophila melanogaster (Table 1). HRI
is also absent in Caenorhabditis elegans and other Caenorhabditis species, but
present in other nematodes including Trichinella species. In each of these cases,
HRI became lost independently in different lineages.

Table 1 Distribution of eIF2a kinases in model organisms

GCN2 HRI PERK PKR PKZ

A. thaliana (Plant) 1 – – – –

S. cerevisiae (Fungus) 1 – – – –

S. pombe (Fungus) 1 2 – – –

C. elegans (Nematode) 1 – 1 – –

D. melanogaster (Insect) 1 – 1 – –

A. mellifera (Insect) 1 1 1 – –

S. purpuratus (Echinoderm) 1 1 1 – –

D. rerio (Fish) 1 1 1 1 1

T. nigroviridis (Fish) 1 1 1 3 –

X. tropicalis (Amphibian) 1 1 1 3 –

H. sapiens (Mammal) 1 1 1 1 –

Numbers of genes present in the indicated genomes are shown
Dashes indicate absence of genes

Evolution of eIF2a Kinases: Adapting Translational … 239



Fig. 3 Phylogenetic analysis of eIF2a kinases. The sequences of the kinase domains of 105 eIF2a
kinases, deleted for the kinase insert between the N- and C-lobe, along with dmNEK2
(NIMA-related kinase 2), as a closely related kinase and hsPKA (cAMP-dependent protein kinase)
as a distantly related kinase, were aligned using the MUSCLE program [147]. The phylogenetic
tree was generated using the NJ method with nodal support assessed via bootstrapping (10,000
replicates) as implemented in PAUP [148]. The tree was rooted to PKA. Bootstrap values above 50
are indicated above the branch nodes. For a clearer representation, the branches for major eIF2a
kinase groups are shown as cartoons, and the number of sequences is indicated. Abbreviations are
as follows: Dm Drosophila melanogaster; Eh Entamoeba histolytica; Gi Giardia intestinalis; Gl
Giardia lamblia; Hs Homo sapiens; Lm Leishmania major; Pf Plasmodium falciparum; Tb
Trypanosoma brucei; Tc Trypanosoma cruzi; Tg Toxoplasma gondii
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Another phenomenon suggested in the evolution of eIF2a kinases is that some
gene duplications occurred in some lineages, with duplicated genes maintaining
their regulatory domains, for example, two HRI copies in S. pombe and three
independently evolved PKR copies in some fish and amphibian lineages (Table 1).
The duplication of PKR genes and emergence of PKZ in fish will be discussed
further below in the presentation of the mechanisms regulating these eIF2a kinases.
Additionally, we will highlight below the expansion of the eIF2a kinase family;
PKR has been subject to rapid evolution to alter sensitivity of this eIF2a kinase to
viral inhibitors [12, 14].

The evolutionary relationship of protist eIF2a kinases to those of plants, fungi,
and animals has not yet been studied in detail. Our phylogenetic analysis shows
some protist eIF2a kinases to be ancestral to the family members from plants, fungi,
and animals (Fig. 3). Consistent with GCN2 being broadly expressed among
eukaryotes, a subgroup of eIF2a kinases actually clusters as a sister clade to the
GCN2 clade. As will be discussed below, while some protists clearly possess
GCN2-related eIF2a kinases, they appear to lack eIF2a kinases that are directly
related to HRI, PERK, and PKR. Some protist eIF2a kinases are found in the
lowest branches of the tree and therefore appear to be more ancestral (Table 1).

5 Catalytic Domain of eIF2a Kinases

Like other eukaryotic protein kinases, the catalytic domain of the eIF2a kinase
family members have a bi-lobal structure, with the ATP-binding region positioned
in the hinge region between the two lobes (Fig. 4a). The N-terminal lobe features a
largely antiparallel b-sheet structure that binds nucleotides through an unusual
motif. A defining feature of the eIF2a kinases is inclusion of insert sequences
ranging from *15 amino acid residues to well over 100 residues, which are sit-
uated at the top surface of the N-terminal lobe between b-strands (Fig. 4b). While
the position of this insert is conserved among eIF2a kinases, the sequences even
between orthologs of a specific eIF2a kinase are variable but can be enriched for
acidic amino acid residues [11]. Structural analyses of PKR, GCN2, and PERK
required the partial deletion of this insert sequence for protein crystallization [15–
18]; hence, the structures of the inserts are not yet known, and there are suggestions
that the insert regions may be largely unstructured or assume different structural
arrangements depending on the activation state of the eIF2a kinase. Nonetheless,
residue substitutions and small deletion analyses indicate that the inserts are
required for activity of the eIF2a kinase family members [16, 18–21].

The larger a-helical C-terminal lobe is connected to the N-terminal lobe by a
hinge region and contains residues that are critical for substrate recognition, acti-
vation, and catalysis. Autophosphorylation of a Thr residue in the activation loop
facilitates interactions with the N-terminal lobe resulting in a closed conformation
of the enzyme and formation of the substrate binding site [22]. This feature is
conserved across Ser/Thr kinase family members as shown in a comparison of the
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cyclic AMP-dependent protein kinase [23] with PKR [17] (Fig. 4a). The S1 sub-
domain comprising a 5-stranded b-barrel of eIF2a interacts with a single alpha
helix, aG, in the C-terminal lobe of PKR in the PKR-eIF2a complex structure
(Fig. 4d). Interaction of eIF2a with the PKR kinase domain is suggested to allow
for a conformational transition in the substrate that positions the adjacent serine-51
phosphorylation site into the phospho-acceptor binding site of PKR [17].

PKR function can be inhibited by a number of different viral proteins and RNAs.
One protein designated K3L from vaccinia virus has sequence conservation with
eIF2a, allowing for K3L to mimic the structure of the translation factor [24–27]. It
is important to note that the K3L sequence diverges from that of eIF2a at the site of
phosphorylation by PKR. Hence, K3L is thought to compete with eIF2a for
binding to PKR, thereby preventing eIF2a phosphorylation during viral infection.
As a consequence, translational control in infected cells is abrogated, rendering the
host more sensitive to viral disease.

6 Activation of eIF2a Kinases upon Sensing of Stress
Conditions

Determining the mechanisms of activation of the eIF2a kinases remains an active
area of investigation. Although the catalytic domains of eIF2a kinases are closely
related to those of other mammalian Ser/Thr kinases and Tyr kinases, some
members differ in oligomeric state, and all have insertions within their N-terminal
lobes (Fig. 4). By analogy, initial models of activation for eIF2a kinases were

b Fig. 4 Comparison of structures of the eIF2a kinase domains. a An activated kinase domain from
PKR (PDB:2A19, A chain) is shown as a green cartoon rendering superimposed on cAPK, cyclic
AMP-dependent protein kinase, (PDB:1ATP), shown as a red cartoon rendering. The phospho-
rylated Thr residues are shown in a stick model for each structure in orange for PKR and blue for
cAPK. Bound ATPs for cAPK or phosphoaminophosphonic acid-adenylate ester (ANP) are shown
in stick models with C, cyan, O, red, N, blue, and P, orange. b PKR (PDB:2A19, A chain) and
PERK (PDB:4G31) kinase domains are shown superimposed. PKR is shown in green and PERK
in an orange cartoon rendering. The location for the deleted polypeptide corresponding to the
insertion found in eIF2a kinases is indicated as a dashed black line. c The dimeric structure of the
kinase domain from GCN2 (PDB:1ZY5) is shown with the two polypeptide chains as cartoon
renderings in green and blue. A semi-transparent molecular surface is shown for each chain;
AMP-PNP is shown as van der Waals spheres with C, green or blue, O, red, N, blue, and P,
orange. d The dimeric structure of the PKR kinase domain (PDB:2A19) is shown as a
cartoon/surface rendering as described in c. Bound ANP molecules are shown as van der Waals
spheres as in panel C. eIF2a is shown in a pink cartoon/surface rendering interacting with the
activated subunit of the PKR dimer. e The dimeric structure of the PERK kinase dimer
(PDB:4G31) is shown in a similar orientation and rendering as in panels C and D with the small
molecule inhibitor 7-methyl-5-(1-{[3-(trifluoromethyl)phenyl]acetyl}-2,3-dihydro-1H-indol-5-yl)-
7H-pyrrolo[2,3-d] pyrimidin-4-amine (GSK2606414) bound to each polypeptide chain. In this
case, a single polypeptide crystallized in the asymmetric unit; the dimer is generated by
crystallographic symmetry
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based on the activation of receptor tyrosine kinases, which dimerize in response to
ligand binding resulting in activation through autophosphorylation.

The structural basis for receptor dimerization upon ligand binding was first
reported for the human growth hormone-receptor complex [28]. Extending this
concept of dimerization upon ligand binding, the crystal structure of the first
receptor tyrosine kinase-ligand complex was reported for the fibroblast growth
factor-receptor tyrosine kinase complex [29]. This work in addition to numerous
other studies led to a unifying model for activation for receptor tyrosine kinases,
which was subsequently proposed as a mechanistic basis for the activation of eIF2a
kinases in response to stress. Thus, the crystal structures of the isolated eIF2a
kinase domains from these enzymes were interpreted in light of a model in which
the inactive kinase existed as a monomer and was activated through dimerization.

The eIF2a kinase domains dimerize through interactions of their N-terminal
lobes in the crystal structures of PKR, GCN2, and PERK kinases (Fig. 3). In the
structure of the kinase domain of GCN2 with bound AMP-PNP (PDB:1ZY5) [18],
the N-terminal lobes are juxtaposed in a head-to-head interaction with the
C-terminal lobes positioned on opposite ends of the dimer. This dimeric arrange-
ment differs significantly from that of other eIF2a kinase structures. While it is
possible that it represents an inactive dimeric form of the enzyme that would
undergo a significant conformational change upon activation through binding of
uncharged tRNA to the histidyl tRNA synthetase-related domain [30], it is also
possible that this dimer forms as a consequence of crystal packing forces within the
lattice.

Dimeric interactions within the PERK kinase domain structure with the small
molecule GSK6515 bound (PDB:4G31) [15] arise through crystallographic sym-
metry and also involve interactions between the N-terminal lobes. However, in this
case, the C-terminal lobes are proximally positioned in a back-to-back arrangement,
albeit with their active sites and activation loops pointing away from one another.
Given that the lumenal domain of PERK forms dimeric or tetrameric structures
[31], the dimeric kinase may phosphorylate a second PERK dimer in trans. Back-to
back dimeric kinase domain interactions in both the apo form of the mutant
K296R PKR kinase domain (PDB:3UIU) and a complex of a PKR kinase dimer
with eIF2a and AMP-PNP (PDB:2A19) (Fig. 4d) [17] are very similar to that of the
crystallographic PERK dimer (Fig. 4c). In the latter structure (PDB:2A19), one
kinase domain within the dimer interacts with eIF2a, and its activation loop is
ordered through interactions of the N- and C-terminal lobes with phosphorylated
Thr-446 revealing an active conformation for this molecule (Fig. 4d). In the other
kinase domain comprising the PKR dimer, the activation loop is disordered. The
activation loops in PERK and GCN2 kinase domains are also disordered in the
crystal structures. In a second crystal form including one PKR kinase domain and
one eIF2a (PDB:2A1A), the kinase dimer generated by crystallographic symmetry,
while still in a back-to-back conformation with interacting N-terminal lobes, has
C-terminal lobes that are splayed much farther apart than in the other structure.

In contrast to GCN2 and PERK, the sensing domain in PKR, a dsRNA-binding
motif (dsRBM), is monomeric in the absence of viral dsRNA but dimerizes upon
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binding to specific dsRNA sequences [32–35]. Thus, PKR may be more similar to
the receptor tyrosine kinases in being monomeric in the absence of stress.
Activation of inactive monomeric PKR requires both dimerization and autophos-
phorylation. One model suggests that each kinase domain phosphorylates its own
activation loop following conformation changes induced by dimerization [22].

7 Stress Regulation of eIF2a Kinases

Each of the eIF2a kinases consists of a combination of stress-sensing regions
adjoined with the kinase catalytic domain. The above-described phylogenetic
relationships indicate that the eIF2a kinase family expanded with the evolution of
metazoic animals. The physiological traits of the organism and nature of environ-
mental exposures, along with the activating properties of each eIF2a kinase, helped
to determine which of the eIF2a kinases is expressed in a given organism.
Highlighted below is a summary of the mechanisms modulating each eIF2a kinase
and the critical roles that the regulatory domains unique to each family member
play in translation control during stress.

GCN2: The eIF2a kinase GCN2 is represented among virtually all eukaryotic
phyla, suggesting an integral function in stress resistance that was implemented
early in evolution. GCN2 consists of five defined domains that each play integral
parts for GCN2 activation by amino acid starvation (Fig. 2). In addition to the
above-described protein kinase domain, GCN2 includes the RWD domain, a partial
kinase or pseudokinase domain, a histidyl-tRNA synthetase (HisRS)-related
domain, and C-terminal dimerization domain. Among these GCN2 regulatory
regions, crystal structures are available for the murine RWD [36] and yeast and
murine C-terminal domains [37] (Fig. 5). Mutations or deletions in each of these
regions can inactivate GCN2, indicating that each is required for GCN2 function
[21, 38–41].

Foremost among these regulatory domains is the HisRS-related domain that is
suggested to be important for GCN2 sensing depletion of amino acid in cells.
Nutrient starvation enhances the levels of uncharged tRNAs, which can bind
directly to the HisRS-related domain and trigger activation of the adjacent eIF2a
kinase domain. It is important to note that starvation for many different amino acids,
not just histidine, can activate GCN2; thus, GCN2 is suggested to bind multiple
different uncharged tRNAs that can accumulate during diverse starvation condi-
tions. Although activation of GCN2 was initially proposed to require dimerization,
crystal structures of the C-terminal domain (CTD) of GCN2 feature an interdigi-
tated dimeric structure [37] (Fig. 5b, c). Thus, in the absence of stress, GCN2 is
already a dimer, suggesting that activation involves either a conformational change
or formation of a higher oligomeric state. A role for localizing GCN2 to the
ribosome through interaction of the CTD with the ribosome is not conserved; yeast
CTD is ribosome associated, whereas the murine CTD is not [37].
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Featured at the N-terminus of GCN2 is a domain found in RING finger- and WD
repeat-containing proteins and DEAD-like helicases, prompting the designation
RWD domain. The RWD of GCN2 consists of a b-sheet sandwiched between
a-helices (Fig. 5a), which is proposed to serve in protein-protein interactions that
facilitate GCN2 binding of uncharged tRNAs in the context of the translational
machinery [36, 38, 42–44]. There are GCN2 inhibitory proteins, such as IMPACT,
which also possess an RWD domain and can compete with GCN2 for binding to a
common docking protein designated GCN1, which is required for activation of the
eIF2a kinase [45, 46]. Finally, GCN2 contains a partial kinase domain that consists
of sequences central to the C-terminal lobe, but is without catalytic function [30, 40,
41, 47, 48]. This partial kinase region is thought to directly interact with the
adjoining kinase catalytic domain, and this engagement is proposed to expedite
conformational changes that activate GCN2 upon binding to uncharged tRNAs [30].

GCN2 is activated by other stresses not directly linked to amino acid availability,
including high salinity, glucose depletion, and UV irradiation [10, 39, 49–51]. In
the case of high sodium stress, there is reported lowering of charged tRNAs,
indicating that the mechanism of GCN2 activation also is likely to involve binding
to accumulating uncharged tRNAs [52]. It remains to be determined whether other
stresses, such as UV irradiation, also lower tRNA charging or trigger alternative
modes of GCN2 activation.

Loss of GCN2 has significant consequences for adaptation to nutrient depletion.
In the case of S. cerevisiae, deletion of GCN2 renders the yeast more sensitive to
limiting amino acids or glucose [51, 53]. In plants such as Arabidopsis thaliana,
GCN2 regulates seed germination in diverse environmental conditions, and loss of
GCN2 can adversely affect leaf morphology and plant growth and development
[54, 55]. Deletion of GCN2 in mice impairs translational control and appropriate
adaptation to starvation for essential amino acids [56]. In this case, loss of GCN2
diminishes the ability of liver to appropriately attenuate translation upon nutrient

Fig. 5 Regulatory domains of GCN2. a A single solution structure from an ensemble of 20
structures for the RWD domain from murine GCN2 (PDB:1UKX) is shown as a blue cartoon
rendering. b The crystal structure of the murine C-terminal domain (CTD) of GCN2 (PDB:4OTN)
is shown as green and pink cartoon renderings with semi-transparent surfaces. c A similar
rendering is shown for the yeast C-terminal domain (PDB:4OTM). Although the murine and yeast
CTDs have similar overall folds for each polypeptide chain, the dimeric structures differ
significantly

246 S. Rothenburg et al.



starvation, leading to accelerated turnover of protein in muscle. GCN2 also plays a
significant role in adaptation to dietary imbalances for essential amino acids in mice
by altering feeding behavior [57–59]. Finally, mutations in GCN2 in humans were
reported to lead to pulmonary veno-occlusive disease (PVOD) and pulmonary
capillary hemangiomatosis (PCH) [60, 61]. These lung disorders feature extensive
fibrous intimal proliferation of septal veins and preseptal venules, along with pul-
monary capillary dilatation and proliferation. Currently, the rationale for GCN2
deficiencies afflicting lung tissues is not yet understood, and treatments often
require bilateral lung transplants.

PERK: Phosphorylation of eIF2a by PERK is induced in response to accu-
mulation of unfolded protein in the endoplasmic reticulum (ER), which is suggested
to occur with different perturbations in this organelle. PERK is a type 1 ER
transmembrane protein, which features an N-terminal signal sequence that is sug-
gested to facilitate transport of the N-terminal portion of the eIF2a kinase into the
lumen of this organelle (Fig. 6) [62, 63]. An a-helical hydrophobic segment serves
as a stop-transfer segment during translocation, as well as the subsequent trans-
membrane region, which results in the C-terminal eIF2a kinase domain of PERK
residing in the cytosol on the exterior of the ER. The luminal portion of PERK is
suggested to sense accumulating unfolded proteins in the ER, triggering phos-
phorylation of eIF2a, which serves to repress translation and lower the influx of
nascent polypeptides into the stressed ER [62, 64–67]. In addition to translational
control, PERK induces transcriptional regulation in concert with the unfolded
protein response (UPR), which collectively serves to expand the processing
capacity of the ER to better manage the incoming protein load on this organelle
[68–73]. Along with PERK, there are two other ER transmembrane proteins, IRE1
and ATF6, which function to recognize unfolded proteins in the ER and induce the
transcription regulation of the UPR.

Fig. 6 Lumenal sensing domain of PERK. a The structure of the dimeric lumenal domain of
PERK (PDB:4YZS) is shown as a cartoon rendering with a semi-transparent surface. The two
polypeptide chains that comprise the dimer are shown in blue and orange. b A similar rendering of
the yeast IRE lumenal domain (PDB:2BE1) is shown with polypeptide chains shown in blue and
orange. c A blue cartoon rendering is shown for a class I major histocompatibility complex
(MHC) with bound peptide (PDB:1TMC) as a stick model, C, green, O, red, and N, blue.
Both PERK and IRE dimeric structures present a b-sheet platform with a-helices defining a
potential peptide binding groove reminiscent of the peptide binding site observed in the MHC
molecules
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There are two prevailing models for how PERK senses accumulating unfolded
protein in the ER. Both models center on the portion of PERK that resides in the
lumen of the ER. This portion of PERK is homologous to IRE1 and exists as both
dimeric and tetrameric species in crystal structures; a tetramer is generated through
crystallographic symmetry (4YZS) [31]. The dimeric structure of both PERK and
yeast IRE1 lumenal domains features a central groove formed by a-helices, one
from each subunit of the dimer, and a b-sheet base, again formed by the dimeric
interaction, which is likened to the peptide-binding domains of major histocom-
patibility complexes (Fig. 6). The ER lumenal structure of yeast IRE1 is suggested
to bind directly to unfolded protein, triggering its activation in the UPR [74, 75].
Given the similarities in structures between IRE1 and human PERK, it is also
plausible that PERK can bind to accumulating unfolded protein in the ER, leading
to conformational changes that induce PERK phosphorylation of eIF2a. An alter-
native model for PERK and IRE1 sensing of ER stress is that both can bind to BiP
(GRP78/HSPA5), an ER molecular chaperone that binds to nascent polypeptides
and aids protein folding [64, 67, 75]. BiP binds to the lumenal portion of PERK. In
one study, the interaction is non-canonical, involving the folded lumenal domain of
PERK and the ATPase domain of BiP [76]. Other studies suggest a canonical
interaction involving the substrate-binding domain of BiP and an unstructured
region of the PERK lumenal domain near the transmembrane portion of the protein
[67]. Independent of the nature of the interactions, BiP binding may lead to
repression of PERK activation. Upon accumulation of unfolded protein, BiP would
be titrated from PERK, allowing for appropriate conformation changes that may
involve oligomerization. The indirect BiP binding model may also function as a
coarse regulatory system in conjunction with more direct PERK binding to
unfolded protein.

Loss of PERK function is thought to adversely affect all tissues that specialize in
protein secretion. This is illustrated by Wolcott-Rallison syndrome, which results
from PERK (EIFAK3) mutations and features neonatal diabetes, digestive dys-
function, bone abnormalities, growth retardation, and episodic liver dysfunction
[77–79]. Mouse models featuring deletions of PERK recapitulate the key pheno-
types associated with human patients, providing for a model for disease progression
and treatment [80, 81].

HRI: The eIF2a kinase HRI contains two reversible heme binding sites, one in
the N-terminus and another within the insert region of the kinase domain [82]. These
so-called heme-responsive motifs are present in other proteins associating with heme
and are central to the mechanisms regulating HRI [83]. In mammals, HRI is pre-
dominantly expressed in erythroid tissues, and heme binding is suggested to repress
eIF2a kinase function [82, 84]. However, upon iron depletion and lowered heme
levels, heme is released from HRI, leading to eIF2a phosphorylation that would
lower the synthesis of proteins, which in erythroid tissues is predominantly globin.
Hence, globin synthesis is linked to iron availability. Loss of HRI in mouse models
leads to microcytic hypochromic anemia, which is linked with inclusions consisting
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of excess heme-free a- and b- globins in heme-deficiency states [85, 86]. There is
mounting evidence that HRI can be activated by other stresses, including those
involving oxidative damage, osmotic stress, and heat shock [87]. Oxidative stress
has been shown to induce HRI in Schizosaccharomyces pombe, and depletion of two
HRI orthologs from this yeast sensitizes cells to oxidizing agents, such as arsenite
[88, 89]. It is likely that heme binding is integrated with HRI sensing of oxidation
stress, and this mode of regulation is central for translational control in the lower
eukaryotes expressing this eIF2a kinase.

PKR: The eIF2a kinase PKR is transcriptionally expressed at moderate levels
and is induced by interferon and functions to thwart viral infections in vertebrate
organisms [90]. Regulation of PKR centers on the two dsRBMs situated in the
N-terminus that serve to bind dsRNA expressed during viral infections [22, 91–94].
The dsRBMs are each *70 residues in length and consist of an abbba fold
(Fig. 7a) that are present in a number of different proteins that function in RNA
editing, processing, transport, and silencing [92, 95]. PKR is mainly present in the
cytosol and to a lesser extent in the nucleus of cells in a conformation that tran-
sitions between monomeric and dimeric forms [22, 33, 96–98]. Upon viral infec-
tion, PKR would bind to dsRNA produced by viruses during infection and
replication. PKR binding to the viral dsRNA is suggested to fully induce PKR
dimerization by bridging PKR molecules that help orientate specific interactions
between the kinase domains of two PKR molecules. Emphasizing the importance of
dimerization in the mechanism of PKR activation, the dsRBMs of PKR can be
functionally substituted by fusing heterologous dimerization regions to its eIF2a
kinase domain [99, 100]. Trans-intradimer autophosphorylation is not thought to
occur, given the back-to-back orientation of the PKR dimer. This suggests that
autophosphorylation occurs between PKR dimers, which would include

Fig. 7 Nucleic acid binding domains from PKR and PKZ. a A single solution structure from the
ensemble of 21 structures for the dsRNA binding domain from human PKR (PDB:1QU6) is shown
as a cyan cartoon rendering. b The dimeric winged helix-turn-helix Z-DNA binding domain
bound to the Z-DNA structure is shown with one polypeptide chain in magenta and the second in
cyan. The Z-DNA is shown as a stick rendering with C, magenta or cyan, O, red, N, blue, and P,
orange. In this case, the dimer is generated by crystallographic symmetry. One polypeptide and a
single strand of DNA are in the asymmetric unit
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phosphorylation in the activation loop region that would then aid eIF2a substrate
phosphorylation and lowered global translation in the infected host cells. Viral
replication is dependent upon host translation, which is repressed following acti-
vation of PKR, and eIF2a phosphorylation is also suggested to trigger apoptosis,
which would further lower the ability of viruses to infect neighboring cells
[101, 102].

The mechanism of PKR activation may provide a rationale for why this eIF2a
kinase is induced by viral dsRNAs but not those encoded by the mammalian host.
For example, the mammalian genome is composed of noncoding retrotransposons,
such as ALU sequences, and expresses precursors of miRNAs and lncRNAs that
can contain dsRNA. It is known that optimal activation of PKR requires dsRNA
segments that are at least 30 bp in length. Furthermore, some secondary structures
in RNA may bind to PKR but are not optimal for induction of dimerization
arrangements that promote PKR activation. In fact, this is a strategy used by some
viruses to bar activation of PKR. For example, adenovirus VA RNAi and
Epstein-Barr virus EBER1 and 2 can bind to PKR and inhibit this eIF2a kinase, and
these RNAs are important for these viruses to overcome interferon-induced apop-
tosis [103–108]. Viruses can also inhibit PKR through expression of proteins that
possess dsRBMs. Vaccinia virus protein E3L contains a C-terminal dsRBM that is
suggested to inhibit PKR by sequestration of activator dsRNAs [109–114].
Additionally, there is mounting evidence that E3L can also inhibit PKR by for-
mation of heterodimers. Regulation of PKR by dsRBM-containing proteins also
extends to those encoded by mammalian cells. The mammalian protein PACT
contains three dsRBMs and is suggested to engage with PKR and trigger activation
through a conformational change that enhances eIF2a phosphorylation [115, 116].

Mice deficient for PKR show enhanced susceptibility to infection by viruses,
such as vesicular stomatitis virus [117, 118]. Furthermore, deletion of PKR inhi-
bitory genes in vaccinia virus attenuates infection [111, 119]. Viruses encode a
plethora of PKR inhibitors that can inhibit all steps in the PKR activation cycle
[120]. PKR has been subject to rapid evolution because of an ongoing molecular
arms race between PKR and viral PKR inhibitors [12, 14]. Within the vertebrate
lineage, the PKR kinase domain evolved much faster than the kinase domains of the
other eIF2a kinases. The rationale for this observation is that viral proteins that are
homologs of eIF2a, including vaccinia virus K3L and ranavirus vIF2a can directly
target the PKR kinase domain to prevent the interaction with eIF2a and act as
pseudosubstrate inhibitors [26, 121]. As a consequence, variation in the PKR kinase
domain among mammals resulted in differential sensitivity to vaccinia virus K3L
[12, 14]. The interaction between PKR and pseudosubstrate inhibitors can be very
species-specific. For example, it was shown that M156R, the K3L ortholog from
myxoma virus, was only able to inhibit PKR from European rabbits but not human,
sheep, mouse, rat, Guinea pig, Syrian hamster or Chinese hamster PKR. These
findings correlate well with the host range of myxoma virus, which is a
rabbit-specific pathogen, and emphasize the importance of PKR inhibition for virus
replication [122].
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PKZ, a PKR-related eIF2a kinase in fish: Because of the importance of PKR
in the response to viruses in mammals, there was much interest in identifying PKR
in non-mammalian species. For example, infections cause substantial economic and
ecological problems in both farmed and wild fish, amphibian and reptile popula-
tions, and characterization of their innate immune response to pathogens is of great
importance. In the fish rainbow trout, PKR-like activity was described after the
infection with infectious pancreatic necrosis and poly(I:C) incubation, which
mimics viral dsRNA [123]. The first PKR-related genes in fish were cloned and
characterized from goldfish and zebrafish [11, 124]. Surprisingly, the deduced
proteins lacked dsRBMs, but instead contained two Z-DNA/RNA-binding (Za)
domains and were hence named PKZ [11]. The PKZ-associated Za domains are
winged helix-turn-helix motifs, a common DNA-binding motif, which form a
dimeric complex with bound DNA as seen in the goldfish Za domain: Z-DNA
complex (PDB:4KMF) [125] (Fig. 7b). Phylogenetic analyses showed that the
eIF2a kinase domain in the PKZ orthologs was more closely related to that of PKR
than other eIF2a kinases (Fig. 3) [11, 13]. Interestingly, Za domains are found in
other interferon-inducible proteins, ADAR1 and ZBP1 (Dlm-1), as well as in the
poxvirus virulence and host range factor E3L and cyprinid herpes virus 3 ORF112
[126–129]. These domains are thought to induce a rapid transition from B- to
Z-DNA through binding to dCdG repeat sequences [125]. PKZ was also described
in other fish, including Atlantic salmon, rare minnow, and grass carp [130–132].

PKZ and PKR genes are arranged in tandem in the zebrafish genomes and are
separated by approximately 8 kb, suggesting that the PKZ gene was created by a
chromosomal duplication. Gene duplication events also amplified PKR genes. For
example, spotted green pufferfish (Tetraodon nigroviridis) express three PKR genes
that are contiguously arranged, which encode three, one, or no dsRBMs, respec-
tively. The closely related pufferfish Takifugu rubripes contains two PKR genes,
which each encode two dsRBMs. Three in tandem duplicated PKR genes are also
found in the frog Xenopus tropicalis [13]. PKR and PKZ genes appear to be absent
in non-bony fish, including sharks and rays. Taking the presence of PKR genes in
all vertebrate lineages and PKZ in some teleost fish into account, it is most likely
that PKR evolved in an ancestor of both extant bony fish and tetrapods. PKZ likely
evolved after a duplication of a PKR gene occurred, followed by the substitution of
the dsRBMs with Za domains. Later PKR duplications arose independently in some
fish and amphibian lineages [13]. Because the Za domains bind to different forms
of nucleic acids than the dsRBMs of PKR, the acquisition of Za domains in
combination with an eIF2a kinase domain likely extended the spectrum of viruses
that could be recognized, enhancing their antiviral effects [11]. Both goldfish PKR
and PKZ can inhibit replication of grass carp reovirus, and both eIF2a kinases are
suggested to function cooperatively for their antiviral functions [133]. Another
advantage of the presence of multiple copies of antiviral eIF2a kinases is that the
differences could render certain antiviral molecules that directly target PKR or PKZ
less effective, which as a consequence would better restrict viral replication.
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8 Diversity of eIF2a Kinases in Protozoan Parasites

Recent research has described the diverse eIF2a kinases that are expressed in
protozoan parasites and their roles in the stress resistance and differentiation pro-
cesses. A striking feature of this collection is the large numbers of different eIF2a
kinases in protozoan including new family members and their large size with
protein kinase inserts of extended length. These ideas are illustrated in Toxoplasma
gondii, which can infect cells from virtually any warm-blooded vertebrate and
cause toxoplasmosis in humans. Toxoplasma expresses four different eIF2a kinases
designated TgIF2 K-A to -D [134–137]. The eIF2a kinases TgIF2 K-C and -D are
related to GCN2 and function to manage nutrient depletion and overcome exposure
to the extracellular environment upon release or egress from the host cells,
respectively [134, 135]. eIF2 K-A possesses a transmembrane segment and is sit-
uated at the ER where it is suggested to function analogously to PERK, providing
Toxoplasma resistance to disruptions in this organelle (Sullivan et al. [137, 138].
The final variant eIF2 K-B is suggested to be a novel eIF2a kinase. The eIF2 K-B
has a predicted molecular weight of 278 kDa, with an 866 residue insert predicted
to be in the N-terminus and a second insert 700 residues in length situated in the
predicted activation loop in the C-terminal lobe [136]. While the TgIF2 K-B has
been shown to be an eIF2a kinase biochemically, there is no homology in the insert
sequences or in the regions flanking the kinase domain to suggest how it is regu-
lated by stress. Toxoplasma has two developmental stages, a proliferating tachy-
zoite and encysted bradyzoite, which is induced upon stress. Phosphorylation of the
Toxoplasma eIF2a occurs upon differentiation into the quiescent bradyzoite, sug-
gesting that one or more of these eIF2a kinases are critical for the developmental
program for this parasite [136]. These findings suggest that small molecules that
alter the status of Toxoplasma eIF2a phosphorylation may be effective treatment
strategies for toxoplasmosis [139, 140].

Similar themes are also found in the related parasite, Plasmodium falciparum,
which causes malaria. The Plasmodium eIF2a kinases eIK1, related to GCN2, and
PK4, which shares features with PERK, are expressed in the asexual blood stages,
with PK4 being required for the erythrocytic cycle that facilitates disease [141,
142]. By comparison, the Plasmodium eIK2 is largely expressed in salivary
sporozoites, which are injected by the mosquito vector into the bloodstream of the
infected host [143]. Three eIF2a kinases are also expressed in each of the patho-
genic trypanosomatids, Trypanosoma cruzi, Trypanosoma brucei, and Leishmania
major, which cause Chagas’ disease, African sleeping sickness, and cutaneous
leishmaniasis, respectively [144]. In T. cruzi, phosphorylation of the parasite eIF2a
is suggested to be required for differentiation of the non-infective epimastigote into
infective metacyclic trypomastigotes, a process suggested to involve parasite star-
vation for nutrients [145]. Nutrients are stored in the endosome of T. cruzi, and the
eIF2a kinase TcK2 is suggested to be situated in the membranes of this compart-
ment where it senses cytosolic heme, which is obtained by the parasite during blood
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meals from the host [146]. If the heme levels are sufficiently depleted in the cytosol,
activation of TcK2 and the attendant lowering of protein synthesis triggers differ-
entiation to the infective form of the parasite. In this regard, each of the protozoan
parasites has adapted the utility of eIF2a kinases for sensing diverse stresses to
coordinate optimal patterns of parasite infection, growth, and differentiation.
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eIF2a Kinases and the Evolution of Stress
Response in Eukaryotes

Juan José Berlanga, César de Haro, Miguel A. Rodríguez-Gabriel
and Iván Ventoso

1 The Origin of eIF2

Translation initiates with the recognition of the initiation codon in mRNA. This is a
rate-limiting step in translation that involves the transfer of Met-tRNAi to the small
ribosomal subunit for codon-anticodon pairing. To achieve this recognition, the
ribosomes require the participation of GTPase-bearing proteins that bring the
Met-tRNAi (fMet-tRNA in bacteria) to the small ribosomal subunit (30S in bacteria
and archaea, 40S in eukaryotes) [1–3]. Upon codon recognition, the hydrolysis of
GTP triggers the release of initiation factors and the joining of large ribosomal
subunit (50S in bacteria and archaea, 60S in eukaryotes). Bacteria and eukaryotes
significantly differ in the way they transfer Met-tRNAi to the ribosome (Fig. 1).
Whereas in bacteria this process requires a monomeric GTPase that binds first the
ribosome and then accommodates the formyl-Met-tRNA in the P site of 30S subunit
(IF2), eukaryotic cells use a complex of three non-identical subunits, a, b and c
(eIF2), that binds GTP and Met-tRNAi first to form a ternary complex [1, 4, 5]. The
ternary complex (TC) then binds the 40S subunit in a process that is stimulated by
other initiation factors (e.g., eIF3) that are specific to eukaryotic cells. Both IF2 and
the c subunit of eIF2 contain a G domain subtype (tr-type G domain) involved in
GTP binding and GTPase activation upon large ribosomal subunit joining (Fig. 1).
However, unlike IF2, the intrinsic GTPase activity of eIF2 is low and requires a
GTPase activating protein (GAP) called eIF5 that associates with eIF2 in the
pre-initiation 43S complex [6, 7]. After GTP hydrolysis, exchange of GTP for GDP
in eIF2 requires eIF2B, an additional factor that replenishes the GTP necessary for
eIF2 activity recycling [8]. In bacteria IF2 performs all these activities, a fact that
probably makes the initiation step more efficient in these organisms. In eukaryotes,
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however, the splitting of eIF2 activities in two additional associated factors (eIF5
and eIF2B) resulted in a new layer of functional regulation and complexity asso-
ciated to the evolution of eukaryotes [9].

The emergence of eIF2 was perhaps linked to a new mode of translation initiation
that involved the attachment of ribosome to the 5′ termini of the mRNA. This
process also required a new set of eukaryotic proteins (eIF4F and eIF3) that pro-
pelled the 40S subunit in the 5′–3′ direction (scanning) to reach the initiation codon
[10]. This new mode of initiation probably replaced the existing mechanism that
operated in primitive bacteria, where the small subunits possibly loaded the mRNAs

Fig. 1 Factors involved in Met-tRNAi binding and AUG recognition in bacteria, archaea and
eukaryotes. a Structure of IF2/eIF5B and a/eIF2 factors bound to Met-tRNAi (green). IF2/eIF5B
structure corresponds to mammalian eIF5B and a/eIF2 structure corresponds to yeast eIF2.
The GTP binding-GTPase domain is shown in red (tr-type G domain). The three subunits of eIF2
are indicated, although the structure of the b-subunit is incomplete. Ser51 of the a subunit is
labeled. b Mechanisms involved in AUG recognition in bacteria, archaea and eukaryotes. The
Shine-Dalgarno sequence (SD) in mRNA promotes the recruitment of the 30s subunit in bacteria,
but also in some polycistronic mRNAs of archaea. a/eIF2 binds Met-tRNAi and GTP to form the
ternary complex (TC) which in turn binds archaeal 30S and eukaryotic 40S, promoting AUG
recognition in most eukaryotic mRNAs and in leaderless archaeal mRNA
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directly as occurs in modern prokaryotes [5] (Fig. 1). How did these primitive
eukaryotes move from a prokaryotic-like mechanism of initiation toward the one
conducted by eIF2 in modern eukaryotes? A look at the archaeal mode of initiation
could shed some light on this question. An eIF2 homolog has been found in many
species of archaea (aIF2), being extensively characterized in the prototypical ther-
mophilic archaeon Sulfolobus solfataricus [11, 12]. aIF2 is structurally related to
eIF2, although it still retains some functional resemblance with bacterial IF2. Like
eIF2, aIF2 is a a-b-c trimer that binds GTP, Met-tRNAi and the ribosomal small
subunit (30S). Thus, aIF2 can replace eIF2 for delivering the Met-tRNAi to the
eukaryotic 40S subunit in vitro [13]. However, unlike eIF2, aIF2’s affinity for GTP is
similar to its affinity for GDP and exhibits a significant GTPase activity in the
absence of any GAP [14]. Consistently, no homolog of eIF5 has been found in
archaea, whereas the existence of the eIF2B homolog in archaea is still controversial
[15]. Moreover, as bacterial IF2, aIF2 seems to first associate with GTP and the 30S
subunit before recruiting the Met-tRNAi [16]. Interestingly, besides Met-tRNAi
binding activity, aIF2c also binds the 5′ triphosphate of mRNAs and protects them
from degradation [17, 18]. Thus, aIF2 has been implicated in the translation and
stabilization of leaderless mRNA, which are very abundant in archaea (about 50 %
of all mRNAs) [11, 16]. At the same time, archaea also use the homolog of bacterial
IF2 to translate some mRNAs, especially for those that are included in operons
(polycistronic) (Fig. 1). Eukaryotes also have a homolog of bacterial IF2, eIF5B,
although its function has diverged from the former to promote 60S subunit joining
after initiation codon recognition [19]. The fact that these two modes of translation
initiation still coexist in archaea suggests that a/eIF2 perhaps emerged in the
archaeal/eukaryotic branch as a new posttranscriptional regulator, involved in
translation and stabilization of certain mRNAs with a distinctive 5′ end. Later, once
in the eukaryotic branch, the machinery evolved so that eIF2 began to take over the
translation of an increasing number of mRNAs. In this regard, it is interesting to note
that eIF2 has been reported to interact with the 5′ UTR of some mammalian and viral
mRNAs, an activity that could still remain in eIF2 as a relic of a primitive function
[20].

2 The Origin and Diversification of eIF2a Kinases

In eukaryotes, the Ser51 of eIF2a can be phosphorylated by up to five different
kinaseswith an exquisite degree of specificity, suggesting that a/eIF2 and its primitive
kinase could have emerged as a working couple. In agreement, all eukaryotes studied
to date contain at least one eIF2a kinase. In archaea, the sequence around the
phosphorylatable S51 in aIF2a is not conserved. However, a nearby residue (Ser48)
in aIF2 can be phosphorylated by human PKR in vitro [16, 21], consistent with the
fact that the eIF2amotif involved in recognition by eIF2a kinases is quite conserved
in aIF2a (KGYID in eIF2a vs. KGHID in aIF2a). However, such specific kinase
activity on aIF2a has not been detected in any archaea analyzed so far [21]. Therefore,

eIF2a Kinases and the Evolution of Stress Response in Eukaryotes 263



at least in prototypical archaea, aIF2 could have emerged without an associated
a/eIF2a kinase. Nonetheless, given the wide biodiversity found in the archaea
domain, the possibility of finding a specific aIF2a kinase cannot be ruled out.

Phosphorylation at eIF2a Ser51 affects the activity of the entire a-b-c complex,
since it prevents the GDP-eIF2 to GTP-eIF2 recycling promoted by eIF2B. eIF2B
binds phosphorylated eIF2a with 100-fold more affinity than to the
non-phosphorylated form, causing the accumulation of a non-productive complex
that sequesters eIF2B in the cell [22]. So, in order to impact eIF2 activity, primitive
a/eIF2a kinase had to emerge together with (or after) eIF2B emergence in ancient
eukaryotes. Interestingly, eIF2B-like activity was reported in extracts of ther-
mophilic archaea [15], although it is not clear whether a similar activity could also
be present in other archaeal groups.

eIF2a kinases (EIF2AKs) belong to the large protein-serine/threonine kinase
family. Among EIF2AKs, the kinase domain (KD) shares approximately 27 %
identity and 45 % similarity [23], which is much higher than the identity shared
with other serine/threonine kinases (about 17 % identity). Besides the differences in
amino acid sequence, the KD of eIF2a kinases contains two distinctive features that
make them highly specific for eIF2a, their only well-characterized substrate. One of
these features is the presence of an insert, variable in size, ranging from 14 to 248
residues and located between kinase subdomains IV and V (sheets b4 and b5) of
KD that is non-conserved in the amino acid sequence (Fig. 2). Another charac-
teristic hallmark is represented by a shorter linker connecting subdomains IX and X
(helices aF and aG) together with a larger helix aG in the carboxy-terminal region
of the kinase domain that is distinctly oriented towards the substrate [24].

Fig. 2 Domain organization and phylogenetic relationships of eIF2a kinases. Phylogenetic tree
was constructed with sequences of the kinase domains using the maximum likelihood method
(PhyML). All branches gave a support higher than 0.8. Kinase domains (KD), including the
internal insert (lighter gray), are represented together with the different regulatory domains found
in eIF2a kinases (see text for details). The distribution of eIF2a kinases in eukaryotes is also
indicated
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GCN2 is the only eIF2a kinase that is present in virtually all eukaryotes (the
anemone N. vectensis is the only exception to date), indicating that it may be the
most ancient member of the EIF2AK family (Fig. 2). Furthermore, GCN2 is the
only eIF2a kinase found in plants. HRI, the eIF2a kinase regulated by heme
groups, is the second more widely distributed member of the family, and it is
present in some unicellular eukaryotes such as fission yeast [25, 26]. Searching for
HRI homologs in other available genomes revealed that HRI is much more wide-
spread than previously thought, so that it is present in many species of invertebrates
including insects, worms, bivalve mollusks and crustaceans (data not shown).
Surprisingly, HRI genes are not present in some of the best studied model organ-
isms, such as D. melanogaster, C. elegans and S. cerevisiae, a fact that led to the
misleading assumption that HRI was only present in vertebrates. PERK is the third
eIF2a kinase according to its lineage appearance, and it has been found in virtually
all metazoans analyzed to date [27].

Finally, PKR, the eIF2a kinase involved in the innate cellular antiviral response,
is only present in vertebrates. Additionally, its closely related eIF2a kinase, PKZ,
has been found exclusively in fishes [28–32] (goldfish, zebrafish, Atlantic salmon,
carp).

Of particular interest is the case of protozoan parasites such as Plasmodium,
Toxoplasma, Trypanosoma or Leishmania in which at least three eIF2a kinases are
found [33–36]. One of them, eIF2K1, is very similar to GCN2, but lacks the
pseudokinase domain, which usually precedes the eIF2a KD. The second, eIF2K2,
has a topology very similar to PERK, with a predicted N-terminal signal peptide
and a potential transmembrane region, although lacking any known regulatory
domain. Recently, a regulation by heme has been proposed for this kinase [37]. The
third member of the family, eIF2K3, shows very little similarity with any other
member of the eIF2a kinase family.

A comparison of the different kinase subdomains reveals certain phylogenetic
relationships among the five members of this kinase family. The highest identity
scores are found in subdomains VII and VIII, with 54 and 44 %, respectively,
whereas subdomains II, X and XI are the most divergent with global identities of
15, 9 and 7 %, respectively [23]. Surprisingly, subdomain X (helix aG), which is
directly involved in eIF2 recognition, shows a very limited conservation (9 %
identity), although it contains 5 out of the 26 residues that are preferentially con-
served only among the eIF2a kinases [24]. When comparing in pairs, the highest
identity scores (49 %) correspond to GCN2-HRI (72 % similarity), HRI-PERK
(68 % similarity) and GCN2-PERK (68 % similarity). PKR shares a relatively low
identity with HRI and GCN2 (40 and 42 %, respectively) and higher with PERK
(49 %) and PKZ (52 %).

The ability of each eIF2a kinase to respond to different stimuli resides in the
presence of unique regulatory regions, most of them located in the N-terminal part
of the protein (PERK, PKR and PKZ), but also in the C-terminus (GCN2) or even
inside the kinase domain (HRI) (Fig. 2). The diversity of stress-sensing regulatory
domains found in eIF2a kinases represents a good example of domain shuffling by
recruitment and ligation of non-kinase domains to a primitive kinase domain (KD).
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Non-homologous recombination and gene fusion events have been proposed as
sources of genetic diversification of multimodular proteins, including kinases [38,
39]. In eIF2a kinases, the addition of regulatory domains occurred preferentially at
the N-terminal of the KD, whereas GCN2 is the only member with an extended
regulatory domain at the C-terminal of the KD. The length and organization of the
regulatory domains in eIF2a kinases are very diverse, and no sequence homology
has been detected among them, suggesting that they might have been added to the
primitive KD by independent events of recombination.

GCN2, first identified in budding yeast, is mainly activated by binding of dea-
cylated tRNA, which accumulates in cells starved for any amino acid [40]. Beside
the KD, this kinase carries distinct well-defined domains: (1) an amino terminal
charged region (RWD), responsible for the binding of the regulatory protein
GCN1/GCN20; (2) a region similar to a kinase domain, but lacking essential
residues (pseudokinase, wKD); (3) a histidyl-tRNA synthetase (HisRS)-like
domain; (4) a carboxy-terminal domain (CTD) with no obvious similarity to any
known functional domain, but responsible for dimerization, binding to the ribosome
and kinase activation by tRNA [41–43]. GCN2 activation requires the m2 motif of
the HisRS domain, which binds deacylated tRNA and is responsible for GCN2
activation in response to amino acid starvation. This domain is also necessary for
the activation of the kinase by viral RNA [44, 45]. The kinase is thought to be a
constitutive dimer where the CTD interacts with the HisRS and kinase domains
blocking its interaction with eIF2, until the binding of tRNA to HisRS releases
these interdomain interactions allowing the interaction of the substrate with the
kinase domain [46].

HRI was discovered as a modulator of globin synthesis in reticulocytes. HRI
coordinates hemoglobin production to iron availability because of its activation
when heme is scarce [47]. The presence of this protein in many other organisms,
including fission yeast Schizosaccharomyces pombe, was later reported, extending
its implication in the response to other stress forms such as exposure to heavy
metals, heat shock, osmotic stress, oxidative stress, nutrient starvation or nitric
oxide [47–49]. HRI seems to be a constitutively active homodimer, which binds
heme through a region located in the amino-terminal portion of the protein.
A second heme-binding site inside the kinase domain also regulates its activity. It
has been proposed that kinase activity is inhibited in the presence of heme as a
result of the amino-terminal domain interaction with the KD as well as the for-
mation of intermolecular disulfide bonds. Under heme deprivation, heme dissoci-
ates from the kinase domain-binding site, releasing the intra- and intermolecular
interactions that result in kinase activation [50, 51].

PERK is an endoplasmic reticulum (ER) resident kinase with an amino-terminal
signal peptide (SP), a luminal amino-terminal regulatory region (IRE1-like) and a
transmembrane domain (TM) preceding the kinase domain. This protein is activated
upon ER stress because of its oligomerization through the IRE1-like regulatory
domain [52, 53]. In unstressed cells PERK interacts with ER chaperones such as
BiP (GRP78), which binds to the amino-terminal IRE1-like regulatory domain,
preventing the dimerization and keeping the kinase in an inactive state.
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Accumulation of unfolded proteins during ER stress leads to the dissociation of the
chaperones, promoting kinase oligomerization and activation [54, 55].

Expression of PKR is stimulated by interferon, and it is the main eIF2a kinase
involved in the response to viral infection. The kinase is activated upon binding to
double-stranded RNA (dsRNA) generated during viral replication [56]. It contains
two dsRNA-binding motifs (dsRBM) in the amino-terminal region that are
responsible for the activation of the kinase. It has been reported that the folding of
these dsRBMs over the kinase domain keeps the kinase inactive in its latent state.
Upon dsRNA binding to dsRBM, the kinase domain unlocks. Furthermore, the
dsRNA binding promotes the dimerization of the protein, which is also necessary
for its activation [24, 57, 58]. There is not a dsRNA sequence requirement, but the
length must be at least 16 bp to allow the binding of two dsRBMs, present in two
PKR molecules, to the same dsRNA molecule and the formation of PKR dimers,
the active form of the kinase [59].

PKZ is an eIF2a kinase very closely related to PKR, only present in fish. PKZ
differs from PKR because it contains two Z-DNA binding domains instead of the
dsRBM present in PKR. The Z conformation is an alternative form that can be
adopted by dsRNA or dsDNA, consisting in a left-handed helix. In cells, Z-DNA
can be generated by RNA polymerases during transcription. PKZ can provide
advantages in the innate response against virus infection, because it could make the
spectrum of viruses sensitive to eIF2a kinase activity wider by responding to
distinct nucleic acid structures and by altering the sensitivity of cells to viral PKR
inhibitors [30].

The diversification of eIF2a kinases exemplifies the specialization of stress
response found in vertebrates. However, not all eIF2a kinases exhibit the same
degree of specialization. GCN2 and HRI, the most primitive members of the family,
exhibit some degree of promiscuity so that they can be activated by several different
types of stress (Fig. 3). However, PERK and PKR, the newest members, show a
much higher degree of specialization so that they respond to just one type of stress
(ER stress/protein unfolding or virus, respectively). GCN2 and HRI are activated by
stresses that can be considered as universal to all eukaryotic cells (nutrient depri-
vation, oxidation and heat shock). However, the ER stress that activates PERK
mainly affects some specialized cells that are involved in the secretory function of
metazoans and vertebrate tissues [52]. Similarly, the viral infections that activate
PKR are more prevalent in vertebrate hosts.

No significant overlapping in eIF2a kinase activation was found when com-
paring different types of stress in human and mouse cells. For example, drugs that
perturb ER homeostasis or that induce protein misfolding activated PERK, but no
other eIF2a kinases. Similarly, viral infection can induce the activation of PKR
exclusively, although a weak secondary activation of PERK has been documented
for some viruses because of the massive accumulation of viral proteins, which
resulted in ER overloading [60]. Exceptionally, some degree of overlapping has
been found for PKR and GCN2 in cells infected with alphavirus, where an addi-
tional activation of GCN2 in addition to primary PKR activation has been reported
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[44]. On the contrary, in lower eukaryotes such as fission yeast, an overlapping of
Gcn2 and Hri1 and Hri2 kinases is more evident. For example, nitrogen source
deprivation activated Gcn2 and Hri1 in fission yeast, whereas Hri2 activated early
during glucose deprivation [48]. Although some degree of specialization is already
apparent in lower eukaryote eIF2a kinases, stress response in these organisms
seems to be less diversified when compared to higher eukaryotes, so that different
stresses can activate a similar set of genes, a feature much less evident in higher
eukaryotes [49, 61, 62].

Fig. 3 eIF2a kinases and the integrated stress response (ISR). Cells sense environmental stresses
and differentially activate eIF2a kinases, in both lower and higher eukaryotes. These signals funnel
into eIF2a phosphorylation leading to attenuation of general translation and activating translation
of specific mRNAs (e.g., ATF4). ATF4 activates transcription of a basic set of genes involved in
stress response and recovery (e.g., GADD34). This translational reprogramming, along with
stress-specific transcription, generates a tailored response to different stresses
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3 eIF2a Phosphorylation and Stress Response

In eukaryotes, the responses to amino acid deprivation, viral infection, iron defi-
ciency and protein misfolding constitute the integrated stress response (ISR), which
is activated by eIF2a phosphorylation [63]. All these stresses trigger kinase acti-
vation and eIF2a phosphorylation in order to attenuate the synthesis of new pro-
teins and, at the same time, to activate a transcriptional program that includes the
induction of a set of common and stress-specific genes [64]. Therefore, the suc-
cessful execution of the stress response requires a tight coordination between
translation reprogramming and transcription. Given that eIF2B is at limiting
amounts in the cell, and that phosphorylated eIF2a showed an increased affinity for
eIF2B, a relatively low level of eIF2a phosphorylation causes a disproportioned
inhibition of general translation, especially in mammalian cells [4]. This blockage
in protein synthesis by eIF2a phosphorylation has been interpreted as an attempt of
the cell to prevent stress-induced damage of proteins that are being synthesized and
also to save energy that could be further necessary for recovering from stress.
Reducing the bulk of protein synthesis is particularly relevant during the unfolded
protein response (UPR) that occurs in the ER. Translation halt due to eIF2 phos-
phorylation alleviates the protein load of the ER almost instantly, minimizing the
chance for co-translational misfolding [65, 66]. For GCN2, the response to amino
acid deprivation couples the cell metabolism and proliferation to nutrient avail-
ability, an elemental response for all eukaryotic cells.

The seminal studies with GCN4 mRNA in yeast, coupled with modern
high-throughput approaches (polysome and ribosome profiling) have revealed the
prevalence of a set of mRNAs whose translation resisted or was even activated
upon eIF2a phosphorylation [67]. This paradoxical effect relies on the presence of
distinctive regulatory elements in these mRNAs. For translation-activated mRNA it
consists in the presence of one or several short upstream open reading frames
(uORFs), which control the re-initiation of 40S subunits on the true AUG of these
mRNAs. ATF4, the transcription factor homolog of GCN4 in higher eukaryotes, is
a paradigm of this mode of translation regulation that tightly controls the level of
this protein in the cell [63, 68]. ATF4 is a master regulator of the ISR, which
activates the transcription of many genes involved in antioxidant functions, protein
synthesis, amino acid transport and chaperons, which are necessary for recovering
from stress [63]. Interestingly, ATF4 also controls the status of eIF2a phospho-
rylation by inducing the expression of the specific regulatory subunit of the eIF2a
phosphatase (GADD34) via ATF3 and CHOP induction, a circuit that restores
translation once the stress stimulus has disappeared [63]. Similar to ATF4, the
mRNAs of ATF3, CHOP and GADD34 genes also contain uORFs, which regulate
their translation during the stress response. Remarkably, all these genes are also
activated at the transcriptional level upon stress, a fact that potentiates the stress
response. Whereas translation reprogramming due to eIF2a phosphorylation is
predicted to be very similar for all types of stress, transcriptional activation profiles
are clearly stress specific in mammalian cells [62]. For example, UPR activates the
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transcription of a number of genes that, in combination with translation repro-
gramming by PERK/eIF2a phosphorylation, generates a more specific response that
clearly differentiates from amino acid deprivation, UV or virus infection (Fig. 3).
The coupling of these two levels of regulation (translation and transcription) gen-
erates the specialization in the stress response observed in mammals.

4 Evolution of PKR and Virus Defeating

Phylogenetic analysis revealed that PKR is the eIF2a kinase family member that
accumulated more changes (diversification) in the recent evolution of this kinase
family (last 30–50 million years). Signs of intense episodes of positive evolution
became apparent when ratios of synonymous and non-synonymous changes
(dN/dS) were compared among PKR genes from fish to primates [69, 70]. Thus,
PKR genes have been described as one of the fastest evolving genes identified to
date [70]. These rates of evolution are not observed in PERK and GCN2, which are
highly conserved among vertebrates, whereas HRI genes evolved at rates similar to
that observed in other kinase families (Fig. 4). Since PKR is directly involved in
defeating viruses, the accelerated rates of evolution found in PKR genes have been
explained by a sustained “arms race” between the kinase and viral products that
antagonize with it [69, 70]. This is exemplified by the poxvirus K3L gene, a
pseudo-substrate of PKR that mimics the eIF2 moiety involved in the interaction
with the enzymatic pocket of eIF2a kinases (Fig. 4). Thus, the combination of
adaptive changes in the aG, aD and aE helices of the PKR kinase domain (KD) of
the hominoid lineage (including human, chimpanzee, gorilla and orangutan)
resulted in an almost complete resistance to the vaccinia K3L product [69]. This
illustrates a remarkable case of evolutionary flexibility at protein interaction
interfaces, since the resistance of hominoid PKR to K3L binding was acquired
without affecting the interaction with the natural substrate (eIF2). Interestingly,
tandem duplication and triplication of PKR genes have been detected in the genome
of some amphibians and fishes, a fact that has not been observed for the rest of
eIF2a kinases. This raises the possibility that intense episodes of arms race with
viruses or other pathogens could have promoted duplications in the PKR locus of
some vertebrate clades, a source of diversity that is also suggestive for the primary
diversification of the eIF2 kinases that may have occurred in primitive eukaryotes.
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Translation Elongation and Termination:
Are They Conserved Processes?

Sandra Eltschinger, Peter Bütikofer and Michael Altmann

1 Introduction

Translation initiation is followed by a process in which sequential addition of amino
acid residues enables peptide chain formation, called translation elongation.
Elongation decodes the codons on an mRNA and depends on elongation factors
(EFs). In a first step, a ternary complex consisting of EF1A/EF-Tu-GTP-aminoacyl-
tRNA (aa-tRNA) is formed and the elongator aa-tRNA is recruited to the ribosomal
acceptor (A-) site. Hydrolysis of EF1A/EF-Tu-GTP is activated upon
codon-anticodon decoding at the A-site and mRNA-tRNA interaction with the
ribosome. Subsequently, peptide bond formation occurs between the aa moiety of
the A-site aa-tRNA and the peptidyl-tRNA located at the ribosomal peptidyl (P-)
site. Thereafter, the deacylated tRNA is moved to the exit (E-) site [1–4]. This
elongating process is repeated until a stop codon (UAA, UAG and UGA) is
encountered. Exposing a stop codon at the A-site initiates the process of translation
termination. Polypeptide release factors mediate the release of the polypeptide chain
from the ribosome by hydrolysis of the ester bond between the polypeptide chain
and the tRNA at the P-site [1–3, 5].
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2 Elongation Factors

2.1 Mechanism of Translation Elongation

2.1.1 The EF1 Complex and Bacterial EF-Tu/EF-Ts

Translation elongation is a conserved process across the three kingdoms of life—
eukaryotes, bacteria and archaea [6]. Once the eukaryotic 80S ribosome—or the 70S
ribosome in prokaryotes—is positioned on the start AUG codon of the messenger
RNA (mRNA), a polypeptide chain is formed by sequential addition of amino acids.
Eukaryotic translation elongation requires several elongation factors: eukaryotic
elongation factor complex 1 [7]—consisting of the G-protein eEF1A, its GEF
(guanine nucleotide exchange factor) eEF1Bα and a stimulatory factor eEF1Bγ in
fungi and additionally eEF1Bβ in plants and animals [8]—eEF2 and fungal-specific
eEF3 [9–13]. Analogously, archaea and bacteria require aEF1 or EF-Tu (Elongation
Factor Thermo-unstable [14]), respectively, for aa-tRNA binding and peptide
elongation. These proteins are orthologs of eEF1A. Furthermore, aEF1 and EF-Tu
nucleotide exchange is performed by EF-Ts (Elongation Factor thermostable [14])
and aEF1β, respectively, and translocation of peptidyl-tRNAs is catalyzed by aEF2
and EF-G, respectively (reviewed in [2]).

tRNAs are specific for a particular amino acid. A given tRNA recognizes its
cognatemRNAcodon by its anticodon. The genetic code is—with a few exceptions—
universal in all domains of life and degenerated, allowing correspondence of several
mRNA triplets to one amino acid residue, as recently reviewed in [15]. tRNAs bind to
three different binding sites within a ribosome: Incoming aminoacyl-tRNAs enter the
A-site. The P-site serves as entry site of the initiator tRNA (Met-tRNAi) during
translation initiation. Furthermore, stable binding of the peptidyl-tRNA during
elongation also occurs at the P-site. Lastly, the E-site is bound by deacylated tRNAs
before they leave the ribosome (reviewed in [16, 17]).

Peptide elongation starts with an initiator methionyl-tRNA placed at the ribo-
somal P-site next to the A-site. eEF1A, aEF1 and bacterial EF-Tu, respectively, are
among the most abundant proteins within a cell [18] and consist of three different
domains that perform a specific function. Domain I—also called G-domain—is
responsible for the guanosine-triphosphatase (GTPase) activity of eEF1A/EF-Tu.
When interacting with GTP, eEF1A/EF-Tu binds to an aminoacyl-tRNA (aa-tRNA)
with very high affinity and forms a ternary complex. Domains II and III assist in
binding the aa-tRNA. The aa-tRNA is directed to the ribosomal A site [1].
Hydrolysis of GTP occurs upon codon-anticodon match between the A-site codon
of the ribosome-bound mRNA and the aa-tRNA, enabling accommodation of the
aminoacyl-tRNA, release and recycling of eEF1A. After accommodation of the 3′
end of an aa-tRNA at the A-site, the ribosome—a complex ribozyme—catalyzes
peptide bond formation with the P-site located peptidyl tRNA at the catalytic core
of the ribosome—the peptidyl transferase center (PTC), located on the large ribo-
somal subunit rRNA. Nucleotide exchange of eEF1A has been proposed to be the
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rate-controlling step of translation in eukaryotes [19]. In eukaryotes, this function is
performed by eEF1B. In contrast to eukaryotes where exchange factors form a high
macromolecular complex, bacteria have a single exchange factor, EF-Ts. The
composition of the nucleotide exchange factor eEF1B differs between eukaryotes
depending on the organism [7]. Yeast eEF1B contains eEF1Bα and eEF1Bγ while
metazoans contain a heteromer containing at least four subunits: eEF1Bα, eEF1Bγ,
eEF1Bδ and the valine-tRNA synthetase (Table 1) ([20]; reviewed in [7]). Only the
catalytic α-subunit is required for nucleotide exchange, and eEF1Bγ may stimulate
eEF1Bα-activity [21–23]. Unlike eEF1A and EF-Tu, the catalytic eEF1Bα subunit
is entirely different from bacterial EF-Ts. Therefore, it is not surprising that EF-Ts
interacts with EF-Tu in a manner distinct from the binding of eEF1Bα to eEF1A. In
fact, prokaryotic EF-Tu binds EF-Ts through domains I and III (Fig. 1b) [24, 25],
whereas eEF1A interacts with eEF1Bα during GDP-GTP exchange through
domains I and II [26] (Fig. 1a). Furthermore, eEF1Bα and EF-Ts promote

Table 1 Translation elongation and release factors in eukaryotes, archaea and prokaryotes

Protein Function

Eukaryotes Archaea Bacteria (and
organelles)

eEF1A aEF1 EF-Tu Binding of aa-tRNA and
recruitment to ribosomal
A-site, GTP-binding and
hydrolysis

eEFSec SelB SelB Binding of Sec-tRNASec and
recruitment to ribosomal
A-site, GTP-binding and
hydrolysis

eEF1B eEF1Bα eEF1Bα aEF1β EF-Ts Nucleotide exchange

eEF1Bβ eEF1Bβ Nucleotide exchange

eEF1Bδ

eEF1Bγ eEF1Bγ Structural protein

– Val-RS Aminoacyl-tRNA synthetase

eEF2 aEF2 EF-G Translocation of peptidyl-tRNA
to P-site

Fungal eEF3 – – Release of deacylated tRNA
from E-site

– – LepA/EF4 Back-translocase

eIF5A/4D aIF5A/aEF5 EF-P Positioning of Met-tRNAi
at P-site, alleviation of
ribosomal stalling upon
consecutive Pro residues

eRF1 aRF1 RF1 and RF2 Class I RFs

eRF3 – RF3 Class II RFs

Eukaryotic nucleotide exchange factor eEF1B composition varies between kingdoms. Valyl-tRNA
synthetase is abbreviated “Val-RS”
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nucleotide exchange through mechanisms distinct from each other [6]. eEF1Bα
recycles eEF1A-GDP to eEF1A-GTP by inserting a lysine residue into the
γ-phosphate and Mg2+ binding site to destabilize binding of Mg2+ [27], allowing
eEF1A to enter a new round of elongation and forming a new
aa-tRNA-eEF1A-GTP ternary complex [28]. In contrast, EF-Ts binds to the
G-domain of EF-Tu, thereby indirectly destabilizing Mg2+ binding and inducing
GDP release [27]. Why eukaryotes use a different mechanism than prokaryotes is
not clear. A recent report claims that Mg2+ is not absolutely required in higher
eukaryotes for nucleotide exchange [29], explaining the similar affinity of eEF1A
for GDP and GTP in contrast to EF-Tu [30, 31], which binds GDP approximately
100-fold tighter than GTP [32].

Eukaryotic elongation factor 2 (eEF2)—which is very similar to its bacterial
counterpart EF-G (Table 1) [4]—is responsible for translocation of tRNAs to the E-
and P-sites by binding to the ribosome [33] and was proposed to prevent backward
movements of tRNAs (reviewed in [2]). As only two tRNAs can occupy the
ribosome at the same time, deacylated tRNAs have to exit to ensure delivery of the
next aa-tRNA to the ribosomal A-site. In yeast, eEF3 catalyzes the release of
deacylated tRNA from the E-site of the ribosome, thereby acting as an “Exit-(E)-
site factor” (Fig. 4) [11, 13] (discussed in the text below).

Some translation elongation factors carry unique post-translational modifications
(Fig. 2). Generally, the range of activity of a specific protein can increase by
introducing post-translational modifications which change the properties of an
amino acid or by impinging on structural features. Furthermore, post-translational
modifications may affect interactions with other proteins, change the subcellular
organization or alter turnover rates of proteins. In some cases, the significance of
post-translational modifications is not completely clear. eEF1A of the eukaryotic

Fig. 1 eEF1A/EF-Tu GDP-GTP exchange and GEFs are not conserved. a S. cerevisiae eEF1A in
complex with its guanine nucleotide exchange factor (GEF) eEF1Bα (highlighted). The 3D
structure was obtained from PDB, accession number 1F60. b E. coli EF-Tu in complex with its
GEF EF-Ts (highlighted). The 3D structure was obtained from PDB, accession number 4PC7.
a and b eEF1A and EF-Tu consist of three domains
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eEF1 complex undergoes different post-translational modifications such as phos-
phorylation [34], methylation [35, 36], C-terminal methyl-esterification [36] and
ethanolamine phosphoglycerol (EPG) attachment [37, 38]. In addition, a lysine
trimethylation conserved between yeast and human has been reported recently [39].
Interestingly, the methyl transferase responsible for methylation of this conserved
residue is overexpressed in many cancers indicating that it might have an enhancing
effect on protein synthesis [40].

The most conserved post-translational modification on eEF1A is ethanolamine
phosphoglycerol (EPG) (Fig. 2a). So far, no other protein has been found to have
an EPG attachment. This unique modification was discovered in eEF1A from a
human erythroleukemia cell line [37] and a murine lymphocyte cell line [38]. Since
then, it has been detected in eEF1A from many eukaryotic species. In plants [41]

Fig. 2 Unique post-translational modifications in translation elongation factors. a eEF1A consists
of three domains and is post-translationally modified with ethanolamine phosphoglycerol
(EPG) on glutamate residues. This modification is unique to eukaryotic cells. Human eEF1A
carries an EPG moiety in domain II and III, whereas T. brucei is EPG-modified on domain III only.
S. cerevisiae (and possibly C. albicans) eEF1A lacks EPG modifications. A specific motif
requirement for EPG attachment is not known. b eEF2 and aEF2 are diphthamide-modified on a
conserved lysine residue in domain IV. Despite strict conservation of the lysine residue, bacterial
EF-G is not modified. c Hypusine is attached to a conserved lysine residue of IF5A in eukaryotes
and archaea on domain I of the protein. Some bacteria carry a lysylation or a rhamnosylation
modification on the conserved arginine residue. a–c Arrows indicate the sites of modification.
Modified residues are framed. Residue conservation is indicated, alignments were created using
CLC Sequence Viewer
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and mammals [35, 37, 38], EPG was found to be attached to two glutamic acid side
chains within eEF1A domains II and III (Fig. 2a). Notably, residues in close
proximity to the EPG attachment site show only little sequence similarity indicating
that EPG attachment may be independent of a consensus motif but strictly specific
for glutamate. Despite its early discovery, the function of EPG modification of
eEF1A has remained elusive. The ancient eukaryote Trypanosoma brucei carries a
single EPG moiety on domain III only [42], although both glutamate residues in
domains II and III are conserved. It has been reported that an 80-amino-acid peptide
of domain III attached to a reporter protein is sufficient to recruit the
EPG-attachment machinery as long as the critical Glu362 residue is present, indi-
cating that changes around the linkage site have no effect on EPG attachment but
may rather depend on the three-dimensional structure of domain III [43]. The
three-dimensional structure prediction of T. brucei eEF1A domain III indicates that
EPG is positioned at the surface of a β-sheet. Surprisingly and unlike other
eukaryotic species, S. cerevisiae eEF1A is not EPG-modified [44, 45], although the
glutamate residue at amino acid position 372 within eEF1A domain III is con-
served. In contrast, Homo sapiens eEF1A is EPG-modified when expressed in
T. brucei, suggesting that EPG attachment is conserved between both species [45].
It is possible that—even though the protein is remarkably conserved from its pri-
mary to its tertiary structure—a structural requirement in yeast eEF1A may be
missing for EPG attachment to occur. Surprisingly, S. cerevisiae eEF1A is not
EPG-modified when it is expressed in T. brucei (E. Greganova and P. Bütikofer,
unpublished results). A lack of genes encoding for enzymes required for EPG
attachment and/or synthesis in S. cerevisiae cannot be excluded. Remarkably, in
Candida albicans eEF1A the glutamate residue in the putative EPG modification
site is replaced by a threonine residue, suggesting that other yeast species are
lacking EPG as well. In contrast to most eukaryotes, where the glutamate residues
in domains II and III of eEF1A are conserved, EF-Tu lacks those residues, and
experiments have shown that E. coli EF-Tu is not EPG-modified [38]. Additionally,
aEF1A from Halobacterium salinarum and Haloquadratum walsbyi also lacks EPG
[46]. Thus, EPG modification seems to be a feature found in most but not all
eEF1As.

Not only the function, but also the mechanism of EPG attachment is unclear.
According to one hypothesis, individual EPG components are sequentially added to
the glutamic acid residues of eEF1A. Another hypothesis favors the idea that fully
synthesized EPG is attached to eEF1A. It seems more likely that a larger structure
containing EPG is attached to eEF1A with modification reactions taking place at the
protein itself [42]. The aminophospholipid phosphatidylethanolamine (PE) was
shown to act as donor of the ethanolamine moiety for EPG. Although a
PE-modified version of eEF1A has not been detected yet, the possibility remains
that eEF1A is first modified with PE, followed by subsequent deacylation to EPG
[42]. It is noteworthy that EPG attachment is not essential for normal growth of
T. brucei in culture [43, 46, 47]. EPG might be critical in the natural environment of
the organism, e.g., under stress conditions or—in the case of T. brucei—during the
parasite life cycle. Furthermore, it may play a role in protein-protein interactions.
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2.1.2 eEFSec/SelB: A Specialized Elongation Factor for Incorporation
of the 21st Amino Acid

Selenocysteine occurs in all three domains of life and is co-translationally incor-
porated as part of the active site of selenoproteins. This specific class consists of
proteins with peroxidase and reductase activity and is of relevance for redox
reactions, during selenocysteine (Sec) synthesis, selenium transport, hormone
metabolism and protein folding (reviewed in [48]). As this “21st” amino acid is
essential, a complex molecular machinery to re-define an internal UGA triplet as
selenocysteine instead of a stop codon has been developed. UGA is decoded as
selenocysteine when the codon is located in a specific context, namely a down-
stream RNA structure. This structured cis sequence named SECIS (Sec insertion
sequence) harbors the shape of a stem loop, lies downstream of UGA and directs
insertion of selenocysteine [49]. In bacteria, SECIS lies in close proximity to UGA
[49], whereas in eukaryotes, the cis-sequence resides 500-5300 nucleotides
downstream of the UGA codon within the 3′ untranslated region (UTR) (Fig. 3)
[50–52]. Selenocysteine is synthesized via multiple reactions and requires the
action of several enzymes. In eukaryotes and archaea, transcribed tRNASec is in a
first step serylated by the conventional SerRS (seryl-tRNA synthetase). In a next
step, Sep (O-phosphoserine) is generated by phosphorylation of serine by a phos-
phoseryl tRNA kinase (PSTK). Finally, Sep is modified to Sec by a Sec synthetase
(SepSecS) (reviewed in [53]). In bacteria, conventional SerRS charges tRNASec
with serine. Subsequently, the seryl residue is converted to selenocysteine by the
selenocysteine synthase SelA [54]. SELC encodes tRNASec [55], and the selenium
donor selenophosphate is synthesized by the selenophosphate synthetase SelD [56].
Sec-tRNASec (selenocysteyl-tRNASec) is the largest tRNA, and its incorporation
requires a specialized elongation factor, SelB (Fig. 3), which cannot be replaced by
EF-Tu/EF1A [57–59] and specifically interacts with both downstream sequences
and Sec-tRNASec [60–63]. Depending on the UGA codon and the SECIS element,
prokaryotic SelB and eukaryotic eEFSec bring tRNASec to the ribosomal A site in
a GTP-dependent manner, which is bound with a higher affinity than GDP [49, 57,
64], explaining the observation that—unlike eEF1A—SelB and eEFSec do not
require GEF to function [65]. This has led to the hypothesis that there might be no
physiological role for eEFSec:GDP. In contrast, GDP-bound eEF1A was suggested
to interact with actin [66]. In a yeast two-hybrid assay with Drosophila melano-
gaster eEFSec, dGAPSec—a GTPase-activating protein—was identified as eEFSec
interactor and proposed to support UGA read-through in a SECIS-dependent
manner [67]. Furthermore, in bacteria SelB directly binds to the SECIS element
through its C-terminal domain (Fig. 3a). In contrast, UGA-approaching eEFSec:
GTP:tRNASec is recruited to the ribosome by an essential additional protein, SBP2
(SECIS binding protein 2), which is found in a complex with SECIS (Fig. 3b)
[68–70]. Other SECIS-binding proteins have been identified, including nucleolin,
the DEAD-box helicase eIF4A3, SBP2L and the ribosomal protein L30. But only
SBP2 seems to be essential for efficient Sec incorporation, as reviewed in [53].
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eEF1A and eEFSec display structural domain similarity. They highly diverge in
their primary amino acid sequence with only around 35 % pairwise identity
between Drosophila and human [71]. In contrast to eEF1A consisting of three
domains (Figs. 1 and 3c), eEFSec contains a C-terminal extension (domain IV),
which is also found in prokaryotic SelB (Fig. 3c). Notably, the fourth domains of
eEFSec and SelB are not evolutionarily related to each other, which is likely a result
of the diversity of tRNASec incorporation. Bacterial and archaeal SelB domain IVs
are structurally unrelated as well [72], proposing that domain IV evolved in a

Fig. 3 Incorporation of selenocysteine in bacteria and eukaryotes. a In bacteria, UGA is decoded
as selenocysteine in the presence of SECIS in the coding region in close proximity to UGA. The
cis-acting SECIS stem-loop RNA directs the insertion of selenocysteine. SelB, a Sec-tRNASec—
specific elongation factor delivers Sec-tRNASec to the ribosomal A-site. SelB recognizes SECIS
via its C-terminal extension (domain IV). b In eukaryotes and archaea, the SECIS element is
placed in the 3′UTR, 500-5300 nucleotides downstream of the UGA codon. In certain archaea,
SECIS resides in the 5′UTR (not shown). Analogously to eEF1A, eEFSec recruits Sec-tRNASec to
the ribosomal A-site and recognizes the SECIS element by binding to SECIS binding protein 2
(SBP2) found in a complex with SECIS. c 3D structures of eEF1A, eEFSec and SelB. In contrast
to eEF1A and EF-Tu (not shown), eEFSec and SelB contain a C-terminal extension (domain IV).
eEFSec domain IV and SelB domain IV are evolutionarily unrelated. d The 3D structure of S.
cerevisiae eEF1A was obtained from PDB, accession number 1F60. Predicted 3D structures of D.
melanogaster eEFSec (UniProt Q9W2H0) and E. coli SelB (P14081) were obtained using
PHYRE2. 88 % (452 residues) of eEFSec were modelled with 100 % confidence, 94 % (577
residues) of SelB were modelled with 100 % confidence
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convergent manner. In eukaryotes, it was proposed that domain IV is required for
SBP2 and tRNA binding and might be involved in regulating hydrolysis of GTP
[73]. The inability of eEFSec to directly bind to the SECIS element and the
requirement of SBP2 is the result of an adaptation as SECIS is located far away
from the UGA codon in eukaryotes.

Intriguingly, the crystal structure of SelB from the archaeon Methanococcus
maripaludis revealed that its overall domain arrangement resembles translation
initiation factor IF2/eIF5B [74]. An early report proposed that SelB is related to
archaebacterial and eukaryotic eIF2γ. They hypothesized that eIF2γ/SelB represent
an ancient GTPase subfamily [75], raising the possibility of mechanistic similarities
between translation initiation and selenocysteine incorporation and/or the interac-
tion with the ribosome [74, 76].

The evolution and origin of selenoproteins are still a matter of debate. Is incor-
poration of selenocysteine an ancient trait mostly lost or a new property acquired
along evolution? Why should cells maintain selenoproteins instead of using cys-
teine? Why should a separate machinery for selenoprotein biosynthesis be required?
In fact, some organisms such as higher plants and fungi do not have selenoproteins.
Instead, activities carried out by selenoproteins are performed by
cysteine-containing homologs [77, 78]. However, Sec is advantageous over Cys
(cysteine) as it prevents enzymatic inactivation by irreversible oxidation. Oxidized
Sec (SeOH) can be recycled to Se, while Cys is not recycled once it is over-oxidized
to SO2

− or SO3
− [71]. Therefore, selenocysteine catalyzes peroxide scavenging

faster than cysteine. Furthermore, selenocysteine can force a substrate to bind dif-
ferently because of a specific protein folding initiating its incorporation [79].

2.1.3 EF2 and EF-G Mediate Translocation of tRNAs
on the Ribosome

A new round of peptide elongation requires translocation of a complex consisting of
mRNA, deacylated tRNA in the P-site and the peptidyl-tRNA at the A-site by one
codon, positioning the deacylated tRNA at the E-site and the peptidyl-tRNA at the
P-site. This pre- to post-translocational state is dependent on EF2 or EF-G,
respectively (Table 1). EF2 in eukaryotes and archaea and EF-G in prokaryotes
display homologous structures and function [46]. Characteristically, they consist of
six domains (termed the I-V and G’ domains) with domain I acting as GDP/GTP
binding pocket [80]. In mammalian cells, eEF2 function is regulated through
phosphorylation on Thr56 by the Ca2+—activated protein kinase eEF2 K resulting
in impaired binding to the ribosome and thereby blocking translation [81–83].

By binding to the ribosome, translocation during translation elongation is pro-
moted by eEF2 and EF-G. eEF2 and EF-G insert domain IV into the decoding
center of the small ribosomal subunit. Outstandingly, in archaea and eukaryotes
a/eEF2 is post-translationally modified with diphthamide at a conserved histidine
residue at the structural tip of domain IV mimicking a tRNA-anticodon loop
(Fig. 2b) [84]. In contrast to EPG on eEF1A (Fig. 2a), the amino acid residues
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around the site of modification are highly conserved and required for formation of
diphthamide on eEF2 [84, 85]. Diphthamide is attached to eEF2 in two steps and
requires five factors encoded by the genes DPH1-5. A well-known consequence of
diphthamide modification is to serve as an ADP-ribosylation site for diphtheria
toxin from Corynebacterium diphtheria (reviewed in [86, 87]), cholix toxin from
Vibrio cholera [88] and exotoxin A from Pseudomonas aeruginosa [89]. ADP
ribosylation is an ancient process and serves to attenuate protein synthesis in
prokaryotes and eukaryotes as well as viruses [90–92]. Exotoxin A interacts with
diphthamide-modified EF2 leading to its ADP-ribosylation by mimicking part of
the 80S ribosomal unit, thereby rendering eEF2 inactive and resulting in a block of
protein synthesis [93]. Although the diphthamide modification was detected more
than 30 years ago [94], its role is not fully understood. Notably, it is not essential
for cell viability [95, 96], and the function of eEF2 seems to not directly depend on
diphthamide [97]. Therefore, the question remains whether cells have retained this
modification to enable pathogen inhibition of protein synthesis. Even more striking,
this modification is broadly conserved between eukaryotes and archaea, but absent
in bacteria. In light of the fact that it is positioned at the tip of domain IV (Fig. 2b),
one might speculate that diphthamide contacts the tRNA, mRNA or rRNA of the
ribosomal decoding center to enhance translocation. Indeed some reports have
demonstrated that this modification may promote eEF2 function. In mutant mam-
malian cells, diphthamide was proposed to protect the ribosome from RIPs
(ribosome-inactivating proteins) such as ricin, probably by sterically occluding
RIP’s access to the ribosome [98]. Moreover, frameshifting was demonstrated to
increase in diphthamide-deficient eEF2 yeast mutants impairing cell growth [84,
95]. One report suggests that diphthamide may play a role at specific time points
during eukaryote development [98]. These reports all propose an enhancing role for
diphthamide in translation. Its exact contribution remains to be determined.

2.1.4 eEF3, An Unusual ATPase Promoting tRNA Exit From
the Ribosome

Generally, protein synthesis requires two canonical GTPases, eEF1 (EF-Tu in
prokaryotes) and eEF2 (EF-G in prokaryotes). In ascomycete yeast species such as
Saccharomyces cerevisiae, Candida albicans, Cryptococcus neoformans and
Pneumocystis carinii [99–103], another factor, eEF3, is found (Fig. 4). eEF3 is an
ATPase with two ATP-binding cassettes and—unlike other proteins of this class
that are involved in transport across membranes—binds to and functions at the
ribosome [104]. Its ATPase activity is stimulated by the ribosome, and ATP
hydrolysis is required for dissociation of eEF3 from the ribosome. Unlike eEF1A
and eEF2, which bind to the ribosomal A-site, eEF3 contacts the 60S and the head
of the 40S ribosomal subunit [105–107] and competes with eEF2 for binding to the
ribosome. During translation elongation, eEF3 functions in stimulating
eEF1A-dependent binding of cognate aminoacyl-tRNA to the ribosomal A-site
[108]. Furthermore, eEF3 acts as an “E-site factor.” eEF3-ATP hydrolysis
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facilitates the release of deacylated tRNA from the ribosomal E-site [11]. The
opening of the E-site is a prerequisite for the release of the tRNA [33, 109]. It was
proposed that the chromodomain of eEF3 stabilizes the ribosomal L1 stalk in its
“out” position (Fig. 4). In yeast, eEF3 seems to be required for rearranging the L1
stalk [110].

In S. cerevisiae, eEF3 has a paralog encoded by the non-essential HEF3 gene
that arose from whole genome duplication [111, 112]. In other organisms, eEF3
homologs do not exist. Regarding its requirement during translation elongation, it is
not surprising that eEF3 is essential for yeast viability [108, 113]. It is not clear yet
why yeast translation depends on eEF3, while translation in bacteria and most
eukaryotic organisms is eEF3-independent. Furthermore, unique features of yeast
ribosomes that would explain the need for an additional elongation factor have not
been found yet [2]. Different ribosomal protein composition might explain an
eEF3-requirement as discussed below. Very recently, eEF3 has been demonstrated

Fig. 4 eEF3-Stm1 antagonism. i Before the next aa-tRNA can enter the ribosomal A-site, the
E-site tRNA needs to leave. ii The ATPase eEF3 acts as a translocase in yeast, lower fungi and
certain algae and promotes as an “E-site factor” the release of deacylated-tRNA from the ribosome.
iii In its ATP-bound form, eEF3 undergoes a conformational change, leading to a stabilization of
the ribosomal L1 stalk in its “out position”, thereby facilitating the exit of a deacylated-tRNA. iv
The non-ribosomal protein Stm1 has been proposed to facilitate or accelerate eEF3 release. v High
concentrations of Stm1, which contacts the ribosomal A- and P-sites can inhibit translation and
binding of eEF3

Translation Elongation and Termination … 287



to bind to the 3′UTR of a specific mRNA in a ribosome-independent manner
proposing a new regulatory function [114].

2.1.5 LepA/EF4 Enables tRNA Back-Translocation

Bacterial EF4 is a GTPase originally called LepA [115] since its coding sequence is
the first cistron of the bicistronic lep operon of the signal peptidase I in E. coli
[116]. Due to its remarkable feature catalyzing a backward movement of both
peptidyl-tRNA and deacylated tRNA from the post- to the pre-translational state (in
the opposite direction as the one catalyzed by EF-G)—i.e., from the ribosomal P-
and E-sites to the A- and P-sites—it has been renamed elongation factor 4 (EF4).
Hence, EF4 is thought to function as a back-translocase on the elongating ribosome
providing a possibility for a proper translocation reaction catalyzed by EF-G to
increase translational fidelity. A report has demonstrated that overexpression of EF4
in vivo is toxic and leads to non-productive translation [117]. EF4 is found in
bacteria and mitochondria and chloroplasts of eukaryotes—but is absent in archaea
and the cytoplasm of eukaryotes—and displays a similar structure to the elongation
factor EF-G [118–120], resembling the aa-tRNA-EF-Tu-GTP ternary complex
[121]. With EF-Tu and EF-G, EF4 is the third most highly conserved bacterial
protein displaying 55-68 % amino acid identity among different species ([117];
reviewed in [121]). EF4 consists of six domains of which four are similar to EF-G.
Domain IV of EF-G is lacking a corresponding domain in EF4. EF-G and EF4 bind
to the ribosomal A-site by contacting the ribosome with domains I, II, III and V.
The C-terminal domain of EF-4 contacts the ribosome in a manner different from
domain IV of EF-G [122]. It is able to remodel the ribosomal decoding center in a
way opposite to that induced by the accommodation of a tRNA in the A-site,
leading to an A-site re-opening [123]. EF4 is also thought to compete with EF-G for
pre-translocational ribosomes. Recent data propose that the last 44 C-terminal
amino acids of EF4 play a role in the GTP-dependent function on the ribosome.
Furthermore, the C-terminal domain is universally conserved among EF4 homologs
and represents an identity element of EF4, i.e., if an EF4-CTD is found within a
protein, it is classified as EF4 (reviewed in [124]).

Eukaryotic cells have an EF4 homolog, named Guf1 (GTPase of unknown
function) [125]. Guf1 is conserved in all eukaryotic genomes and is found in
mitochondria where it interacts with translating mitochondrial ribosomes [117].
Notably, Guf1 is not essential; in fact, yeast deletion mutants display faster growth
at 14 °C compared to wild-type cells [125].

2.1.6 IF5/EF-P Promote Translation Elongation

Structurally, e/aIF5A is related to the bacterial protein EF-P (reviewed in [2]).
Eukaryotic translation initiation factor eIF5A was formerly called IF-M2Bα and
later eIF4D [126–128]. Initially, IF5A was thought to be involved in translation

288 S. Eltschinger et al.



initiation as it was able to enhance the yield of methionyl-puromycin synthesis in an
in vitro translation system for E. coli, an assay supposed to monitor translation
initiation [129–134]. More recent studies in yeast propose that eIF5A is involved in
translation elongation rather than initiation as depletion or inactivation of eIF5A
resulted in an increased ribosomal transit time, accumulation of polysomes, mim-
icking the effects of an eEF2 inhibitor [135–137]. It has been suggested that eIF5A
promotes translation of a subset of mRNAs only [138]. Furthermore, IF5 and EF-P
have been assigned to alleviate the ribosome stalling that often occurs during
synthesis of proteins with consecutive Pro residues [139–142] by stimulating the
formation of new peptide bonds [143]. The crystal structure of EF-P bound to the
70S ribosome of Thermus thermophilus demonstrated that EF-P binds between the
P- and E-sites of the ribosome and mimics with its size and shape a tRNA, similar
to eIF5A (Fig. 5) [143, 144]. For its association with the ribosome, eIF5A requires
a specific and unique post-translational modification, hypusine (Fig. 2c). This
modification is conserved in archaea and eukaryotes—but absent in bacteria—and
is attached to a Lys residue at the top of domain I [145] in a two-step reaction
requiring spermidine [146]. Although the mode of action of eIF5A during trans-
lation is not fully elucidated, early studies demonstrate that the hypusine modifi-
cation on eIF5A is required to stimulate the formation of methionyl-puromycin
[134, 147]. Noticeably and consistent with a stimulatory role of the hypusine
modification, the deoxyhypusine synthase gene is essential in yeast (reviewed in
[2]). Furthermore, hypusine was proposed to determine the localization of eIF5A in
the cytoplasm [148].

Notably, the residue in EF-P corresponding to the hypusine attachment site in
IF5 is also Lys or Arg, and some bacteria, e.g., E. coli and Salmonella enterica,
modify the Lys residue by addition of β-lysine, resulting in a modification that
resembles the hypusine side chain [149–151]. This modification was found to be
essential for stimulation of methionyl-puromycin synthesis [152]. In bacteria

Fig. 5 IF5 and eRF1 structurally mimic tRNA. a 3D structure of a tRNA (PDB accession number
1EHZ). b 3D structure of S. cerevisiae eIF5A (PDB accession number 3ERO (UniProt P23301)).
c 3D structure of S. cerevisiae eRF1 (PDB accession number 4CRM (UniProt P12385))
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carrying an Arg residue at this position, e.g., Shewanella oneidensis and
Pseudomonas aeruginosa, Arg-rhamnosylation was detected. In all cases, these
special post-translational modifications are essential for EF-P activity. A lack of
these modifications in bacteria impairs their virulence in mammalian hosts and
decreases bacterial fitness [153, 154].

While aIF5A and eIF5A possess a two-domain structure (Fig. 5), bacterial EF-P
consists of three domains [144, 155] with EF-P domains I and II corresponding to
the N- and C-terminal domains of a/eIF5A [144]. It is unclear whether bacteria
incorporated an additional EF-P domain III during evolution, i.e., whether the last
common ancestor had an a/eIF5A-structure with two domains or whether the last
common ancestor exhibited a three-domain architecture that was reduced to two
domains in archaea and eukaryotes (reviewed in [156]). Remarkably, the structure
of bacterial EF-P resembles an L-shaped tRNA, with the lysylation site corre-
sponding to the 3′ end of the tRNA [151]. During translation, EF-P domain I is
positioned close to the P-site-bound acceptor stem of the initiator tRNA and domain
III of EF-P localizes to the anticodon stem loop of the P-site tRNA [143].

The genes encoding aIF5A, eIF5A and EF-P are ubiquitous [156]. Possibly all
eukaryotes have two eIF5A isoforms while some plants, e.g., Arabidopsis thaliana,
have four [157]. Eukaryotes and archaea depend on e/aIF5A for survival. However,
the EF-P coding gene is non-essential in many [158, 159] but not all bacteria [160].

2.2 Conservation of Elongation Factors

Genes encoding elongation factors are suitable tools for phylogenetic analyses
[161] as they are conserved and ubiquitous among all species. Their functions are
essential for translation elongation. S. cerevisiae eEF1A displays approximately
80 % sequence identity with H. sapiens eEF1A and approximately 74 % with L.
major, T. brucei and A. thaliana eEF1A. This raises the question whether eEF1A
from one eukaryotic species may cross-complement in other eukaryotes.
Complementation studies indirectly help to draw conclusions on how proteins or
protein domains have adapted to their environment during evolution and may
provide a basis to study functional differences and common features of orthologous
factors that are not evident from their amino acid sequences. Functional comple-
mentation across certain species has been demonstrated for eukaryotic translation
initiation factor 4E (eIF4E) [162]. Similarly, cross-species complementation
experiments have been performed with EF1A. Despite very high sequence con-
servation and very similar predicted three-dimensional structures, eEF1A orthologs
were not able to replace endogenous proteins. Nevertheless, inter-species chimeric
forms of eEF1A expressed in S. cerevisiae were functional in vivo as long as
domain I of yeast eEF1A was present [45]. Similarly, E. coli EF-Tu domain I is
strictly required for protein translation and cannot be replaced by aEF1A domain I.
This result may be explained by the fact that the GTPase activities of aEF1A and
EF-Tu differ in a number of properties such as different ligands and effector
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affinities [163]. The failure to cross-complement individual paralogs in different
organisms may be related to the co-evolution of eEF1A, aEF1A and/or EF-Tu with
their interacting partners resulting in differences that do not allow the protein to
fulfill its function in a different cellular environment. GEFs of eEF1A/EF-Tu are
much less conserved—eEF1Bα from yeast and mammals shows only 43 %
sequence identity [164]—which might hold true for other interactors of eEF1A as
well. Notably, beyond binding to tRNA, eEF1A was demonstrated to fulfill various
functions such as nuclear export, viral propagation, apoptosis and proteolysis. Its
most common moonlighting function is linked to actin organization (reviewed in
[165]), suggesting that eEF1A has multiple interaction partners to which it has
adapted and that are most likely much less conserved than eEF1A itself. eEF1A
interacts with actin on different levels. It was demonstrated to bind the mRNA of
F-actin and β-actin, thereby affecting their cellular localization [166]. This function
of eEF1A seems to be conserved between eukaryotes and bacteria. MreB is the
bacterial ortholog of actin, and they share a common ancestor [167]. Analogously to
eEF1A, EF-Tu interacts with MreB in different bacterial species such as B. subtilis
and E. coli affecting the dynamics and localization of MreB filaments [168–170].
Besides components of the cell wall and the cell membrane, actin is an important
factor contributing to the shape of the cell for which eEF1A/EF-Tu interaction
seems to be relevant.

Higher vertebrates have two eEF1A isoforms that are 97 % similar and encoded
by different genes. These isoforms are mutually exclusively expressed and display
tissue specific localization. While eEF1A2 is present in cardiomyocytes, skeletal
myocytes and neurons, eEF1A1 is present in the remaining cell types. In some types
of cancer eEF1A2 can have oncogene-like properties [171, 172] and is overex-
pressed [173, 174]. Intriguingly, some eukaryotes, mostly unicellular organisms,
such as green and red algae, diatoms, euglenozoans, foraminifera, dinoflagellates
and others—as mentioned in [3]—lack eEF1A, which is replaced by an elongation
factor-like (EFL) protein [175], which most likely arose by a duplication event [3].
eEF1A and EFL appear to be functionally equivalent [175–181].

As mentioned above and in contrast to other eukaryotes, archaea and bacteria,
yeast species require eEF3. From a ribosome-structural point of view, this
requirement is not obvious. Mammalian eEF1 and eEF2 are not sufficient to pro-
mote in vitro protein biosynthesis in yeast [182], indicating that they do not take
over the role of eEF3. Moreover, no eEF3-like factor has been detected in bacteria,
archaea and other eukaryotes. Yet, a striking property of yeast is the unique
non-ribosomal protein Stm1 that binds to the 40S subunit. Stm1 has been proposed
to follow the mRNA path contacting ribosomal RNA residues at the A and P sites
[183]. Apparently, Stm1 seems to antagonize the function of eEF3. Consistently, a
lack of Stm1 enhances binding of eEF3 to the ribosome, and eEF3 overexpression
results in impaired growth of Stm1-depleted cells (Fig. 4) [184]. Therefore, it has
been proposed that Stm1 binding could facilitate release of eEF3. Stm1 could act as
a translation inhibitor at high concentrations, e.g., under glucose starvation con-
ditions or during quiescence, clamping the two ribosomal subunits until nutrient
abundance increases [183–186].
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Why is EF4 not found in eukaryotes and archaea? In fact, lepA was found
among the genes essential for survival of H. pylori in the acidic environment, i.e.,
the stomach mucosa of its host [187]. Therefore, EF4 could be of physiological
significance under conditions that increase the error rate in protein synthesis as well
as the number of stalled ribosomes such as high ionic strength. Fast ionic changes
may also occur in chloroplasts and mitochondria depending on the rates of pho-
tosynthesis and respiration (reviewed in [121]).

3 Termination/Release Factors

In contrast to translation elongation, factors involved in translation termination are
not universally conserved at the level of structure and number. Although (release
factors) in bacteria and eukaryotes display entirely different protein topologies
[188–190], the mechanistic principles of translation termination are similar, and
some common features are exploited by both prokaryotes and eukaryotes. The lack
of homology between release factors raises the question whether they share a
common origin or whether a convergent evolutionary process is responsible for the
occurrence of different RFs.

3.1 Mechanism of Translation Termination

When a stop codon is positioned at the A-site of the decoding center, termination of
protein synthesis is initiated [191]. This brings up the question of how the three stop
codons—UAG, UGA and UAA—are efficiently and correctly recognized. In con-
trast to the previous steps during translation, termination does not depend on tRNAs
but instead relies on codon-specific class-I release factors. These release factors
recognize the stop codon presented at the A-site to induce hydrolysis of the
peptidyl-tRNA linkage at the peptidyl-transferase center [192, 193]. Similar to
elongation, recognition of stop codons is very accurate, and release factors per-
forming on sense codons are rare [194]. Notably, while eukaryotes and archaea
have an omnipotent decoding class-I release factor, e/aRF1, prokaryotes encode
two evolutionarily unrelated codon-specific class-I factors with partial overlapping
specificity, RF1 for UAG and UAA and RF2 for UGA and UAA [195, 196]
(Fig. 6). Regardless of which stop codon has been engaged by a class-I release
factor, the GTPase activity of a class-II release factor ((e)RF3) facilitates recycling
of class-I release factors. In contrast to bacteria—as discussed below—termination
in eukaryotes depends only on two factors, eRF1 and eRF3. eRF1 recognizes the
stop codon and is further responsible for peptidyl-tRNA hydrolysis. eRF3, which is
related to EF-Tu and eEF1A, collaborates during this process [197–199] and binds
to eRF1 in the absence of the ribosome [197, 198]. Only in the presence of eRF1,
eRF3 is able to bind GTP [200, 201]. Moreover, eRF3 is also proposed to promote
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Fig. 6 Codon recognition by class I release factors. a Archaeal and eukaryotic class I release
factor (a/eRF1) recognizes all three stop codons, UAG, UAA and UGA. In contrast, bacteria
encode for two codon-specific class I RFs, RF1 and RF2. UAA is recognized by both factors,
while UAG requires RF1 and UGA RF2, respectively. Bacterial RFs and a/eRF1 are evolutionarily
not conserved. b The GGQ motif (framed) is highly conserved between prokaryotes and
eukaryotes and required for accommodation of class I RFs to the ribosomal A-site
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eRF1 binding to an A-site stop codon containing ribosomal pre-termination com-
plexes (analogous to the function of EF-Tu helping to increase the aminoacyl-tRNA
affinity for the A-site) (reviewed in [202]). Once an eRF1-eRF3-GTP ternary
complex is formed and binds to a stop codon, an eRF3-mediated conformational
change is induced by hydrolysis of GTP leading to eRF3 dissociation from eRF1.
This conformational change permits eRF1 to fully accommodate to the A-site and
brings its exceptionally well-conserved GGQ primary sequence motif (Fig. 6) in
proximity to the ester bond between the tRNA and the nascent polypeptide [2, 5,
203]. eRF1 harbors the shape of a tRNA (Fig. 5). Notably, the role of eRF3 in
bringing a tRNA-like molecule to the ribosome appears similar to the one per-
formed by EF1A/EF-Tu. eRF1 is composed of three domains [188], N, M, and C
[204]. Each of them is crucial for the termination process (see also below). The
amino-terminal domain (domain N) recognizes the termination codon through a
codon:anticodon-like interaction with a conserved NIKS peptide motif localized
within the distal loop of the N-domain. Other motifs such as YxCxxxF and the GTS
consensus motif also seem to be crucial for proper interaction with the stop codon
[205–207]. Unlike in bacteria (see below), it has been proposed that eRF1 recog-
nizes stop codons through a three-dimensional structural network formed by several
residues of these motifs rather than by simple codon-peptide interactions [204]. The
tRNA acceptor stem is mimicked by the middle (M) domain of eRF1 that extends
into the peptidyl transferase center and promotes peptide release with the help of the
highly conserved GGQ motif [188] to correctly position a water molecule for
nucleophilic attack and to discriminate it from other potential nucleophiles [188,
208, 209]. The carboxy-terminal (C) domain of eRF1 promotes the interaction with
eRF3 [210–212]. Archaeal translation termination seems to be similar to that found
for eukaryotes. The main difference is that elongation factor aEF1A replaces a
class-II release factor [213].

Stop codons are conserved between eukaryotes and bacteria. However, release
factors involved in termination are significantly different. In contrast to eRF1,
bacterial RF1 and RF2 consist of four domains. Domain I interacts with the 50S
subunit during translation termination. Conserved P(A/V)T and SPF motifs found
within RF1 and RF2, respectively, act as “tripeptide anticodons” [214] and are
positioned to favor a codon:anticodon-like interaction [215–218] on domain 2 of
RF1/2. These tripeptide anticodons also define the specificity for the second
nucleotide of the stop codon, and they functionally correspond to the eRF1 NIKS
motif found in the N-domain [188, 219–221]. As these primary sequences are
completely unrelated, stop codon recognition is different and appears much simpler
in bacteria than in eukaryotes. RF1/2 domain 3 contains the conserved GGQ motif
involved in peptidyl-tRNA hydrolysis [222]. Together with domain 2, domain 4 is
involved in stop-codon recognition by forming a compact superdomain (reviewed
in [223]). Unlike in eukaryotic cells, prokaryotic RF3 is found in a subset of
bacteria only and is not orthologous to eRF3 [120]. Its GTPase activity is
ribosome-dependent and stimulated by RF1 and RF2 [188, 224, 225]. Bacterial
RF3 resembles EF-G more than EF-Tu and plays a role as a dissociation factor for
RF1 and RF2 from the ribosome upon hydrolysis of the peptidyl-tRNA [226].
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Unlike eRF3, RF3 does not form a stable complex with class-I RFs, and it does not
couple stop codon recognition and hydrolysis of peptidyl-tRNA [199, 227–229].
Reports have demonstrated that RF3 assists during a retrospective editing reaction
initiated by mistakes occurring during elongation, leading to premature translation
termination [230]. Recently, it has been postulated that maintaining high-fidelity
protein synthesis is the main function of RF3 rather than supporting termination per
se [231].

In contrast to prokaryotes, eukaryotic cells require the translational GTPase
class-II eRF3 for viability. It is essential for stop codon decoding in a
GTP-hydrolysis-dependent manner while prokaryotic RF3 is not [232–235].

3.2 Translation Termination in Prokaryotes
and Eukaryotes: Independent Origins?

It has been suggested that release factors have evolved to replace an RNA-based
machinery from the RNA world [223]. Strikingly and consistent with a former
RNA-based release machinery, deacylated tRNAs are—although at lower rates than
release factors—able to promote peptide release in a codon-dependent manner [236,
237], supporting the idea of deacylated tRNAs being “release RNAs” in an ancient
RNA world. Low accuracy and efficiency could have favored the faster
protein-based termination found nowadays. The existence of an ancient mechanism
is further supported by the fact that a common ancient release factor ancestor is
missing. Due to lack of sequence homologies between eukaryotic and bacterial
release factors, independent origins of translation termination that have functionally
converged during evolution are proposed [198, 238]. This hypothesis is also
reflected by the occurrence of two class-I RFs in bacteria, while there is only one in
archaea and eukaryotes. Furthermore, not all bacteria encode orthologs of class-II
RF3. For example, RF3 was neither detected in small-genome bacteria nor in
organelle translation systems (reviewed in [202]), whereas eRF3 is essential in
eukaryotes [239]. Anyway, later studies reported that eRF1 overexpression is able
to rescue translation termination activity of an eRF3 temperature-sensitive yeast
mutant [240]. Bacterial RF1 and RF2 would probably result from gene duplication
in the lineage of bacteria [221]. While bacterial RF3 might have arisen from the
EF2/EF-G lineage [241], eukaryotic eRF3 could have originated from the eEF1
family [242]. In fact, it has been suggested that at an early stage in eukaryotic
evolution an eEF1A gene duplication may have occurred with one paralog resulting
in eRF3 [243]. Consistently and analogously to eEF1A binding to aa-tRNAs, eRF3
binds and transports tRNA-mimicking eRF1 [188] to the A-site of the ribosome. It
has been demonstrated that eRF1 contacts the P-site tRNA to structurally resemble
a tRNA in the A-site [204]. Thus, both proteins—eEF1A and eRF3—fulfill their
function in the same molecular environment at the ribosomal A-site. So far, class-II
RFs have been found in eukaryotes and bacteria but not in archaea, where aEF1A
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fulfills the role of a class-II RF [242, 244], further supporting the idea that eRF3
originates from the eEF1 family.

a/eRF1 and RFs from bacteria carry out the same function at the same ribosomal
locus. Nevertheless, their structures show no similarities [189]. Are these differ-
ences a result of divergence from a common origin? As mentioned above, a
common RF ancestor is absent. Eukaryotic and archaeal class-I RFs are homolo-
gous (Fig. 6); therefore, it is thought that the eukaryotic termination system has
evolved from an archaeal-based machinery [245]. Indeed, aRF1 is able to catalyze
an in vitro release of peptides from ribosomes with eukaryotic origin [246]. As
discussed above, eRF3 may have evolved from eEF1, which replaces eRF3 in
archaea. Sequence similarity between a/eRF1 and bacterial class-I RFs is absent,
and structural [247] and functional differences are pronounced as well [198, 210,
238, 240, 248–250], arguing against a common origin of bacterial and
archaeal/eukaryotic RFs. Although release factors clearly differ between eukaryotes
and bacteria, the GGQ motif in the primary sequence is conserved among all
species (Fig. 6) and was proposed to act as a molecular mimicry of the
aminoacyl-tRNA-CCA3′ acceptor stem [196, 205]. In fact, the Gln residue is
essential for viability in RFs of prokaryotes and eukaryotes [188, 251], indicating
that efficient hydrolysis of the peptidyl-tRNA provides a very strong constraint.
Interestingly, the Gln side chain of this motif is post-translationally modified by
methylation in both bacteria and eukarya [252, 253]. While the role of this RF
methylation in eukaryotes is unclear, RF methylation in bacteria stimulates its
function (reviewed in [254]). Intriguingly, the functional equivalency to the anti-
codon of a tRNA is mimicked in both bacteria and eukaryotes by the consensus
motifs P(A/V)T and SPF or YxCxxxF, NIKS and GTS, respectively. The later ones
—in contrast to RF1/2—form a three-dimensional network characteristic for
eukaryotic eRF1 codon recognition. In bacteria, class-I RFs are codon-specific, and
it is suggested that the first and the third amino acids of the P(A/V)T motif in RF1
and the SPF motif in RF2, respectively, discriminate the second and the third bases
of the stop codon. Therefore, these motifs have been termed “tripeptide anticodons”
(reviewed in [202]). The different motifs for codon recognition in eukaryotes and
prokaryotes suggest independent mechanisms unlikely to share a common origin.

The ribosome core is formed by ribosomal RNA. Its three-dimensional structure
as well as rRNA nucleotide sequences is broadly conserved. Therefore, what might
be the reason for such a big difference between RFs fulfilling the same function and
acting at the same site on the ribosome? The different factors may reflect the fact
that ribosomal proteins decorating the periphery of the ribosome are much more
divergent than the rRNA. Additionally, eRF1 and eRF3 family proteins are also
involved in mRNA quality control surveillance mechanisms, such as NMD (non-
sense mediated decay) and NGD (no-go decay) [240, 255–257]. Thus, RFs could
have adapted to their differing protein environments and their potential interactors.
On the other hand, eRF1 and eRF3 gene duplications were suggested to have driven
the evolution of mRNA decay mechanisms in eukaryotes [243]. An additional level
of complexity is brought in by deviations from the universal genetic code. For
example, ciliates show codon reassignments that might be the result of a complex
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interplay between eRF1 and tRNAs [258]. In vitro and in vivo studies have shown
that eRF1 competes with nonsense suppressor tRNAs when recognizing a stop
codon [259, 260]. These nonsense suppressor tRNAs are mutated in their anticodon
to suppress the termination of translation upon a stop codon. Generally, changes in
one of the translation factors may evolutionarily affect the rate of the entire
translational machinery [258].

4 Conclusions

The ribosome is a highly conserved ribozyme, and protein synthesis is a process
occurring in all domains of life that use the same genetic code for deciphering
amino acid sequences. But yet, as evidenced above, specific differences are found
within organisms. In particular, the number, composition and function of translation
elongation and termination factors vary between organisms. Eukaryotic eEF1B, for
instance, consists of multiple protein subunits, while bacteria rely on the
single-protein nucleotide exchange factor EF-Ts (Table 1). Furthermore, these
exchange factors exploit differing mechanisms for nucleotide exchange. A nice
example of species-specific adaptation is given by the existence of eEF3 and its
antagonizing factor Stm1 (Fig. 4). Why they only arise in fungi is unclear. The
assumed interplay between these proteins seems to provide a strategy for fungi to
quickly adjust translation elongation to fast-changing conditions such as nutrient
deprivation. EF4 in certain bacteria and organelles is thought to enable a proof-
reading mechanism crucial to maintain translational fidelity under conditions when
significant changes in ion concentrations are occurring. Some factors—such as
eIF5A or EF-P, respectively—able to promote translation under conditions that do
not favor efficient translation are conserved between all domains of life (Table 1).
Probably all organisms utilize e/aIF5A or EF-P for peptide bond formation when
polyproline stretches are encountered to avoid stalling of ribosomes. More signif-
icant differences between factors are found within RFs. Currently, it is not clear
whether they share a common origin or not. Remarkably, although there is no
homology between RFs from bacteria and eukaryotes/archaea, they all share an
extremely conserved GGQ motif required for peptide release (Fig. 6b). Another
very outstanding feature is the highly recurring molecular mimicry. Class-I RFs
imitate a tRNA, while class-II RF3 mimics a/eEF1A or EF-Tu recruiting an
aa-tRNA to the ribosomal A-site. Further, a structural tRNA mimic is crucial for the
role of a/eIF5A and EF-P during the enhancement of peptide formation between the
ribosomal P- and E-sites. As a matter of particular interest, even pathogen toxins
such as endotoxin A exploit the strategy of structurally mimicking a translational
component. Surprisingly, unique modifications on translation elongation factors are
also maintained among different forms of life. Nevertheless, although pronounced
differences in translation elongation and termination factors exist among bacteria,
archaea and eukaryotes, the principles of elongation and termination are conserved.
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The Unique Evolutionary Distribution
of Eukaryotic Elongation Factor 3

Maria Mateyak, Arjun N. Sasikumar, Stephen Dunaway
and Terri Goss Kinzy

1 Protein Synthesis Is a Multi-step Process

Protein synthesis is the process by which genetic information transcribed in mes-
senger RNA (mRNA) is converted into specific proteins by the ribosome. As a
fundamental process for life, the core mechanism of translation is conserved across
all living organisms and requires soluble factors called translation factors, which
catalyze a sequence of biochemical reactions at the ribosome.

Eukaryotic protein synthesis begins with the action of a series of highly regu-
lated initiation factors (eIFs) that recognize the m7G cap of an mRNA, bind the 40S
ribosomal subunit, scan 5′ to 3′ to locate the initiation codon and position the
initiator Met-tRNAMet at the AUG [1]. Recruitment of the 60S ribosomal subunit
results in an 80S ribosome positioned at the start codon of the open reading frame
(reviewed in [2]). The subsequent elongation phase of protein synthesis is a cycle of
aa-tRNA delivery, peptide bond formation and translocation repeated hundreds of
times during the synthesis of an average protein and facilitated by soluble elon-
gation factor (eEF) proteins [3]. When the elongating ribosome encounters a ter-
mination codon, release factors (eRFs) specifically terminate translation and release
the polypeptide from the ribosome, and ribosomal subunits are recycled to partic-
ipate in a new round of translation [4].
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2 Translation Elongation Is a Conserved Cyclical Process

The eEFs function at the ribosome and play an important role in the accuracy of gene
expression by maintaining the correct reading frame of the mRNA and assuring the
specific binding of cognate aa-tRNA to the A-site [5]. Saccharomyces cerevisiae
eEF1 consists of three subunits. eEF1A, the functional homolog of bacterial EF-Tu,
binds and recruits aa-tRNAs to the A-site of the ribosome (Fig. 1; Step 1, [6]).
Analogous to the bacterial factor, the initial ribosome binding step of eEF1A is
thought to be codon and GTPase independent [7]. When a codon-anticodon match
occurs, the ribosome stimulates eEF1A-mediated GTP hydrolysis resulting in the
release of inactive GDP-bound eEF1A (Fig. 1; Step 2). Spontaneous GDP disso-
ciation from eEF1A is slow (kD 1.8 � 107 M−1 [8, 9]), requiring the eEF1Bac
complex to stimulate GDP release [10]. The eEF1Ba subunit is essential in yeast and
performs the catalytic activity in nucleotide exchange [11]. The eEF1Bc subunit is
not essential in yeast; however, strains lacking the protein are resistant to oxidative
stress and have protein-processing defects [12, 13]. Following peptide bond

Fig. 1 Translation elongation in S. cerevisiae. Step 1 eEF1A delivers aa-tRNA to the A site of the
ribosome while eEF3 binds the ribosome near the E-site and facilitates the release of deacylated
tRNA from the E-site. Step 2 Accommodation of cognate tRNA activates the GTPase activity of
eEF1A and releases it from the ribosome. eEF1Bac acts as the guanine nucleotide exchange factor
for eEF1A. Step 3 A peptide bond is formed transferring the nascent polypeptide to the A-site
tRNA. Step 4 eEF2 translocates the mRNA and places the deacylated tRNA and peptidyl tRNA at
the E- and P-sites, respectively
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formation (Fig. 1; Step 3), eEF2, the homolog of bacterial EF-G, catalyzes the
translocation of the peptidyl-tRNA from the A-site to the P-site of the ribosome
(Fig. 1; Step 4).

3 Fungal Systems Require a Third Elongation Factor

During the establishment of an in vitro fungal translation system, it was determined
that a third elongation factor, the ATPase eEF3, is required for protein synthesis in
budding yeast [14]. Since then, the gene encoding the protein has been identified
and isolated in a range of fungal species including S. cerevisiae [15], Candida
albicans [16], Schizosaccharomyces pombe [17] and Cryptococcus neoformans
[18]. While bacteria contain an ATP-binding protein linked to elongation, the
functional similarity to eEF3 is not clear [19]. In addition, there is no evidence for a
corresponding ATPase associated with translation elongation in either mammals or
plants.

3.1 Requirement for eEF3 Is Determined by the Ribosome

Initial experiments demonstrated that it is the source of the ribosomes that deter-
mines the requirement for eEF3 in vitro. S. cerevisiae eEF1A and eEF2 alone
catalyze protein synthesis with rat liver ribosomes; however, when rat liver eEF1A
and eEF2 are used with yeast ribosomes, eEF3 is essential [20]. These experiments
suggest that non-fungal ribosomes have evolved to function in the absence of eEF3.
Genetic studies in S. cerevisiae also support the pivotal role eEF3 plays in fungal
translation, as deletion of the YEF3 gene encoding eEF3 is lethal and strains har-
boring temperature-sensitive alleles of eEF3 display protein synthesis and transla-
tion elongation defects [21–23]. Together, these studies suggest that eEF3 plays a
unique and essential role in fungal elongation.

While the exact role of eEF3 in translation elongation is unclear, previous
experiments suggest that it stimulates deacylated tRNA release from the ribosome
E-site [24]. In addition, eEF3 is linked to the ribosomal A-site, as it stimulates
eEF1A-mediated binding of cognate aa-tRNA [25, 26] and there is a direct
eEF3-eEF1A interaction [22, 23].

3.2 Unique Domains Direct the eEF3 Ribosome Interaction

Both the X-ray structure of S. cerevisiae eEF3 (1-980) and a cryo-EM recon-
struction of the eEF3-ATP-post-translocation 80S ribosome complex have been
solved [27]. The X-ray structure was solved in the apo-, ADP- and ADPNP-bound
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Fig. 2 Multiple sequence alignment of helical repeats shows uniquely conserved HEAT repeats.
a Surface view of the cryo EM structure of S. cerevisiae eEF3 (PDB 2IX8) showing the HEAT
domain (blue and red), four-helix bundle (yellow), ABC1 (wheat), ABC2 (green) and
chromodomain (purple). The terminal three helical repeats of the HEAT domain are represented
in dark blue with the conserved repeat 7 highlighted in red. The concave side represents the
ribosome-binding interface [27]. b Heat domain helical repeat 7. Multiple alignment of the
selected sequences was carried out using ClustalWS using the default parameters. The alignment
was analyzed using Jalview 2.9 [28] to identify conserved regions. The conserved residues were
color coded based on the BLOSUM62 score with the conservation color increment set to 30 and
darker blue representing greater conservation
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states [27]. All three structures showed a similar organization of five structural
domains: an amino-terminal HEAT repeat domain followed by a four-helix bundle
and two ATP-binding cassette (ABC)-type ATPase domains, with a
chromodomain-like region inserted in ABC2. In the cryo-EM structure, eEF3 binds
the ribosome near the E-site, with the chromodomain-like insertion proposed to
stabilize the ribosomal L1 stalk in an open conformation allowing E-site tRNA
release [27]. The major contacts with the ribosome occur via the HEAT repeats, the
ABC2 domain and the chromodomain-like insertion in ABC2 (Fig. 2a). Ribosomal
sites proposed to interact with eEF3 include helix 39 of the 18S rRNA, the 5S
rRNA and ribosomal proteins rpS18, rpS19, rpS25, rpL5 and rpL11.

4 eEF3 Is an ABC Family ATPase

eEF3 is a member of the ABC family of proteins, the majority of which are integral
membrane transporters involved in the import or export of diverse substrates across
lipid bilayers [29]. Typical ABC transporters consist of two nucleotide binding
domains (NBD) that bind and hydrolyze ATP. The hydrolysis of ATP results in a
conformational change that is coupled to the trans-membrane domain (TMD) and
allows the opening and closing of the transport channel permitting the passage of
different substrates across the cell membrane [29]. In S. cerevisiae, there are 29
ABC proteins, 23 of which contain at least one TMD and are thus predicted to be
transporters. The remaining six ABC family members, including eEF3, are soluble
ATPases that lack a TMD [30]. Interestingly, the S. cerevisiae genome also encodes
a YEF3 paralog, HEF3, which is proposed to have arisen from an ancient genome
duplication. BLAST analysis indicates that Hef3p is 92 % similar and 84 %
identical to eEF3 at the amino acid level. While HEF3 is not transcriptionally active
in the vegetative phase of yeast growth, HEF3 expressed from the YEF3 promoter
can support the growth of a strain deleted for the YEF3 gene [31].

5 Identification of eEF3 Homologs in Diverse Eukaryotes

While eEF3 was originally described as a fungal specific factor, the increasing
availability of whole genome sequences from a large variety of species prompted a
re-evaluation of this designation. Protein BLAST searches were carried out at http://
blast.ncbi.nlm.nih.gov/ using the 1044-amino-acid S. cerevisiae eEF3 protein (ac-
cession no. NP_013350.1) as the query sequence for a BLASTP search against the
RefSeq database for Ascomycota and Basidiomycota and all non-fungal eukaryotes
separately. eEF3 homologs from ten different Ascomycetes were selected for fur-
ther analysis. In Basidiomycota, the second major phylum of fungi, eEF3 homologs
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were identified in eight different species. Surprisingly, 18 other putative homologs
were identified outside the fungal kingdom, including 7 in green algae. The simi-
larity between the S. cerevisiae eEF3 sequence and its potential homologs in
non-fungal species is not limited to the ATPase domains. In fact, these lower
eukaryotic sequences ranged in similarity from 56 % (E. huxleyi) to 63 % (P.
infestans). Thus, they are not more dissimilar to S. cerevisiae eEF3 than C. neo-
formans eEF3 (62 % similarity), which has already been shown to be functional as
the only form of the essential protein in S. cerevisiae cells [18]. Together, these
observations support the hypothesis that these eEF3-like proteins also retain eEF3
function.

6 Phylogenetic Tree of Putative eEF3 Homologs

An analysis of the phylogenetic relationship of putative eEF3 homologs shows
clustering of species along known taxonomical lines (Fig. 3). The Ascomycetes and
the Basidiomycetes partitioned into separate groups but remained joined to a
common node, reflecting their shared fungal phylogeny. Of the unicellular
eukaryotes where putative eEF3 homologs were identified, Volvox carteri,
Chlamydomonas reinhardtii, Ostreococcus tauri and Micromonas, all members of
the Chlorophyta phylum representing green algae, were part of one cluster. It is also
interesting to note that the choanoflagellate Monosiga brevicollis, representing a
group of free-living unicellular and colonial flagellate eukaryotes considered to be
the closest living relatives of animals, is part of a cluster that diverged very early.
The fact that eukaryotic eEF3-like proteins share a common ancestry with the
fungal eEF3 strongly suggests that the emergence of eEF3 preceded the formation
of the fungal kingdom of life. All of the eEF3-like orthologs were more similar to
each other than to S. cerevisiae New1p, the soluble ATPase that is a close family
member to eEF3 in S. cerevisiae. These observations suggest that the candidate
genes identified are all likely authentic homologs.

7 Analysis of the Sequence Conservation
in the of Domains eEF3-Like Proteins

To investigate the conservation of functionally important regions of eEF3, a
domain-by-domain analysis of the multiple sequence alignment was carried out.
A summary of these comparisons within individual phyla is presented in Table 1.
Consensus sequences were derived from phyla with seven or more representative
sequences, and the range of identity between the individual sequences and the
consensus is displayed.
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7.1 Specific HEAT Repeats Show Higher Levels
of Conservation

The HEAT domain contains eight helical repeats and is named after the four
functionally characterized proteins containing this domain, Huntington, eEF3, ‘A’
subunit of PP2A and TOR1 [32]. The HEAT domain is only 55–75 % identical to

Fig. 3 Phylogenetic tree of eEF3 in eukaryotes. eEF3 homologs from the indicated species were
aligned with ClustalWS, and the resulting alignment was used to construct an average distance tree
using Jalview 2.9. Different taxa were color coded as follows: dark blue, Ascomycetes; light blue,
Basidiomycetes; green, Chlorophyta; gold, Oomycetes; red, Bacillariophyta; black, single
representatives of different taxa. Accession numbers for the sequences used to build the tree are
as follows: E. huxleyi (XP_005765539.1), S. cerevisiae (NP_013350.1), C. albicans
(XP_711404.1), N. crassa (XP_962438.1), S. pombe (NP_588285.1), L. bicolor
(XP_001878516.1), C. neoformans (XP_775665.1), M. globosa (XP_001732572.1), P. marinus
(XP_002783366.1), C. variabilis (XP_005846913.1), B. prasinos (XP_007514750.1), O. tauri
(XP_003083207.1), Micromonas_sp. (XP_002506649.1), C. subellipsoidea (XP_005647408.1),
V. carteri (XP_002951155.1), C. reinhardtii (XP_001692287.1), P. infestans (XP_002906761.1),
A. astaci (XP_009834902.1), S. diclina (XP_008620178.1), G. theta (XP_005822594.1),
P. tricornutum (XP_002180730.1), T. pseudonana (XP_002289207.1), M. brevicollis
(XP_001747973.1), S. artica (XP_014157253.1) and C. crispus (XP_005714937.1)
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the respective taxonomic consensus sequences, which is below the level of con-
servation of either the overall eEF3 or any of the individual domains aside from the
four-helix bundle. A multiple sequence alignment of this region of the eEF3
homologs shows that while the N-terminal helical repeats, proposed to provide an
extensive binding interface with the 40S subunit, show a low level of conservation,
the terminal three repeats were more conserved (Fig. 2a, dark blue). While it is
possible that these HEAT repeats are functionally redundant, an alternate possibility
is the general conservation of proposed ribosome-binding properties in spite of
sequence diversity. Unlike biochemical reactions, physical binding interactions are
less influenced by specific residues, especially if they involve a large number of
sites such as the case of the eEF3-ribosome interaction. Hence, it is conceivable that
the evolutionary pressure to maintain a particular residue could be weak, resulting
in significant sequence divergence with the passage of time.

In contrast to the remainder of the HEAT repeat, residues composing helical
repeat seven are more conserved (Fig. 2b). A preliminary analysis of the position of
this repeat on the cryo-EM of S. cerevisiae eEF3 shows that it is mostly buried with
only a few residues available for intermolecular contacts (Fig. 2a, red). This sug-
gests that helical repeat seven may play an important role in maintaining the overall
fold of eEF3 through conserved intramolecular interactions and is thus less tolerant
of sequence changes.

7.2 The 4-Helix Bundle of eEF3 Is Highly Divergent

An analysis of the four-helix bundle (4HB) domain shows a high degree of
divergence, showing a range of only 37–68 % identity within individual phyla and
much lower conservation across taxa (Table 1). From the cryo-EM data, the 4HB
domain is not part of the ribosome-binding interface, and the functional relevancy
of its presence in eEF3 is currently not known.

Table 1 Conservation of various domains of eEF3, expressed in terms of percent identity with
respect to taxonomic consensus sequence

Complete
(1–1044)

HEAT
(1–333)

4HB
(334–416)

ABC1
(417–635)

ABC2
(636–759,
870–975)

Chromo
(760–869)

Ascomycetes 70–83 62–75 37–68 71–84 85–95 74–93

Basidiomycetes 68–82 63–77 39–62 80–89 79–95 65–92

Green Algae 61–74 55–69 38–60 71–84 69–87 60–77

eEF3 domain sequence corresponds to that in S. cerevisiae [27]
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7.3 Key Motifs of ABC1 and ABC2 Domain Are Highly
Conserved

The ABC1 and ABC2 domains of the eEF3-like proteins are the most highly
conserved regions of the protein both within and across taxa (Table 1). The
nucleotide binding domain of ABC proteins has multiple conserved motifs [29].
The Walker-A motif (GXXGXGKS/T where X is any amino acid), also known as
the P-loop, binds ATP while the Walker-B motif (UUUUD, where U is a
hydrophobic residue) has a conserved glutamate that initiates the nucleophilic
attack on ATP via a water molecule. Additional motifs important for catalysis have
also been identified including the A, D, H and Q loops and the Signature domain.
Not surprisingly, all of the key motifs and critical residues implicated in ATP
binding and hydrolysis with the exception of the Q-loop are conserved in the ABC1
(Fig. 4) and ABC2 domains of eEF3 homologs from budding yeast to
choanoflagellates. Such a high level of conservation strongly argues that the newly
identified homologs in eukaryotes have been under continuous selective pressure
for the maintenance of their ability to bind and hydrolyze ATP.

7.4 Chromodomain Insertion in ABC2 Is Divergent

The overall conservation of the chromodomain insertion in the ABC2 domain of
eEF3 across eukaryotes is low with numerous gaps in the alignments in spite of it
being flanked by more conserved ABC2 sequences on either side. As predicted for
the HEAT domain, it may not be the primary sequence of this region that is

Fig. 4 Critical residues of ABC1 domain involved in ATP binding and hydrolysis are highly
conserved. ABC1 domain of eEF3 from multiple sequence alignment was prepared as in Fig. 2b
and is shown with sites of consensus motifs indicated
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important but the tertiary structure. The chromodomain of S. cerevisiae eEF3p is
predicted to interact with the 5S rRNA based on the homology of the tertiary
structure of the fold to other nucleic acid binding proteins. Therefore, as long as the
changes in the sequence maintain the structural fold, the function of the domain
might be minimally affected. In contrast to the four-helix bundle domain whose
overall conservation across taxa is also low, the chromodomain is well conserved
within Ascomycetes, Basidiomycetes or green algae (Table 1). Mutagenesis of
residues 803-808 of the chromodomain in S. cerevisiae, a region homologous to the
DNA-binding domain of the Sulfolobus acidocaldarius Sac7 protein, has shown
that the chromodomain is important for the maintenance of ATPase activity and
eEF3 function in vivo [33].

8 Understanding the Unique Position of eEF3
in the Evolution of Protein Synthesis

Unlike other factors essential for translation elongation, such as eEF1A and eEF2,
which have orthologs present in all three domains of life, eEF3 is restricted to
eukaryotes. In addition, the requirement for eEF3 in eukaryotes is dependent on the
species from which the ribosomes are isolated. Given this link between eEF3 and
the ribosome and their known interaction, it is useful to compare the evolution of
eEF3 to the phylogenetic tree created from the comparison of the eukaryotic
small-subunit rRNA (Fig. 5). Interestingly, eEF3 and eEF3-like orthologs are
absent in the deepest branches of the eukaryotic tree including Diplomonads,
Microsporidia and Euglenozoa. The eEF3-like proteins appear in phyla that cluster
together by this rRNA analysis, including Stramenopiles, Alveolates, Red Algae,
Choanoflagellates and Fungi. These observations suggest that eEF3 may have
evolved later in eukaryotic evolution in response to changes in the ribosome
structure and/or regulation. However, since genomic sequences from unicellular
eukaryotes are underrepresented in the NCBI databases, the possibility of eEF3-like
sequences in the deeper branches of the eukaryotic tree cannot be excluded. In
addition, no experimental evidence exists to confirm that these eEF3-like proteins
retain eEF3’s role in translation elongation and have not modified the core ABC
domains to perform functions outside of protein synthesis.

Notably, eEF3 is absent in all animal and plant genomes sequenced to date.
Given the analysis described above, these observations suggest that eEF3 was
specifically lost in these lineages. Several hypotheses can be derived to explain this
loss. For example, it has been shown that ribosomes from mammalian liver possess
a higher level of intrinsic ATPase activity than yeast ribosomes [35–37]. This
observation led to the hypothesis that the function of eEF3 at fungal ribosomes has
been incorporated into the ribosome itself in higher eukaryotes. Alternatively, the
ribosome in higher eukaryotes may have evolved such that the function of eEF3 is
no longer required. For example, eEF3 in S. cerevisiae is thought to aid in the
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release of deacylated tRNA from the E-site of the ribosome. If the tRNA is bound
less tightly in the E-site, eEF3 may no longer be required in higher eukaryotes. This
change in the ribosome could be due to differences in either the ribosomal protein or
RNA components. However, of the 78 cytoplasmic ribosomal protein families
identified, all but L28e are highly conserved between S. cerevisiae and mammals.
Differences in the ribosomal rRNA between yeast and mammals are more dramatic.
For example, the human large subunit (LSU) rRNA is over 1 kb longer than the S.
cerevisiae LSU rRNA because of the addition of numerous expansion segments that
may alter the functional requirements of the ribosome.

9 Practical Implication of the Elucidation of the Function
of eEF3 in Protein Synthesis

Based on its unique distribution, eEF3 has been suggested as an antifungal drug
target. Fungal infections are increasingly threatening human, animal and plant
health. The mortality rates for invasive infections with the three most common

Fig. 5 Evolution of eEF3 in the tree of life. A phylogenetic tree based on SSU rRNA sequences
that represents eukaryotic evolution (modified from Pace et al. [34]) to show only major eukaryotic
taxonomical lineages. eEF3 bearing lineages shown in red indicate the emergence of eEF3 in the
main trunk as a late event. Among Viridiplantae, while Chlorophytae (green algae) shows the
presence of eEF3, Streptophyta, the major clade that includes land plants, lacks eEF3. Based on
their position in the tree of life, the absence of eEF3 in both Streptophytes and Metazoans indicates
that eEF3 was lost in these lineages independently
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species of human fungal pathogens are C. albicans, 20–40 %; Aspergillus fumi-
gatus, 50–90 %; and C. neoformans, 20–70 % [38]. It is estimated that
Cryptococcal meningitis, a fungal infection of the membranes covering the brain,
affects close to 1 million people annually [39]. In addition to human health, fungal
infections have consequences for plant and animal life. For example, emerging
infectious diseases caused by fungi are a worldwide threat to food security with
estimates of up to 125 million tons of the top five food crops being destroyed by
fungus every year [40]. In animals, fungal infections caused by Batrachochytrium
dendrobatidis and Geomyces destructans have caused massive declines in
amphibian and bat populations, respectively [41, 42]. A better understanding of the
mechanism of eEF3 function at the ribosome will pave the way to a rational
approach in the design of fungal inhibitors while a study of the eEF3 homologs will
provide a framework to understand, predict and plan the ecological consequences of
such inhibitors on the ecosystem and the full range of organisms potentially
impacted by such inhibitors.
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Evolution of TOR and Translation Control

Bruno D. Fonseca, Tyson E. Graber, Huy-Dung Hoang,
Asier González, Alexander A. Soukas, Greco Hernández,
Tommy Alain, Stephanie L. Swift, Ronit Weisman, Christian Meyer,
Christophe Robaglia, Joseph Avruch and Michael N. Hall

1 Introduction

Rapamycin is a natural macrolide antibiotic originally isolated from Streptomyces
hygroscopicus—a filamentous bacteria found in a soil sample on Easter Island [1,
2]. The quest to identify the target of rapamycin began in the late 1980s. At that
time, rapamycin was known for its ability to inhibit the growth of fungi [1–3] and
the proliferation of T cells [4–6]. This led my group (M. Hall) to hypothesize that
the “target of rapamycin” (TOR) must have been evolutionarily conserved all the
way from fungi to humans. This assumption prompted the use of the budding yeast
Saccharomyces cerevisiae—a simple yet powerful genetically tractable organism—
in the identification of the target of rapamycin [7]. We selected for mutations
in Saccharomyces cerevisiae that confer resistance to the growth-inhibitory effects
of rapamycin [7]. This selection yielded several mutants, a number of which bore
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gain-of-function mutations in two novel genes, which we named target of rapa-
mycin 1 and 2 (TOR1 and TOR2) [7, 8].

Over the next 3 years, four research groups raced to identify the mammalian
counterpart of the yeast TOR1 and TOR2. These efforts culminated with the identifi-
cation of mTOR (mammalian TOR) in 1994 [9–12]. The discovery of the two TOR
proteins in budding yeast [7, 8] together with the identification of mTOR in mammals
[9–12] initiated the era of TOR signaling research. The delineation of TOR in other
genetically tractablemodel organisms, including thefissionyeastSchizosaccharomyces
pombe [13, 14], the fruit-fly Drosophila melanogaster [15, 16], the roundworm
Caenorhabditis elegans [17] and the plant Arabidopsis thaliana [18], came about
around a decade later. The meticulous study of the TOR protein in the aforementioned
model organisms by dedicated investigators (for a quarter of a century) has vastly
contributed to our detailed understanding of TOR and its functions today.

TOR is an important regulator of cellular and organismal growth. TOR exerts its
effect on growth through the control of numerous intracellular processes. In this
chapter, we devote our attention to the role of TOR in the control of protein
synthesis [the reader is referred to the following reviews [19–21] for excellent
coverage of other TOR outputs]. Protein synthesis (also commonly referred to as
mRNA translation) is perhaps the best-understood output of TOR, which appears to
be largely conserved across the eukaryotic kingdom. This chapter celebrates the
contribution of each eukaryotic model organism to our present understanding of the
role of TOR in the control of protein synthesis.

2 TOR Homologs in Evolution

The discovery of the TOR in budding yeast in 1991 [7] was quickly followed by
the identification of its mammalian homolog in 1994 [9–12]. Four groups inde-
pendently reported the identification of the mammalian homolog of TOR, mTOR
[9–12]. A decade later, TOR homologs were also identified in other eukaryotes
including fission yeast (Schizosaccharomyces pombe, TOR1/TOR2) [13, 14], plants
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(Arabidopsis thaliana, AtTOR) [18], nematodes (Caenorhabditis elegans, CeTOR)
[17] and flies (Drosophila melanogaster, dTOR) [15, 16], confirming our early
assumption that the “target of rapamycin” was indeed widely conserved in evolu-
tion. TOR is found in every organism across the eukaryotic lineage (all the way
from protozoa to metazoa) [22]. TOR is, however, conspicuously absent from
prokaryotes1 [22], suggesting that it appeared either during or soon after the
bifurcation of the prokaryotic and eukaryotic lineages. Alignment of the TOR
proteins in eukaryotes reveals that this protein is highly conserved at the amino acid
level (Table 1), and that key structural domains of TOR are found in every
eukaryotic organism. The mammalian TOR protein shares 54 % identity at the
amino acid level with dTOR, 42 % with AtTOR, 35 % with CeTOR, 40–46 %
with fission yeast TOR1-TOR2 and 42–43 % with budding yeast TOR1-TOR2
(Table 1). Interestingly, yeast species possess two TOR genes (referred to as TOR1
and TOR2), while higher eukaryotes have a single TOR gene. The yeast TOR1 and
TOR2 proteins are structurally and functionally similar but not identical [13, 25].
The two TOR proteins are found in two structurally and functionally distinct
protein complexes (discussed in Sects. 4–6 of this chapter). The ubiquitous pres-
ence of TOR protein(s) across eukaryotes and the high level of conservation of
TOR at the amino acid level are consistent with the fact that TOR plays a funda-
mental and conserved role in the control of cell growth across eukaryotes.

3 TOR Structure and Function

TOR is a serine/threonine protein kinase that belongs to the kinase family of
phosphatidylinositol 3-kinase-related kinases (PIKKs), that also comprises
ataxia-telangiectasia mutated (ATM), ataxia- and Rad3-related (ATR),
DNA-dependent protein kinase catalytic subunit (DNA-PKcs), suppressor of mor-
phogenesis in genitalia (SMG-1) and transformation/transcription domain-
associated protein (TRRAP) [26]. Orthologous TOR proteins are highly conserved
at the structural level in eukaryotic evolution, and all contain multiple domains in
common: The catalytic kinase domain (homologous to that of other PIKKs [26]) is
located near the C-terminus and mediates the phosphorylation of serine and thre-
onine residues on its target proteins.2 Two HEAT domains are present in the
N-terminal region (formed by anti-parallel helix-turn-helix repeats, so-named
because they were originally identified in the following proteins: Huntingtin,
Elongation Factor 3, the A subunit of protein phosphatase 2A and TOR).
C-terminally of the HEAT repeats lies a FAT domain (named after the PIKKs that

1Possibly reflecting the fact that the prevalent phospho-accepting amino acids in bacterial proteins
are histidine and aspartate, and not serine, threonine or tyrosine (which are more frequently
phosphorylated in eukaryotes) [23, 24].
2A recent study shows that mTOR (specifically mTORC2) can also catalyze the phosphorylation
of tyrosine residues [27, 28].
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contain this motif: FRAP, ATM and TRRAP) [29], followed by the FRB (FKBP12/
rapamycin-binding) domain, which, as the name suggests, mediates the binding to
the FKBP12/rapamycin complex. Finally, another FAT domain is found beyond the
catalytic domain at the C-terminus of TOR and is thus termed the FATC domain
(short for FAT at C-terminus).3 Paralogous TOR1 and TOR2 found in yeasts are also
structurally similar: TOR1 and TOR2 proteins in budding yeast display 67 %
identity at the amino acid level, while TOR1 and TOR2 in fission yeast show 52 %
identity at the amino acid level. However, TOR proteins do, in some instances,
perform distinct functions. For example, in budding yeast, both TOR1 and TOR2 are
involved in the control of transcription and mRNA translation programs [32], while
certain cellular functions are mediated exclusively by TOR2 [33]. In budding
yeast, actin polarization [34–37] and genome stability [38] are regulated exclusively
by TOR2 (and not TOR1). Thus, TOR2 plays both TOR1/TOR2-shared and
TOR2-specific roles in S. cerevisiae. Interestingly, the kinase domains of these two
proteins are interchangeable [25], indicating that the functional divergence of TOR1
and TOR2 proteins in budding yeast is not the result of altered catalytic activity but
rather the result of their association with different sets of proteins. The reason for the
functional divergence between TOR1 and TOR2 will be addressed in further detail
in Sect. 4 of this chapter. In contrast to yeasts, higher eukaryotes encode for a single
TOR gene (e.g., dTOR, CeTOR, AtTOR or mTOR4) whose protein product inte-
grates different protein complexes and performs distinct cellular functions. The role
of the TOR protein in flies, plants, nematodes and mammals will be discussed in
further detail in Sects. 5–9 of this chapter.

4 Two TOR Complexes: TORC1 and TORC2

Following the identification of TOR1 and TOR2 (in budding yeast) and mTOR (in
mammals), it became apparent that TOR proteins do not function alone, but instead
form large (megadalton) molecular weight protein complexes [40, 41]. It is now
known that TOR proteins (in both yeast and higher eukaryotes) form two distinct
complexes, in which TOR associates with different binding partners [40–42].
Studies in budding yeast [33, 40] and mammals [41, 42] described two branches of
TOR signaling, each of which is specifically mediated by one of two TOR com-
plexes: TORC1 and TORC2 in yeast (or mTORC1 and mTORC2 in mammals).
In budding yeast, TORC1 is composed by either TOR1 or TOR2, the scaffolding
protein Kog1 (Kontroller of Growth 1), the small GTPase-like protein Lst8 (lethal

3The structure of mTOR in complex with its binding proteins has now been defined at the atomic
level by the following studies [30, 31].
4mTOR gene has been reported to encode two isoforms resultant from an alternative splicing
event. The long isoform (mTOR alpha) is 289 kDa and the short isoform (mTOR beta) is 80 kDa.
Most published studies refer to the long (289 kDa) mTOR alpha isoform. Further details in Ref.
[39].
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with Sec13 protein 8) [40] and Tco89 (89-kDa subunit of TOR complex one) [43],
while TORC2 is formed by TOR2 (but not TOR1), Lst8, Bit61 (61-kDa binding
partner of TOR2) [43] and three TORC2-specific proteins: Avo1, Avo2 and
Avo3—so-named for their exquisite ability to adhere voraciously to TOR2 [40].
From an evolutionary standpoint, it is important to note that the majority of these
TOR complex protein components are conserved from yeast to man. Briefly, in
mammals, Kog1 is known as RAPTOR (regulatory-associated protein of mTOR)
[41, 42], Lst8 as mammalian LST8 (mLST8) or GβL (G-protein β-subunit-like
protein) [44], Avo3 as RICTOR (short for rapamycin-insensitive companion of
TOR) [45, 46], and Avo1 as mSIN1 (mammalian stress-activated protein kinase-
interacting protein 1) [47]. In addition to showing a unique protein composition,
TORC1/mTORC1 and TORC2/mTORC2 also differ with regard to sensitivity to
rapamycin: TORC1/mTORC1 is rapamycin-sensitive, whereas TORC2/mTORC2
is largely rapamycin-insensitive [40, 45, 48]. Moreover, TORC1/mTORC1 and
TORC2/mTORC2 perform distinct cellular functions. TORC1/mTORC1 couples
nutrient sufficiency to growth by activating anabolic processes such as protein
synthesis and ribosome biogenesis and by repressing catabolic processes such as
autophagy [49–52]. In budding yeast, TORC1 controls protein synthesis at multiple
levels, in particular translation initiation and ribosome biogenesis (discussed in
detail in Sect. 5). The best-characterized TORC1 substrates in Saccharomyces
cerevisiae are Sch9, a serine/threonine protein kinase belonging to the AGC kinase
family [53], and the Protein Phosphatase 2A (PP2A) and PP2A-like regulator
Tap42 [54]. In budding yeast, TORC2 mediates the organization of the actin
cytoskeleton and thereby spatial control of cell growth [55, 56]. The best-known
targets of TORC2 are the AGC kinase family members Ypk1 and Ypk2 [57–59].

5 Saccharomyces cerevisiae

5.1 TOR and Translation Initiation

The first hints that TOR, specifically TORC1, stimulates protein synthesis came
from experimentation with the TOR inhibitor rapamycin. Studies from budding
yeast and mammalian cells demonstrated that TOR regulates both the initiation and
the elongation steps of mRNA translation [32, 60–63]. Translation initiation is an
important step in protein synthesis, in which the eukaryotic initiation factor (eIF)4F
binds the pre-inititiation complex (PIC) that recruits the 40S subunit of the ribo-
some to the 5′end of an mRNA. The 40S subunit, subsequently, scans the mRNA
until it finds a start codon (typically AUG), at which point a charged initiator
methionyl-tRNA (tRNAi

Met) recognizes the 40S subunit, and the 60S subunit joins
to form the 80S ribosome (reviewed in [64]). In mammals, mTORC1 controls
translation initiation via the eIF4E-binding proteins 4E-BPs [60]. The
4E-BPs-mediated control of translation initiation (in mammals) will be revisited in
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greater detail in Sect. 10 of this chapter. For the purpose of discussing translation
initiation in budding yeast, it suffices to say at this point that 4E-BPs are transla-
tional repressors that disrupt the eIF4F complex, thereby preventing cap-dependent
translation initiation. mTORC1 phosphorylates 4E-BPs, causing their dissociation
from eIF4E to promote translation initiation (reviewed in [65]).

In budding yeast, two functional homologs of 4E-BPs have been identified: Eap1
and Caf20 [66–68]. Disruption of EAP1 confers partial resistance to rapamycin,
suggesting that Eap1 is implicated in TORC1 signaling. Thus, budding yeast
TORC1 may stimulate translation initiation via Eap1 by a mechanism similar to that
described for mammalian 4E-BPs [66] (Fig. 1), although, at present, there is no
evidence indicating that TORC1 affects Eap1 phosphorylation. Caf20 is phospho-
rylated by casein kinase, and this phosphorylation is decreased during the stationary
phase [68]. However, deletion of CAF20 does not confer resistance to rapamycin
[66]. It remains to be determined whether TORC1 affects Caf20.

In budding yeast, TORC1 also promotes translation initiation by maintaining
eIF4G levels via an as-yet undefined mechanism [69] (Fig. 1). Studies in yeast and
mammals suggest that TORC1 controls eIF4G phosphorylation [70–72]; however,
the impact of phosphorylation on eIF4G activity requires further investigation.
TORC1 also targets eIF2 (reviewed in [73]). eIF2 mediates the binding of tRNAi

Met

to the 40S ribosomal subunit in a GTP-dependent manner. eIF2 is a heterotrimer
consisting of α, β and γ subunits, and its activity is negatively regulated by phos-
phorylation. The kinase Gcn2 phosphorylates eIF2α at Ser51, thereby inhibiting the
exchange of GDP for GTP on eIF2 and ultimately blocking translation (Fig. 1). The

Fig. 1 Model depicting the
steps of mRNA translation
initiation that are regulated by
TORC1 in budding yeast.
Proteins shown in white
promote mRNA translation
initiation. Proteins in gray
inhibit mRNA translation
initiation. Dashed lines
indicate indirect interactions.
See main text for details
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kinase activity of Gcn2 is inhibited by phosphorylation and stimulated by
uncharged tRNAs that bind to Gcn2 in amino acid-starved cells. Phosphorylation of
Gcn2 at Ser577 inhibits Gcn2 by reducing its tRNA-binding ability, thus promoting
translation [74, 75]. The identity of the Gcn2 kinase is unknown other than it is not
Sch9 [49]. It has been proposed that TORC1 increases Gcn2 phosphorylation partly
by inhibiting one or more Tap42-associated phosphatases [75] (Fig. 1). Despite the
conserved role of Gcn2 in translation, the involvement of TORC1 in Gcn2 regu-
lation has only been reported in budding and fission yeast (see Sect. 6.1, last two
paragraphs). A recent study showed that, upon amino acid starvation,
TORC2-Ypk1 signaling inhibits the Ca2+/calmodulin-dependent phosphatase cal-
cineurin to activate Gcn2, increase eIF2α phosphorylation at Ser51 and ultimately
promote autophagy [76]. It is unclear whether Ypk1-mediated eIF2α phosphory-
lation also affects translation.

5.2 TOR and Ribosome Biogenesis

The eukaryotic ribosome is composed of two subunits: the small 40S subunit, that
contains one 18S ribosomal RNA (rRNA) and 33 ribosomal proteins (RPs), and the
large 60S subunit containing three rRNAs (5S, 5.8S and 25S) and 46 RPs (for a
review, see [77] and references therein). Eukaryotic ribosome assembly requires 76
different small nucleolar RNAs and more than 200 different assembly factors
encoded by the Ribi (ribosome biogenesis) regulon [78]. Furthermore, ribosome
synthesis involves the coordinated activity of all three RNA polymerases. RNA
Pol I (Pol I) transcribes the precursor 35S rRNA, which is further processed to yield
mature 18S, 5.8S and 25S rRNAs. RNA Pol II (Pol II) transcribes mRNAs (in-
cluding RP and Ribi mRNAs), and RNA Pol III (Pol III) transcribes 5S rRNA and
tRNAs. Inactivation of TORC1 reduces the transcription of essentially all genes
involved in ribosome biogenesis because of a general inhibition of Pol I, II and III
[79–83] (Fig. 2).

Several studies have shown that, in budding yeast, TORC1 stimulates Pol I
recruitment to the 35S ribosomal DNA (35S rDNA) promoter by stabilizing the
essential initiation factor Rrn3 [84–86]. However, additional mechanisms exist. For
example, Sch9 promotes recruitment of Pol I to the 35S rDNA promoter via an
Rrn3-independent, yet largely unknown mechanism [70] (Fig. 2). It has been
suggested that the decrease of Pol I activity after short-term TORC1 inactivation is
due to a reduction in Pol II activity and thus RP synthesis, suggesting a crosstalk
between Pol I and Pol II [87]. TORC1 may support Pol I activity by indirectly
promoting histone H3 acetylation at Lys56 [88]. Curiously, Li et al. reported that
TOR1 translocates into the nucleus and promotes 35S rRNA synthesis through
direct binding to the 35S rDNA promoter [89].

TORC1 regulates expression of RP and Ribi genes via several transcription
factors (Fig. 2). The forkhead transcription factor Fhl1 is constitutively bound to
most RP gene promoters, and its regulation involves two phosphoproteins: Ifh1 (a
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coactivator) and Crf1 (a corepressor) [90–92]. When TORC1 is active, phospho-
rylated Ifh1 binds Fhl1 and thereby stimulates RP gene transcription [93–95]. When
TORC1 is inactive, phosphorylated Crf1 translocates into the nucleus, competes
with Ifh1 for binding to Fhl1 and inhibits RP gene transcription [93]. Crf1 is
phosphorylated by the TORC1- and PKA-regulated kinase Yak1. It is unclear how
TORC1 affects Ifh1 phosphorylation. TORC1 also induces RP gene expression
independent of Fhl1, Ifh1 and Crf1. Under favorable growth conditions, TORC1
directly phosphorylates the transcriptional activator Sfp1 to promote its binding to
RP and Ribi gene promoters [78, 96, 97]. TORC1 also stimulates Pol II activity in
an Sch9-dependent but Fhl1- and Sfp1-independent manner. Sch9 phosphorylates
the transcriptional repressors Stb3, Dot6 and Tod6, preventing them from recruiting
the RPD3L histone deacetylase to RP and Ribi gene promoters [53, 70, 78] (Fig. 2).

In mammals, mTORC1 phosphorylates and activates ribosomal S6 kinases
(S6Ks), which in turn phosphorylate ribosomal protein S6 (RPS6, a component of
the 40S ribosomal subunit) and ultimately promote transcription of genes required
for ribosome biogenesis [98]. S6Ks may also control protein synthesis by affecting

Fig. 2 Model depicting the main pathways by which TORC1 regulates the three RNA
polymerases in budding yeast. Proteins shown in white stimulate RNA polymerase activity.
Proteins shown in gray inhibit RNA polymerase activity. Dashed lines indicate indirect
interactions. See main text for details
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several initiation factors (reviewed in [65, 99]). In budding yeast, Rps6 phospho-
rylation is differentially stimulated by TORC1 via the AGC kinase Ypk3 and by
TORC2 via Ypk1/2 [100, 101]. However, neither Rps6 phosphorylation nor
Ypk1-3 seems to regulate mRNA translation or ribosome biogenesis [101].

Transcription of tRNA genes relies exclusively on Pol III. TORC1 regulates
tRNA transcription principally via Sch9 and the Pol III repressor Maf1 (Fig. 2).
When TORC1 is active, Sch9 directly phosphorylates and inhibits Maf1. When
TORC1 is inactive, dephosphorylated Maf1 translocates into the nucleus and
inhibits Pol III transcription [70, 102, 103]. Sch9 may also promote Pol III activity
by phosphorylating and activating Bdp1, the essential subunit of a Pol III tran-
scription factor [104]. The observation that rapamycin reduces Pol III transcription
in sch9 mutant cells suggests that TORC1 regulates Pol III through additional,
Sch9-independent mechanism(s) [103]. Such a mechanism may involve the
LAMMER kinase Kns1. Upon rapamycin treatment, Kns1 is phosphorylated and
accumulates in the nucleus. Nuclear Kns1 phosphorylates the Pol III subunit Rpc53
to inhibit tRNA transcription [105]. Finally, it has been suggested that TORC1
supports the activity of all three RNA polymerases by promoting binding of the
prefoldin Uri/Bud27 to the Pol I, II and III subunit Rpb5 [106].

5.3 Concluding Remarks

As described in this section, TORC1 stimulates protein synthesis by promoting
mRNA translation initiation and ribosome biogenesis. Interestingly, several
observations suggest a feedback mechanism from the protein synthesis machinery
to TORC1. Firstly, chemical inhibition of translation using cycloheximide activates
TORC1 [53]. Secondly, Sfp1 negatively regulates Sch9 phosphorylation [97].
Thirdly, the leucyl-tRNA synthetase (LeuRS) has been reported to be an upstream
activator of TORC1 in yeast and mammals [107, 108]. Finally, analysis of a
budding yeast tRNA deletion library comprising 204 deletions of 275 tRNA genes
revealed that 20 % of these mutants show growth defects under nutrient limiting
conditions [109]. Follow-up studies are needed to characterize potential feedback
mechanisms.

Finally, what is the role of TORC2 in protein synthesis? TORC2 associates with
ribosomes in yeast and mammals [110–112]. Mammalian TORC2 is activated by its
association with the ribosome to co-translationally phosphorylate and stabilize
substrates [110, 113]. Experiments using budding yeast strains in which TORC2
function can be acutely and specifically inhibited by rapamycin [114] may clarify
the role of (m)TORC2 in protein synthesis.
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6 Schizosaccharomyces pombe

6.1 TOR: Cell Growth and Beyond

The TOR complexes in the fission yeast Schizosaccharomyces pombe harbor many
similarities to its budding yeast counterpart, making S. pombe an excellent comple-
mentary model system to study TOR signaling in lower eukaryotes. Two TOR
homologs were identified in S. pombe. These were named Tor1 and Tor2 following
the order of their discovery [13]. However, it was later realized that Tor1 is actually
the catalytic subunit of TORC2, the complex that also contains Ste20 and Sin1 (the
fission yeast homologs of Avo3/RICTOR and Avo1/mSIN1). Tor2 is the catalytic
subunit of TORC1, the complex that also contains Mip1, a Kog1/RAPTOR homolog
[115, 116]. The S. pombe TOR complexes also share the Lst8/mLST8/GβL homolog,
known asWat1 or Pop3. The similarities between S. pombe TORC1 and TORC2 and
their eukaryotic counterparts extend beyond their structural similarities and includes
similar downstream and upstream effectors and regulators, as well as similarities in
subcellular localization and functions. In S. pombe, TORC1 is activated in response
to nutritional signals, in particular the availability of nitrogen and amino acids, and
regulates cellular growth while inhibiting starvation responses [116–119]; TORC2 is
required for growth under stress conditions, including oxidative and osmotic stresses,
DNA damage conditions and nutritional stresses. The underlying molecular mech-
anism for the role of TORC2 in the stress response in fission yeast remains largely
unknown. Recently, we (R. Weisman’s group) and the Shiozaki laboratory demon-
strated that TORC2 is activated in response to glucose availability [120, 121], which
suggests a primitive mode of activation of TORC2 that may have developed into the
insulin-dependent response of the mammalian TORC2 (mTORC2).

Disruption of TORC1 results in growth arrest, and in cells attaining physio-
logical and morphological responses similar to those of nitrogen starved cells.
Similar to mTORC1, the activation of TORC1 in response to nitrogen sufficiency
leads to phosphorylation and activation of Psk1, the S. pombe S6K homolog, which
in turn phosphorylates ribosomal protein S6 (RPS6) [122, 123]. As in mammalian
cells, the phosphorylation of Rps6 is widely used as a readout for TORC1 activ-
ity in fission yeast. Yet, the relevance of Rps6 phosphorylation to the cellular
functions of TORC1 is unknown. Thus, for example, replacing the serine residues
that are targeted for phosphorylation with alanine residues in the two isoforms of
Rps6 in S. pombe did not affect cellular growth [123]. The starved phenotype of
S. pombe cells disrupted for TORC1 suggests that TORC1 mainly regulates
growth, thereby regulating cell proliferation, a process that is dependent on mass
accumulation. Yet without identification of the full set of TORC1 downstream
effectors in fission yeast, the mechanisms by which TORC1 regulates cell growth
and proliferation remain only partially understood.

While disruption of TORC1 results in growth arrest, rapamycin does not inhibit
the growth of wild-type S. pombe cells, indicating that the core functions of
TORC1 are maintained in the presence of the drug [124, 125]. Accordingly,

Evolution of TOR and Translation Control 337



rapamycin does not affect the general translation in S. pombe, as determined by
incorporation of 35S-methionine into newly synthesized proteins in the presence of
rapamycin [126]. However, a decrease in total protein synthesis in the presence of
rapamycin occurs in tRNA modification mutant (tit1Δ) cells, suggesting that
interference with tRNA metabolism together with TORC1 inhibition may disrupt
complementary signaling to control general translation.

One of the well-known and highly conserved mechanisms to downregulate
translation initiation under stress conditions is the phosphorylation of the
translation-initiation factor eIF2α. In S. pombe, three eIF2α kinases, Gcn2, Hri1 and
Hri2, contribute to phosphorylation of Ser52 of eIF2α. Of these, Gcn2 is the main
kinase responsible for eIF2α phosphorylation in response to nutrient starvation,
oxidative stress, DNA damage or UV light [127]. Deactivation of S. pombe TORC1
or treatment with rapamycin leads to phosphorylation of eIF2α in a
Gcn2-dependent manner [127, 128], similar to previous findings in S. cerevisiae
[75]. It is of interest that inactivation of TORC1 as well as rapamycin treatment
should result in phosphorylation of eIF2α, since only loss of TORC1 activity results
in growth arrest. The relationship between the TORC1 and Gcn2 pathways is
complex. Thus, for example, TOR inactivation induces eIF2α phosphorylation only
under certain conditions [123, 129], and Gcn2 becomes fully activated in response
to UV-C radiation independent of TORC1 activity [127]. In response to leucine
starvation, the Gcn2 pathway seems to regulate TORC1 activity rather than be
affected by TORC1, indicating that Gcn2 can act both downstream and upstream of
TORC1 [127]. In S. cerevisiae, inactivation of TOR kinases by rapamycin leads to
the removal of a phosphate on Ser577 of Gcn2 via activation of phosphatases.
Ser577 is not conserved in S. pombe or in mammalian cells. Yet the findings that
TOR regulates eIF2α phosphorylation in both S. pombe and S. cerevisiae, two
highly divergent yeasts, suggest that at least the wiring of the TOR and Gcn2
pathways is evolutionarily conserved, while the exact molecular mechanism differs.

6.2 Concluding Remarks

Outstanding research areas in the field include working towards a better under-
standing of the molecular mechanism by which TORC1 affects protein
synthesis in S. pombe. It will also be important to understand why, in S. pombe,
TORC1 remains largely resistant to inhibition by rapamycin with respect to protein
synthesis control. Another yet unsolved question concerns the role that TORC2
may play in regulating general translational control. At present, no direct link has
been suggested between TORC2 and the general control of protein synthesis.
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7 Plants

In this section, we will concentrate on the features of the TOR pathway in the
“green lineage” or the kingdom plantae (that we will name hereafter “plants”).
Most plant TOR research has been performed in vascular plants namely in
Arabidopsis thaliana, and in Chlamydomonas reinhardtii—a green unicellular
alga. As much as possible, we will focus on the specific features that have allowed
the tuning of the ancient unicellular TOR pathway to the “green” lifestyle such as
photosynthesis, mineral nutrition and specific hormonal circuitry. For further
details, the reader is invited to consult recent exhaustive reviews [130, 131].

7.1 Rapamycin and Plant TOR

The TOR pathway integrates nutrient signaling in order to process available energy
towards different cellular outputs such as growth or abiotic and biotic stress
adaptation. This pathway was initially described in yeast by genetic analysis of
rapamycin resistance, resulting in the identification of the TOR (target of rapa-
mycin) kinase as a central component of the pathway and of the FK506-binding-
protein 12 (FKBP12) protein that, together with rapamycin and TOR, forms a
ternary complex where TOR activity is inhibited [7]. Biochemical studies in ver-
tebrate cells identified TOR as a rapamycin-binding protein, initially known as
FRAP/RAFT1 [9, 10]. Rapamycin was of little help for TOR plants studies—
vascular plants are resistant to growth inhibition by rapamycin. It was, in fact, the
progress of genome analysis and reverse mutagenesis in the angiosperm
Arabidopsis thaliana that allowed the characterization of the TOR kinase and
associated proteins, RAPTOR and LST8 [18, 132, 133]. Interestingly, this is not the
case for the entire green lineage since the unicellular green alga Chlamydomonas
reinhardtii is susceptible to rapamycin [134]. Rapamycin susceptibility in
Arabidopsis is restored by expression of yeast or mammalian FKBP12 [135–137].
Although it was originally thought that the FKBP12 protein in Arabidopsis (and
other plants) lacked critical amino acids necessary for ternary complex formation, it
was further shown that Arabidopsis TOR and FKBP12 proteins can interact in the
presence of rapamycin and that high doses of rapamycin can inhibit plant growth
and cause molecular phenotypes, such as the dephosphorylation of ribosomal S6
kinase [138]. More recently, ATP competitive inhibitors, designed to target mTOR,
were found to be useful pharmacological tools and are now widely employed
[139–141].
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7.2 Orthology of Green TOR Pathway Components
with Other Organisms

As mentioned earlier, in mammals and yeast the TOR pathway is centered around
two active TOR-containing complexes, TORC1 and TORC2. A single TOR gene is
present in plant genomes and encodes a protein that, in Arabidopsis, is 42 %
identical to the human protein. Components of TORC1 (TOR itself, RAPTOR and
LST8) are present in the genome of all groups of photosynthetic eukaryotes [142].
Direct interaction between TOR and RAPTOR and LST8 was demonstrated in
Arabidopsis thaliana and Chlamydomonas reinhardtii [133, 143–145]. The situa-
tion is less clear for TORC2, since canonical components of yeast and animal
TORC2 (Avo1/mSIN1 and Avo3/RICTOR) are absent from plant genomes. Clearly,
biochemical studies are still lacking to decipher the composition of TOR complexes
in the green lineage. Among TOR targets, although the precise role of RPS6
phosphorylation is no better understood in plants than it is in other organisms, the
S6K/RPS6 axis is conserved, as is the TAP42 (46 in plants)/PP2A signaling module
[138, 139, 145–147]. Orthologs of either mammalian or yeast eIF4E-binding pro-
teins are not found in plant genomes, although proteins bearing eIF4E-binding
motifs exist, but their role in translation and their possible interactions with TOR are
still unknown (Ryabova, personal communication; Robaglia, unpublished).
New TOR pathway targets have been identified in plants, such as E2F transcription
factors [148] and Re-Initiation Supporting Protein (RISP) [139]. Concerning
upstream components that may convey environmental perception to TOR, plant
genomes do not contain orthologs of the Tuberous Sclerosis Complex (TSC1 and
TSC2), RHEB, or class I-II PI3Ks [22, 149], but they do contain proteins homologs
of the class III PI3K/VPS34 [130].

7.3 General Functions of the Green TOR Pathway

Overall, functional studies have shown that, similarly to other eukaryotes, TOR is
generally required for growth control, cell cycle and global translation activity [132,
148, 150, 151], energy signaling and autophagy [136, 152]. Several plant-specific
processes also appear to require a functional TOR pathway such as cell wall
organization, light adaptation and starch synthesis [133, 137, 153].

7.4 Plant TOR and Plant Hormones

Plants harbor a set of small hormonal molecules that orchestrate the systemic
signaling of growth control, stress and pathogen responses. Auxins, cytokinins,
brassinosteroids and gibberellins represent the most prominent growth hormones,
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while abscisic acid (ABA), ethylene, jasmonate and salicylic acid (SA) represent
stress hormones. These hormonal pathways are linked by complex signaling cir-
cuitry. Obviously, given the basal role of TOR in the interplay between growth and
stress adaptation, a key issue is to understand how its signaling pathway is wired to
hormonal control. Global transcriptome analysis has shown that TOR pathway
inhibition leads to activation of genes linked to stress responses through the ABA,
ethylene, jasmonate and salicylic acid and as well as activation of genes linked to
the repression of growth-promoting pathways controlled by auxin, cytokinin,
brassinosteroid and gibberellin [133, 154]. ABA synthesis and response is report-
edly repressed in conditions of TOR inactivation; Plants that overexpress TAP46
also display a higher sensitivity to ABA [155, 156], suggesting that TOR activity is
required to mount the stress response through ABA synthesis. Recently, leaf
chlorosis caused by the TOR inhibitor AZD8055 was found to be counteracted by
mutations in the ABI4 (ABA Insensitive 4) gene [141]. ABI4 is activated by ABA
and sugars to repress photosynthetic nuclear genes, such as the antenna protein that
captures light and conveys photochemical energy to the core reaction center.
Although the position of ABI4 relative to the TOR pathway is still unknown, its
identification establishes a possible molecular link between TOR and ABA
signaling.

Auxin and cytokinin activate S6K and increase S6 phosphorylation [157]. A direct
connection between the growth-promoting auxin and TOR has been established by
the increased TOR association with polysomes and S6K phosphorylation upon auxin
addition. This promotes the translation of mRNAs containing upstream open reading
frames (uORFs) such as a set of auxin response factors (ARFs); conversely, TOR
inhibition blocks gravitropism, a well-known auxin-mediated response [151]. TOR
also phosphorylates E2Fa transcription factors that are positively regulated by auxin
and required for cell cycle entry [148]. Taken together, this suggests that auxin and
TOR might be part of a positive feedback loop that enhances auxin action to promote
growth. We speculate that as-yet unrecognized components involved in relaying the
auxin signal to TOR await identification.

7.5 Plant TOR, Light and Nutrients

Plants are carbon autotrophs, and light is the essential energy supply that converts
carbon intake into glucose through photosynthesis. Glucose activates the TOR
pathway [148], and TOR inactive plants fail to grow in response to light stimula-
tion [136]. TOR inhibition causes leaf chlorosis, represses many photosynthesis-
related genes, and leads to the accumulation of lipids and reserve carbohydrates,
such as starch [133, 153, 154, 158]. Direct evidence of a link between TOR and
light perception comes from the phenotype of the LST8 KO mutant that displays a
daylength-dependent chlorotic phenotype [133] (Fig. 3). Excess light also represses
RPS6 phosphorylation and mRNA translation [159]. Besides glucose, the addi-
tional molecular actors that link light perception to the TOR pathway remain
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unidentified. The cell wall, which is the primary sink for photosynthetic carbon, is
also affected by TOR inactivation [137]. Soil nitrogen, as is the case of light, is an
essential nutrient for plant growth. Interestingly, TOR inactivation hinders the
growth-promoting effect of nitrogen. Similarly, nitrate reductase activity is
enhanced by TAP46 overexpression [147].

7.6 Cellular Functions: Translation, Endomembranes, Cell
Growth and Innate Immunity

TOR inactivation leads to a decrease in polysome abundance [132, 139]. However,
this effect is not as strong in plants as in animals or yeast cells, and, until now, it is
not known whether this is linked to the possible absence of eIF4E-binding proteins
in plants. Activated TOR binds polysomes where it interacts with plant-specific
protein RISP and ribosomal S6 kinase to recruit the eIF3 complex on multicistronic
mRNA [139, 151]. The existence of connections, if any, between green TOR and
translation initiation is presently unknown. Ribosomal RNA expression is also
positively correlated to TOR expression [150]. Inhibition of TOR activity in
Arabidopsis decreases RPS6 phosphorylation at Ser240, which is also negatively
affected by multiple stresses such as anoxia, heat stress, light modulation and high
CO2 [160–162].

In plants and microalgae, TOR regulates autophagy [152, 163], and in
Chlamydomonas, rapamycin induces the phosphorylation of the endoplasmic
reticulum chaperone BiP, which is linked to ER stress [164]. TOR controls cell

Fig. 3 Day-length
adaptation: a plant-specific
function of the TOR pathway.
Arabidopsis lst8-1 mutants in
short days (8h, left) and after
transfer to long days (16h,
right). Adapted from Ref.
[133]
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growth and division in the root and shoot apical meristematic zones where stem
cells generate new organs [132, 136, 140, 148]. In plants, dividing cells leaving the
meristem become progressively quiescent and undergo cell expansion and poly-
ploidization through a process termed endo-reduplication. E2FA transcription
factor, mediates both cell size entry and polyploidization, depending on its location,
and is a target for TOR-mediated phosphorylation [148]. Downstream of TOR, S6K
is known to control the cell cycle and DNA synthesis through RBR1 (retinoblas-
toma-related protein 1) interaction [165]. Although TOR-independent S6K func-
tions cannot be excluded, the TOR/S6K axis likely signals together in the
developmental switch between plant cell proliferation and cell expansion during
organogenesis. Careful examination of the various TOR activation patterns in the
meristem and its margins is necessary to better understand these cellular processes.

Growth and immunity are known to be antagonistic [166], and TOR is involved
in both pathways. Indeed, TOR inhibition has been shown to prevent plant growth
while simultaneously activating the defense hormone salicylic acid-dependent
pathway [133, 154]. Given its juxtaposed functions and its involvement in reserve
mobilization, TOR represents an interesting target for plant pathogens. However,
TOR modulation during bacterial or fungal pathogen attack has not yet been
described. Several viruses, that hijack the translation machinery during infection,
require an intact TOR pathway. The cauliflower mosaic virus transactivator protein
(TAV) activates TOR to promote translation of the viral multicistronic mRNA
[139]. Similarly, members of the potyviruses, the largest group of plant RNA
viruses, also require an active TOR, since TOR inhibition leads to virus resistance
and can even cure infected plants [167].

7.7 Concluding Remarks

The last 10 years of research has allowed us to draw a general picture of the green
TOR pathway, but much has yet to be done to understand the molecular compo-
nents involved in its different functions. Although it is probable that many outputs
are similar to those of other eukaryotic organisms, the wiring is probably different
as evidenced by the absence of TOR-dependent eIF4E-binding proteins in plants.
Future areas of research will include mapping the connections of TOR with the
plant-specific nutrition processes, particularly nitrogen assimilation and photosyn-
thesis, as well as the interconnection of TOR with plant hormonal circuitry, innate
immune responses, and other regulatory cell integrity pathways inherited through
endosymbiosis, such as the stringent response. Importantly, given the role of TOR
as a hub in energy signaling, growth control and reserve accumulation, it is not
impossible that this new knowledge will find applications in molecular breeding of
plants or microalgae for agriculture and bioenergy production.
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8 Drosophila melanogaster

8.1 Drosophila melanogaster: A Versatile Model Organism

Drosophila melanogaster is a versatile model organism that enables the easy and
rapid characterization of biochemical signaling pathways. Drosophila melanogaster
has a short life cycle (compared to vertebrates) and reproduces in large numbers; it
can be easily genetically manipulated (in various ways), and, from an economical
standpoint, it is relatively inexpensive to maintain. Studies employing this model
organism have made a vast contribution to the identification and characterization of
various components of the TOR pathway. In this section, we review the contri-
butions of Drosophila melanogaster research to our present understanding of the
TOR pathway.

8.2 Drosophila melanogaster: Discovery of dTOR

Drosophila melanogaster possesses a single copy of the dTOR gene (FlyBase.org
annotated number CG5092) encoding the dTOR protein [168, 169]. dTOR was
originally identified by two research groups led by Ernst Hafen [168] and Thomas
Neufeld [169], reported in two elegant papers in Genes and Development in 2000.

8.3 dTOR Regulates a Multitude of Cellular Functions

Earlier studies in the budding yeast Saccharomyces cerevisiae had shown that TOR
plays a pivotal role in the control of cell growth. But, in fact, this phenotypic effect
of TOR in cell growth (first observed in budding yeast) extends well beyond this
unicellular model organism. The importance of TOR in the control of cell growth (a
recurrent theme throughout this chapter) is conspicuous throughout eukaryotic
evolution. TOR possesses the universally conserved role of integrating both
nutritional as well as organism-specific endocrine cues with signaling pathways to
ensure that growth is appropriate for a specific nutritional status [149, 170–173].
This is also the case in Drosophila melanogaster, where dTOR functions as a
master regulator of cell and organismal growth [170]. In the following section, we
will focus on the contribution of this model organism to our understanding of
dTOR’s role in the control of organismal growth [168, 169], fertility [174, 175] and
survival [176, 177].
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8.4 dTOR and dS6K Control Cell and Organismal Growth

The first TOR-dependent phenotype to be identified was its effect on cell and
organismal growth [168, 169]. Genetic manipulation of dTOR revealed that the
encoded protein plays a pivotal role in the control of cell growth [168, 169]. For
instance, Hafen and colleagues showed that induction of tissue-specific mutant
dTOR clones (dTOR2L1 and dTOR2L19) produced adult flies with reduced head size
[168]. Mutant dTOR flies also displayed reduced growth at developmental (pupal
and larval) stages [168]. Similar findings were reported by Neufeld and colleagues
[169]; they observed that P-element insertions within the dTOR gene yielded a
dTORΔP mutant (with disrupted dTOR function) lead to defects in larval devel-
opment, resulting in larva hatching with as low as 24 % of the mass of their
wild-type counterparts [169]. Organismal size is the product of cell mass (with
increases referred to as cell growth) and cell number (with increases referred to as
cell proliferation). To determine whether the reduced size of the dTORΔP mutant
resulted from a decrease in cell size or cell number, Zhang et al. [169] analyzed the
effect of disrupting dTOR function in various tissues by examining the size and
number of the cells of the adult wing and the salivary gland. Both the bristles and
the epithelial cells of the wing blade appeared smaller, supporting a role for dTOR
in the control of cell size. Loss of dTOR also affected cell proliferation with
dTORΔP salivary glands undergoing fewer rounds of replication than wild-type
cells [169]. Taken together, these data suggested that the absence of dTOR leads to
both reduced growth and proliferative capacity. As observed in other organisms,
dTOR signals downstream via two main signaling branches: the dTOR/d4E-BP and
dTOR/dS6K branches (Fig. 4). Consistent with the fact that dTOR is a major
controller of cell and organismal growth in the fruit fly, mutations in various
upstream and downstream signaling components of the dTOR pathway phenocopy
the mutant dTOR growth defect. For example, dS6K (a direct substrate of dTOR) is
a central regulator of cell growth in Drosophila melanogaster [178].
P-element-induced mutagenesis of the Drosophila melanogaster single S6K gene
(dS6K) gives rise to miniature flies. dS6Kl−1 homozygous females are approxi-
mately 40 % of the size of their wild-type counterparts [178]. Comparison of cells
of the wing (as well as ommatidia) of dS6K mutant flies versus wild-type flies
revealed that dS6K controls cell size but not cell number [178], consistent with
findings in mammalian S6K1/2 double knockouts [179]. Collectively, these studies
demonstrate that the dTOR/dS6K signaling branch plays an important role in the
control of organismal growth, consistent with earlier findings in yeast. The ability
of organisms to grow, irrespective of their uni- or multicellularity, indicates that
accumulation of cell mass is a well-conserved primordial cellular function. It
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therefore follows that the cellular circuitry involved in cell growth could also be
conserved.5 The observation that TOR’s function in cell growth is conserved
between yeast and flies (two phylogenetically distant organisms) suggests that this
is indeed the case. Yeasts and flies differ in one major aspect; only the latter has an
insulin signaling system. This system has evolved only with metazoans. Metazoan
evolution was accompanied by the emergence of novel proteins that function
upstream of TORC1. Notably, many of the proteins that function upstream of
TORC1 are also involved in the control of cell growth. Studies in Drosophila
melanogaster have further demonstrated that many of the upstream signaling
components of dTORC1 [e.g., tuberous sclerosis complex 1 and 2 (dTSC1/dTSC2);
ras-homolog enriched in the brain (dRHEB)] [180], as well as components in
parallel pathways6 (dPI3K and dPTEN) [181], play important roles in the control of
cell growth. This section/chapter focuses primarily on the signaling downstream of

Fig. 4 Model depicting
signaling pathways
downstream of dTORC1
involved in the control of
mRNA translation. Proteins
shown in white activate
mRNA translation. Proteins
shown in gray inhibit mRNA
translation. Dashed lines
indicate poorly characterized
pathways. See main text for
details

5One cannot rule out, however, functional adaptation of alternative signaling pathways in the
control of cell growth. A shared cellular function does not necessitate a common signaling
mechanism. Convergent evolution allows for different signaling mechanisms fulfilling a shared
cellular role in distinct species.
6Metazoans have evolved several cascades that control cellular and organismal growth. One major
growth pathway is the insulin/mTORC1 signaling pathway, which in mammals follows the
sequence: insulin, insulin receptor, PI3K, Akt, TSC1/TSC2/RHEB and mTORC1. In Drosophila
melanogaster the signaling mode does not follow this linear sequence. In insects, dPI3 K and
dTORC1 pathways do not crosstalk—instead, they appear to function in parallel to control cellular
and organismal growth in response to environmental, endocrinological and nutritional inputs [181].
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dTORC1; for this reason, the analysis of these studies will not be covered here. The
reader is referred to excellent reviews on the subject [171, 180].

8.5 dTOR and d4E-BP Control Lifespan

Besides regulating growth via dS6K, dTOR has been implicated in the control of
various other organismal functions in the fly through other downstream
substrates (Fig. 4). In this section, we will briefly discuss the role of one such dTOR
target (specifically d4E-BP) in the control of the Drosophila melanogaster lifespan
[176, 177, 182]. In mammals, mTOR (namely mTORC1) controls the phospho-
rylation and activity of the family of translation initiation repressors 4E-BPs (dis-
cussed in detail in Sect. 10). While the mammalian genome encodes three 4E-BP
genes known as Eif4ebp1, Eif4ebp2 and Eif4ebp3 [183–186] which give rise to
three proteins known as 4E-BP1, 4E-BP2 and 4E-BP3, the fly genome encodes a
single 4E-BP gene, which gives rise to a single 4E-BP protein known as d4E-BP
[187]. A study by Tettweiler et al. [176] in 2005 has shown that the lifespan of
Drosophila melanogaster is controlled by d4E-BP. Specifically, the median life-
span of d4E-BPnull male flies is reduced by 25 % compared with revertant males;
the same null mutation has a similar effect in females, indicating that this phenotype
is gender-independent [176]. Drosophila melanogaster eggs/larvae depend on
protein-rich nutrition for survival. Starvation of eggs/larvae results in differential
viability of d4E-BPnull and revertant larvae: d4E-BPnull larvae die faster than their
revertant counterparts under starvation [176]. Similarly, d4E-BPnull adult flies also
exhibited reduced survival compared to revertant flies upon exposure to oxidative
stress (H2O2) [176]. Mechanistically, the increased longevity of wild-type d4E-BP
flies appears to be dependent on their interaction with deIF4E, as suggested by the
observation that d4E-BP(Y54A, M59A) larvae and flies that are defective for
deIF4E-binding are similarly prone to accelerated death under nutrient deprivation
and oxidative stress conditions [176]. Taken together, these data indicate that the
dTOR/d4E-BP/deIF4E signaling branch plays a critical role in the control of
Drosophila melanogaster longevity in adverse nutritional and oxidative stress
conditions. This is consistent with findings in mammals, where rapamycin-fed mice
exhibit extended lifespans [188].

8.6 dPRAS40 and dLARP Govern Fly Fertility

In addition to governing growth and survival in metazoans, a number of studies
[189, 190] provide evidence in support of a role for the dTOR pathway in the
control of germline maintenance and fertility. For instance, it has been observed that
mutations in dTOR result in pupal lethality and sterility in both male and female
flies [191]. Both male and female dTOR mutant flies are sterile [191]. Mutant male

Evolution of TOR and Translation Control 347



flies displayed abnormal testes while female mutant flies showed arrested devel-
opment and increased cell death in reproductive tissues, indicating that dTOR is
required for proper male and female sexual development. Mutations in dTOR have
also been reported to reduce proliferation, growth and survival of germline stem
cells (GSCs) and follicular stem cells (FSCs) in the ovary [192]. Notably, these
effects appear to be independent of d4E-BP [192]. The fertility of Drosophila
melanogaster is, therefore, likely governed by other effectors of dTOR. Several
candidate proteins fit the bill, including: (1) dPRAS40 (Drosophila melanogaster
proline-rich Akt substrate 40 kDa; originally identified as a component [193–198]
and direct substrate [195–197] of mTORC1 in mammals) and (2) dLARP
(Drosophila melanogaster lupus autoantigen (La) related protein; recently identi-
fied as a target of mTORC1 in mammals [199]).

dPRAS40. A recent study by Pallares-Cartes et al. [175] has shown that
loss-of-function of dPRAS40 does not affect the growth or proliferation of somatic
cells, but does impair ovary development. dPRAS40 loss of function was also able
to partially rescue the sterility phenotype in Chico (the equivalent of the insulin
receptor in flies) mutant female flies [175]. Thus, dPRAS40 coordinates the effects
of dTOR in the control of Drosophila melanogaster fertility.

dLARP. dLARP, the LARP1 homolog in Drosophila melanogaster, shares
50 % similarity with its human homolog in humans (Table 1). However, at present,
there is no evidence of a genetic or physical interaction between dTOR and
dLARP.7 Interestingly, mutations in dLARP phenocopy the male and female
sterility phenotype associated with dTOR mutations.8 In male flies, mutations in the
dLARP gene resulted in a number of meiosis defects, such as abnormal spindle pole
formation, chromatid segregation and cytokinesis in male meiosis that impair
spermatogenesis and reduce fertility [174]. These findings corroborate a potential
role for dLARP in the control of fly sexual development downstream of dTORC1.

8.7 Conservation of the TORC1 Pathway Components
Across Insects

Phylogenetic analyses of 12 sequenced species within the genus Drosophila
(FlyBase.org; [201–203]), namely melanogaster, grimshawi, mojavensis, virilis,
willinstoni, persimilis, pseudoscura, ananassae, erecta, yakuba, sechellia and
simulans, indicate that all contain a highly conserved single-copy TOR ortholog
(*91 % identity with D. melanogaster dTOR). Outside this genus, dTOR shares
*71 % identity with TOR from other Dipteran insects, including malaria

7The fact that human LARP1 and insect dLARP share a common binding partner, PABP (poly-(A)
binding protein), suggests that these proteins carry functional homology across eukaryotes [174,
199, 200].
8It does not, however, affect fly viability.
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mosquitoes (i.e., Anopheles gambiae and Aedes aegypti), sandflies (i.e., Lutzomyia
longipalpis and Phlebotomus papatasi), the Hessian fly Mayetolia destructor and
the Tsetse fly Glossina morsitans. All species within the order Diptera contain
single-copy TOR genes. dTOR shares *68 % identity with single-copy TOR genes
from other orders of insects sequenced to date, including Strepsiptera (twisted-wing
parasites), Coleoptera (beetles), Hymenoptera (ants, wasps and bees), Homoptera
(aphids), Hemiptera (kissing bugs), Phthiraptera (body louses), Isoptera (termites)
and Lepidoptera (butterflies and moths; two copies of TOR). Within the non-insect
arthropods, dTOR shares *29 % identity with, for example, the aquatic crustacean
Daphnia pulex (water flea), the centipede Strigamia maritima, and the mites
Metaseiulus occidentalis and Ixodes scapularis (all with single-copy genes)
(FlyBase.org; [201–203]).

As alluded to earlier in this chapter, TOR exerts its cellular functions by forming
two structurally and functionally distinct protein complexes termed TOR complex 1
(TORC1) and TOR complex 2 (TORC2). In Drosophila melanogaster (and other
metazoans) the same TOR enzyme nucleates the two complexes. As mentioned in
Sects. 4–6 of this chapter, the situation is different in lower eukaryotes that encode
two distinct TOR proteins, “roughly” one for each complex. Phylogenetic analyses
across eukaryotes have shown that the two TOR complexes, namely TORC1 (TOR,
LST8 and RAPTOR) and TORC2 (TOR, LST8, RICTOR, and SIN1), originated
before the last common ancestor of eukaryotes to which new proteins have been
added during metazoan evolution [149, 172, 173]. The components of both TOR
complexes and signaling pathways, namely RAPTOR, RICTOR, LST8 and
PRAS40 (known as Lobe in insects), are conserved in Drosophila melanogaster.
The exception would be DEPTOR and PROTOR, which appear to be missing in the
fly [149, 172, 173]. Moreover, the core upstream (discussed only briefly in this
book chapter) and downstream components (S6Ks, 4E-BPs, PRAS40 and LARP1)
of TORC1 and (Akt, PKC and SGK) of TORC2 are also highly conserved in
Drosophila melanogaster [149, 172, 173, 201–203]. Translation factors down-
stream of dTORC1/d4E-BP (such as eIF4E and eIF4G) are also highly conserved in
Drosophila melanogaster. It is intriguing that within the genus Drosophila there is
a striking diversity of multiple ortholog genes encoding eIF4E isoforms [204, 205].
In sharp contrast, insects outside the genus Drosophila contain only a single eIF4E
gene, related to Drosophila melanogaster eIF4E-1 [204, 205]. Drosophila eIF4E-1
is regulated by the dTORC1/d4E-BP pathway [176, 206]. Since most Drosophila
eIF4E isoforms, other than deIF4E-1, bind d4E-BP [204], they might also be
regulated by the dTORC1/d4E-BP pathway, but no experimental evidence sup-
porting this notion has thus far been reported. deIF4E-3, a testis-specific
Drosophila isoform that is essential for spermatogenesis, is the exception to the
rule in that it does not bind d4E-BP [207]. Two eIF4Gs have been reported in
Drosophila, namely eIF4G [208] and Off-schedule [209, 210],9 both of which are

9In contrast to eIF4E, both eIF4G proteins are single-copy genes within the Drosophila genus
(FlyBase.org; [201–203]).
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functional homologs of mammalian eIF4G. Whether any of these proteins are
subject to the control of the dTORC1/d4E-BP is not known.

8.8 Concluding Remarks

TOR is widely expressed in all eukaryotic organisms [19, 52]. TOR is found in two
physically distinct and independently regulated multi-protein complexes known as
TORC1 and TORC2 (or mTORC1 and mTORC2 in mammals, see Sect. 10), as
carefully delineated by studies in Saccharomyces cerevisiae and in mammalian
systems. The TORC1 and TORC2 protein complexes are also represented in the
Drosophila genus. In this section, we have reviewed the work that led to the original
discovery of dTOR in flies and its pivotal importance in defining the role of dTOR
in organismal growth in response to nutritional cues. Herein, we have also
described some of the key signaling events downstream of dTOR (specifically
dTORC1) that feed onto the control of mRNA translation. Drosophila melanoga-
ster is among the most versatile model organisms for the study of cellular signaling
in biology. This has been, unquestionably, the case for the elucidation of the TOR
pathway in metazoans.

9 Caenorhabditis elegans

9.1 Discovery of CeTOR

Sequences encoding CeTOR were first identified on cosmid B0261 (on chromo-
some I) by C. Spycher in F. Muller’s laboratory. Ann Rose had previously iden-
tified the essential genes in this region as those that were rescued by the free
chromosome 1 fragment, sDp2. Ms. Spycher showed that the lethal mutations at the
locus let-363 covered by sDp2 could be rescued by microinjection of the cosmid
B0261 and that several of these let-363 mutant alleles harbored nonsense mutations
in the TOR coding sequences. Subsequent DNA sequence analysis revealed that the
three let-363 mutant alleles, h111, h131 and h114, encoded Q104Amber,
Q906Amber and Q2398Amber (CAG→TAG stop mutations) and identified a fourth
allele, h98, as a G to A mutation that abolishes the 5′ splicing donor site exon 31,
leading to a frameshift and early termination [17]. Antisense-injection experiments
with RNA produced from the cDNA clone yk31h11 indicated that Ce-tor is an
essential gene.

The Ce-tor mRNA is SL-1 trans-spliced, approximately 8.5 kb in length, and
includes 32 exons. Expression of a nuclear-localized CeTOR::GFP fusion protein is
visualized in comma-stage embryos, in all major tissues and organs and in most, if
not all, cells through to adulthood. Maternal provision of tor RNA is indicated by
positive in situ hybridization of whole-mount embryos starting at the single-cell
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stage. The CeTOR polypeptide has a length of 2697 amino acids and is 35 %
identical to human TOR; the most conserved region is the kinase domain, which
shares approximately 72 % amino acid identity with human TOR. FAT, FATC and
FRB domains are also evident; however, despite the presence of a typical FRB
domain in CeTOR and the conservation of key residues in CeFKBP12 (that
mediate rapamycin binding and binding of the FKBP12/rapamycin complex to
TOR), TOR signaling in worms is highly resistant to rapamycin. Thus, while
half-maximal rapamycin inhibition of S6 kinase (S6K1B) activity in mammalian
cells is evident at 2 nM, worms incubated on plates containing 100 μM rapamycin
and fed 35S-labeled E. coli show only partial inhibition of 35S incorporation into
protein and modest activation of transcriptional responses strongly elicited by
RNAi against components of the CeTOR pathway [211].

9.2 The Phenotype of CeTOR Deficiency

The let-363 mutant worms also carry dpy-5 (cuticule procollagen) and unc-38
(nicotinic acetylcholine receptor alpha subunit) alleles, which are covered by the
sDp2 free duplication, so that the TOR phenotype is somewhat complicated by the
features contributed by the linked mutations, especially the dpy-5. Fortunately, all
of the readily definable major aspects of the let-363 mutation are recapitulated in the
F1 generation of worms fed bacteria expressing Ce-tor RNAi. Worms carrying the
let-363 mutant allele h111 exhibit significantly slower development and ultimately
arrest at late L3; the gonads are significantly smaller than those in unc-38 dpy-5
control animals of the same stage, whereas the vulva is slightly more advanced;
overall body length is comparable to control. The most striking changes are seen in
the intestinal lining cells, which become prominent from early L3. A cohort of
auto-fluorescent vesicles (Fig. 5, left) that take up the lysosomal dye Neutral Red
(mixed with the E. coli) become numerous and progressively enlarged. These
auto-fluorescent vesicles are not lysosomes, inasmuch as they are unaffected by
RNAi against lmp-1 (a homolog of LAMP and CD68 lysosomal membrane pro-
teins); rather they are eliminated by deletion of the RAB32/38 homolog glo-1
(Fig. 5, right) and so are lysosome-related organelles (LROs) [212–214]. In contrast
to this initial accumulation and enlargement of LROs, RNAi against Ce-tor
mRNA causes the small non-fluorescent vesicles that normally occupy a large
fraction of the cytoplasm to diminish progressively in abundance. By about 4–5 days
post egg laying, the LROs also start to diminish in size and number, and over the next
24–48 h the overall cytoplasmic volume of the intestinal cells is radically diminished;
the intestinal lumen, normally a narrow strip, is widened dramatically (Figs. 5 and 6).
Although now arrested in their development, the mutant worms continue ingestion
and pharyngeal pumping for several days, so that the intestinal lumen becomes filled
with clumps containing whole and partially digested bacteria. It is to be emphasized
that the let-363 mutant worms do not proceed through a dauer-like arrest, and that
their arrest phenotype is distinct from dauer-arrested worms in several respects. As
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mentioned, there is no detectable constriction in the pharynx of unc-38 let-363(h111)
dpy-5 animals in contrast to the constricted and non-pumping pharynx of the unc-38
dpy-5 dauers. The unc-38 let-363(h111) dpy-5 animals never exhibit
dauer-characteristic alae, prominent in unc-38 dpy-5 dauers, whereas the latter do not
have an enlarged intestinal lumen; their intestinal cells remain packed with small
non-refractile intestinal vesicles and few and weakly auto-fluorescent LROs. The
only characteristic shared with dauer larvae is the presence of enlarged, lipid-laden
hypodermal vesicles. Starvation of wild-type worms (at the L3 stage, after the L1
dauer decision point) does cause a developmental arrest but without concomi-
tant intestinal atrophy, and, in contrast to the lethality of let-363, development
resumes if starved worms are refed as late as after 12 days of starvation.

A phenotype indistinguishable from that seen in the let-363 mutant worms is
reproduced in the F1 generation of normal worms by feeding bacteria producing let-
363 RNAi to P0 worms starting in early L4. These grow to normal adults; however,
their progeny exhibit slowed development, late L3 arrest, gonadal degeneration,

Fig. 5 Nomarski and autofluorescence micrographs of Caenorhabditis elegans depleted of TOR
by RNAi
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Fig. 6 Nomarski micrographs of Caenorhabditis elegans depleted of Vps27, Vps24 and Vps34
by RNAi
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hypodermal lipid accumulation and the intestinal phenotype of the let-363 mutant
worms. The major phenotypes of Ce-tor deficiency are attributable to depletion of
CeTOR complex 1, inasmuch as late L3 developmental arrest, gonadal degeneration,
hypodermal lipid accumulation and enlarged intestinal LROs followed by the dis-
appearance of intestinal cytoplasm are also seen with RNAi directed against Ce-
raptor/daf-15 [42, 215].

The striking intestinal phenotype caused by CeTOR or CeRAPTOR depletion,
i.e., a transient increase in intestinal LROs followed by marked intestinal atrophy, is
largely phenocopied after treating with RNAi directed against the worm homologs
of translational initiation factors eIF4G/ifg-1, eIF2α/Y37E3.10 and eIF2β/iftb-1;
thus, a marked inhibition of overall protein synthesis is likely the underlying
mechanism. The CeTORC1 target(s) mediating the regulation of overall mRNA
translation is unknown; the C. elegans genome contains five eIF4E homologs but
no homologs of the eIF4E-binding proteins. Moreover, RNAi against various TOR
effectors identified in other organisms, such as the homologs of S6K1B or the
Tap42/Tip41/Sit4, results in minor phenotypes [17]. The process responsible for the
disappearance of the intestinal cytosolic contents when TOR is inhibited involves
non-autophagic trafficking to the lysosome (Long, unpublished). While depletion of
C. elegans homologs of several yeast Vps genes can partially (Vps34[PI-3K], Vp24
[ESCRT-II], Vps11,16,18,39[ESCRT-III/HOPS]) or completely (Vps27/Hrs
[ESCRT-0]) block the intestinal cytoplasmic atrophy (Fig. 6), RNAi against the
C. elegans homologs of the yeast autophagy genes Apg3, 7, 8, 9 and 12 is incapable
of preventing the loss of intestinal cytoplasm. Although enlargement of the
intestinal LRO compartment suggests their participation, RNAi against the glo-1
Rab GTPase selectively eliminates LROs without ameliorating the loss of intestinal
cytoplasm (Fig. 6, right). With regards to the proteasome, RNAi directed against
many of its components (homologs of S6b, S7, S8, S10b, Rpn2, 6, 8 and 11) results
in embryonic lethality in the F1 generation, but the small number of treated
homozygous mutant CeTOR worms that do progress to L3 show no block of
intestinal atrophy. Similarly, RNAi directed against proteasome components that
do not cause embryonic lethality also fail to diminish the atrophy.

9.3 CeTOR and Lifespan

Developmental arrest and intestinal atrophy cannot be elicited by the introduction of
Ce-tor RNAi into larvae, probably because maternal RNA provides sufficient TOR
polypeptide to enable development. Nevertheless, several relevant phenotypes can be
elicited by Ce-tor RNAi fed to late larval and early adult worms, such as increased
autophagy, reduced protein synthesis, increased stress tolerance and, importantly,
enhanced longevity. Subsequent to the initial description of Ce-tor deficiency, the
majority of CeTOR literature has been in pursuit of the observation that TOR defi-
ciency prolongsC. elegans’ lifespan, as first reported byVellai et al. [216]. This work,
which employed null mutants, partial LOF mutants and RNAi, has sought to identify
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the CeTOR targets/effectors that underlie this phenotype aswell as the extent to which
CeTOR contributes to the lifespan-prolonging effects of other interventions, espe-
cially nutrient restriction, deficient insulin-like signaling and germline inactivation.
Wherever the literature presents conflicting conclusions regarding the importance of a
specific gene to a response, it should be recalled that the efficacy of RNAi against a
target mRNA can be variable, depending on the RNAi sequences employed as well as
the feedingmethod used; moreover, additive effects between partial LOFmutants and
RNAi, although compatible with the operation of independent pathways, are also
compatible with additive inhibitions within the same pathway.

9.4 CeTOR Complex 1 and Lifespan

As in other organisms, prolongation of C. elegans’ lifespan is primarily a result of
TOR complex 1 deficiency, inasmuch as it occurs with RNAi directed against
Ce-raptor/daf-15 mRNA and in Ce-raptor/daf-15 heterozygotes [215]. Depletion
or interference with the small GTPase CeRagA [211, 217] and depletion of CeRagC
[211] and CeRHEB [211, 218] also extends the lifespan. These small GTPases are
known to operate in higher metazoans on the pathway that couples amino acid
sufficiency to mTORC1 [219]; the RagA/B-RagC/D heterodimer binds RAPTOR in
an amino acid-dependent manner and docks TORC1 on the Ragulator complex,
which is located on the cytoplasmic surface of the lysosome. There TORC1 is able
to interact with the v-ATPase and, most importantly, GTP-charged RHEB GTPase.
The latter binds directly to the catalytic domain of TOR in Complex 1 serving as the
proximate activator of TORC1 signaling. In Drosophila and higher metazoans, the
state of RHEB GTP charging is regulated downstream of insulin/IGF receptors by
the PI-3K/Akt pathway, primarily by negative regulation of the tuberous sclerosis
complex (TSC), a heterotrimer of TSC1/hamartin, TSC2/tuberin and TBC1D7,
which is a GTPase activator for RHEB [220]. Akt catalyzes the phosphorylation of
TSC2, which displaces the TSC from the lysosomal surface, interdicting its prox-
imity to RHEB. The tuberous sclerosis complex serves as a node through which
numerous upstream inputs regulate TORC1 activity; thus, TORC1 activation
requires two independent inputs: nutrients via the Rag pathway and IIS regulation
of RHEB-GTP via TSC. Surprisingly, the C. elegans genome does not contain
homologs of TSC1 or TSC2. Although unexpected, it was already known that
regulation of TOR complex 1 by a TSC/RHEB module is not universal. For
example, while the TSC/RHEB module is evident in fission yeast S.
pombe [221], the budding yeast S. cerevisiae lacks both RHEB and a TSC [52].
Although the evidence suggests that CeRHEB/RHEB-1 is required for CeTORC1
signaling, it is not known whether CeRHEB GTP charging is subject to regulation;
CeRHEB may be constitutively GTP charged such that the regulation of CeTORC1
activity occurs entirely through the amino acid-Rag pathway. There is evidence
suggesting that amino acids regulate the CeTOR complex-1. For example, deletion
of bcat-1, which catalyzes the first step in branched chain amino acid catabolism,
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increases leucine levels and extends lifespans through the neuronal secretion of
CeTGFβ/DAF-7, a response that requires neuronal CeTOR (shown using the Ce-tor
RNAi in the C. elegans TU3311 strain, which responds to RNAi feeding prefer-
entially in neurons) [222].

Inhibition of insulin/IGF signaling (IIS), for example through mutation or RNAi
depletion of insulin-IGF receptor/daf-2 and PI-3 kinase/age-1, in conditions of severe
loss-of-function, causes a constitutive diversion of development from L1 into dia-
pause, i.e., dauer development. If the loss-of-function is less severe or is introduced
after the dauer decision point in L1, reduced IIS substantially prolongs lifespan [223–
227] (reviewed in [228]). The developmental and prolongevity effects caused by
reduced IIS are entirely reversed by deletion of the daf-16 gene that encodes the
CeFOXO/DAF-16 transcription factor protein [223]. Thus, the CeFOXO/DAF-16
protein is an indispensable regulator of lifespan regulation by IIS. Overexpression of
CeFOXO/DAF-16 per se extends lifespan [229]. CeAkt phosphorylates DAF-16,
thereby inhibiting its nuclear entry. CeFOXO3 is phosphorylated by CeAMPK [230]
(as well as CeJnk [231] and CeMst1/2 [232]), and the extended lifespan of
insulin-IGF receptor/daf-2 mutants is partially reversed by depletion of CeAMPK/
aak-2 [233]. In mammals, IIS negatively regulates AMPK through Akt-catalyzed
phosphorylation of the AMPK catalytic subunit [234, 235]. Thus, in addition to
CeAkt acting directly on DAF-16, some of the negative regulation of DAF-16 by IIS
may be accomplished through CeAkt phosphorylation and inhibition of CeAMPK.

What is the effect of reduced IIS on the activity of CeTORC1? The lack of a TSC
in C. elegans eliminates the major pathway through which IIS regulates TORC1 in
higher metazoans; although CeRal-GAP is suggested to function as a TSC [236],
little or no evidence indicates the operation of a pathway from the insulin-IGF
receptor/DAF-2 or CeAkt1/2 upstream of CeRHEB-1. Nevertheless, insulin-IGF
receptor/daf-2 gene loss-of-function is accompanied by a reduced expression of
CeRAPTOR/DAF-15 [215], pointing to a convergence of the IIS and CeTOR
pathways at the level of CeTOR complex 1 itself. The diminished expression of
CeRAPTOR/DAF-15 in the insulin-IGF receptor/daf-2 mutant is fully reversed by
deletion of Ce-foxo/daf-16 gene. Deletion of the Ce-foxo/daf-16 gene also reduces
the expression of RSKS-1 protein, the homolog of S6K1 in C. elegans [211, 215].
Consistent with this, depletion of the CeS6K1/RSKS-1 protein extends the lifespan
of C. elegans [237, 238]. Another TSC-independent mechanism for IIS regulation
of TORC1 activity is through AMPK, which in addition to its ability to inhibit
TORC1 by activation of the TSC can also inhibit TORC1 by direct phosphorylation
of RAPTOR in mammals [239, 240]. Thus, the disinhibition of CeAMPK engen-
dered by reduced IIS may also reduce CeTORC1 signaling in C. elegans.

Based on the likelihood that TORC1 activity is diminished in long-lived
insulin-IGF receptor/daf-2 mutant worms, does reduced CeTORC1 activity con-
tribute to the extended lifespan engendered by reduced IIS? Consistent with this
possibility, CeTOR depletion does not further extend the lifespan of insulin-IGF
receptor/daf-2 mutants [216], indicating that CeTOR’s major effectors of lifespan
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are subsumed by insulin-IGF receptor/daf-2 signaling. However, the prolongevity
effects of Ce-tor mRNA depletion by RNAi are entirely insensitive to the elimina-
tion of Ce-foxo/daf-16 [216]. Thus, if diminished CeTORC1 activity contributes to
the extended lifespan caused by reduced IIS, it operates downstream of
the CeFOXO/DAF-16 protein. RNAi of Ce-tor mRNA is capable of enhancing
long-lived dauer formation in insulin-IGF receptor/daf-2 mutants, but this obser-
vation was made at a permissive temperature where insulin-IGF receptor/DAF-2
protein is partially functional [216]. Thus, it is not clear if loss of Ce-tor acts on a
parallel pathway or is simply enhancing the weak loss-of-function of insulin-IGF
receptor/daf-2 by acting in the same pathway. This seemingly clear-cut distinction is
complicated by the finding that the prolongevity- and stress resistance-promoting
effects of depleting the CeTORC1 regulatory components, CeRagA, CeRagC,
CeRHEB and CeRAPTOR, are generally suppressed by deletion of Ce-foxo/daf-16
gene as well as by deletion of the skn-1 gene, that encodes a protein homologous to
the bZip transcription NRF/NFE2 in humans [211, 215]. SKN-1 protein is a
stress-activated transcription factor that is negatively regulated by IIS through CeAkt
in a manner similar to the CeFOXO/DAF-16 protein [241]. Ce-torc1 RNAi-
mediated depletion does not alter the nuclear localization of SKN-1 but it
does activate the expression of a cohort of SKN-1 and CeFOXO/DAF-16 target
genes that overlap with, but are distinct from, those activated by reduced IIS.
Unlike IIS, CeTORC1 negatively regulates nuclear localization of the
CeFOXO/DAF-16f isoform and suppresses SKN-1 target gene expression by a
mechanism distinct from IIS. Reciprocally SKN-1 upregulates expression of
CeTORC1 pathway components. Depletion of CeRagC leads to a SKN-1-dependent
upregulation of CeRAPTOR/DAF-15 and CeS6K1/RSKS-1 [211]. In contrast,
metabolic consequences of TORC1 deficiency, specifically the accumulation of
excess hypodermal fat droplets, are not suppressed by Ce-foxo/daf-16 mutation [17,
215]. Although Ce-rictor/rict-1 loss-of-function mutations also affect longevity
in C. elegans in a complex manner [242], available information does not indicate a
specific role for CeTORC2 and its major downstream effector CeSGK-1 [243] in the
regulation of mRNA translation.

9.5 CeTOR and Extended Longevity Due to Dietary
Restriction

Ce-rictor-deficient worms placed on plates containing an enriched diet exhibit
prolonged lifespans accompanied by diminished residence time on the bacterial lawn
suggestive of diminished feeding [242]. Interestingly, the differential effect of
dietary source on the lifespan of Ce-rictor mutant worms is not observed in liquid
suspension [243]. Dietary restriction (DR) is perhaps the most widely studied model
of extended longevity. A considerable variety of manipulations have been employed
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to achieve reduced food intake in C. elegans (summarized though 2009 by Greer and
Brunet [244]), including growth in liquid suspensions containing different concen-
trations of E. coli [245–247] or in axenic media [246–250]; growth of worms on
solid media containing different amounts of bacteria [245–248, 251], either
post-reproductive worms grown on normal growth medium (NGM) or day-1 adults
grown on peptone-free agar; varying the peptone concentration in NGM [252]; and
intermittent feeding [218] or complete nutrient withdrawal, i.e., starvation in newly
adult worms [251]. Finally, some (but not all) partial loss-of-function mutants of the
nicotinic acetylcholine receptor, such as eat-2, have defective pharyngeal pumping
and consequent lifelong reduction in food intake accompanied by an extended
lifespan [246, 248, 253]. Although all of these circumstances can prolong lifespan to
some extent, perhaps not surprisingly the variable forms of nutritional stress result in
some variation in the transcriptional responses engendered, judging by their sensi-
tivity to transcription factor deletion. Thus, DR-mediated longevity (induced by
intermittent fasting (IF) of newly adult worms) is sensitive to Ce-foxo/daf-16 dele-
tion but insensitive to deletion of skn-1 (the homolog of the human NRF/NFE2
transcription factor) or deletion of pha-4 (a FoxA transcription factor) [218].
Similarly, the extended lifespan of post-reproductive adults (induced by feeding
reduced bacterial numbers on solid media) is also sensitive to deletion of Ce-foxo/
daf-16 [230]. In contrast, daf-16 deletion does not affect the prolongevity effect of
complete fasting of adult normal [251] or sterile [254] worms; or that observed in
eat-2 (nicotinic acetylcholine receptor) mutants compared with wildtype, fed either
as hatchlings [250], L4 [246–248] or early adults [245], either on solid plates [245,
253] or in liquid media with [245–248] or without (axenic) [246–248] bacteria; or
that elicited by feeding newly adult worms on either solid and liquid media loaded
with progressively fewer bacteria [245]. These modes of dietary restriction-induced
lifespan extension are dependent upon CeNRF/CeNFE2/SKN-1 and
CeFOXA/PHA-4 [245, 249]. Most studies find that dietary restriction further
extends the lifespan of insulin-IGF receptor/daf-2 mutants [247, 253], suggesting
independent inputs to longevity. However, dietary restriction may further reduce IIS
in these partial loss-of-function mutants. Thus, it is the insensitivity to Ce-foxo/daf-
16 deletion in the majority of dietary restriction models that argues for the pre-
dominant independence of a dietary restriction-extended lifespan from IIS.

In contrast with dietary restriction and IIS,most evidence points to a critical role for
CeTOR in the prolongevity effects of dietary restriction. Ce-tor RNAi does not
extend the lifespan of eat-2 (nicotinic acetylcholine receptor homolog) mutants or that
caused by reduced bacterial availability [237]. The expression of CeFOXA/PHA-4
protein is upregulated by dietary restriction, and depletion of Ce-foxa/pha-4 in adult
worms (i.e., bypassing its role in pharyngeal development) abolishes the extended
longevity of those dietary restriction models [245], as well as that caused by depletion
of Ce-tor or Ce-s6k1/rsks-1 [255], but has no effect on the extended lifespan
of insulin-IGF receptor/daf-2 or mitochondrial mutants [245]. The ability of Ce-tor
depletion to activate some PHA-4 target stress genes appears to require the
GCN2 kinase [256], as had been previously observed in S. cerevisiae [257].
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9.6 CeTOR and Extended Longevity Due to Germline
Ablation

Ablation of germline stem cells (GSCs) results in infertility and in an extension of
lifespan, but only if the somatic gonad remains intact [258]. This involves signaling
by dafachronic acid (DA), an oxidized sterol [259] whose synthesis probably
originates in the somatic gonad but involves other steroidogenic tissues, including
the intestine. DA is the ligand for the LXR/FXR/VDR-like nuclear hormone
receptor DAF-12 (an homolog of the vitamin D receptor, VDR) [260]. Activated
CeVDR/DAF-12 promotes CeFOXO/DAF-16 nuclear localization [258] exclu-
sively in the intestine [261, 262], where CeFOXO/DAF-16, in cooperation with
several other elements (TCER-1, KRI-1, PHI-62, FTT-1/PAR-5) [263, 264], elicits
a pattern of gene expression distinct from that induced by reduction of IIS [263];
lifespan extension by ablation of GSCs and reduced IIS is additive.

Other elements required for the prolongevity effect of GSCs ablation include a
CeFOXA/PHA-4-dependent activation of intestinal autophagy [265], the nuclear
hormone receptor NHR-80 (nuclear hormone receptor-80, a divergent ortholog of
the HNF4 protein) [266], activation of CeNRF/CeNFE2/SKN-1 [267] as well as
mIRs [268–270], including a neural input that is dependent on neuronal mIR-71
[269, 270]. The disinhibition of CeFOXA/PHA-4 and the activation of autophagy
necessary for lifespan extension are attributable to reduced TOR signaling; GSCs
ablation reduces CeTOR mRNA and protein, and RNAi targeting the Ce-tor
mRNA does not alter the prolongevity effect of GSCs ablation [265].

In addition to the central role of CeTOR in upregulation of CeFOXA/PHA-4 and
the HLH-30 (a predicted basic helix-loop-helix [bHLH] transcription factor,
orthologous to the human microphthalmia-associated transcription factor [HGNC:
MITF])-driven lipophagy critical to many prolongevity models (described below),
GSCs ablation involves other alterations in lipid metabolism important to lifespan
extension. The CeVDR/DAF-12 target, CeHNF4/NHR-80, promotes expression of
a stearoyl-coenzyme A desaturase-1 homolog FAT-6, resulting in increased syn-
thesis of monounsaturated oleic acid (OA); together, CeHNF4/NHR-80 and OA
promote longevity [266].

9.7 CeTOR and Translation Control

A shared feature of Ce-tor deficiency, dietary restriction and reduced IIS is a
reduction in protein synthesis/mRNA translation [17, 271]. As mentioned previ-
ously, RNAi-mediated depletion of the mRNAs encoding the translation initiation
factors eIF4G, eIF2α and eIF2β in C. elegans phenocopies the developmental arrest
and intestinal atrophy caused by Ce-tor deficiency [17], raising the question of
whether reduced mRNA translation/protein synthesis per se can prolong lifespans
and thus account for this response to Ce-tor deficiency. RNAi-induced depletion of a

Evolution of TOR and Translation Control 359



variety of (but not all) ribosomal proteins mRNAs and of Ce-s6k1/rsks-1
mRNAs extend lifespan and do so, like Ce-tor depletion, in a largely Ce-foxo/daf-
16-independent manner [237, 238]. This finding is consistent with a role for reduced
ribosomal biogenesis in the prolongevity effect of CeTORC1, inasmuch as TORC1
has been shown to regulate ribosomal biogenesis in mammalian cells [98].
Interestingly, inhibition of protein synthesis by depletion of eIF2β or eIF4G in C.
elegans also prolongs lifespans. However, this response is fully prevented by dele-
tion of Ce-foxo/daf-16 [237] or both Ce-foxo/daf-16 and Ce-nfr/Ce-nfe2/skn-1 [211].
The finding that depletion of specific transcription factors can reverse the extension
of lifespan induced by interference with mRNA translation indicates that these
prolongevity effects are due to the expression of specific transcriptional programs and
not to global protein depletion or to an overall reduction of energy consumption.
Thus, depletion of different components of the translational apparatus in adult worms
activates overlapping, stress-induced transcriptional responses mediated by
CeFOXO/DAF-16, CeNRF/CeNFE2/SKN-1 and CeFOXA/PHA-4, which are cap-
able, singly or in combination, of promoting lifespan extension. CeTOR, acting
through both complexes 1 and 2 (not yet resolved for CeFOXA/PHA-4), suppresses
the programs of all three transcription factors, whereas IIS negatively regulates
CeFOXO/DAF-16 and CeNRF/CeNFE2/SKN-1. The mechanism for this selective
transcriptional response to translational inhibition is not known, but presumably
occurs by the introduction of a bias in mRNA translation that is driven by the specific
manner in which overall mRNA translation is made deficient.

In addition to promoting mRNA translation/protein synthesis, TORC1 is also
known to repress autophagy/protein breakdown. Although necessary for lifespan
extension in C. elegans, enhanced autophagy per se is not sufficient to
extend lifespan; deletion of Ce-foxo/daf-16 from long-lived insulin-IGF
receptor/daf-2 mutant worms abolishes lifespan extension without reducing the
superabundance of autophagic vesicles. A detailed description of TOR regulation of
autophagy and the specific contributions of autophagy and lipophagy to lifespan
extension lies beyond the scope of this chapter.

9.8 Concluding Remarks

In summary, inC. elegans as in other eukaryotic organisms, TOR is amaster regulator
of mRNA translation. CeTOR is expressed in essentially all cells, and although its
intracellular program is stereotyped to a significant degree, the organismal outcome
will depend on the specific cell. The worm intestine is a major site through which
CeTOR regulates lifespan. The worm intestinal lining cells, in addition to mediating
food digestion and nutrient absorption, share functions with the liver and white adi-
pose tissue of higher metazoans. There, the inhibition of translation caused by Ce-tor
depletion biases protein expression to activate/disinhibit a cohort of transcription
factors that drive programs of gene expression that rewire metabolism, promote stress
resistance, activate autophagy and extend lifespan [272]. CeTOR may also regulate
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these transcriptional programs more directly, through pathways yet to be identified.
The activation of autophagy and lysosomal biogenesis caused by Ce-tor depletion, in
addition to providing amino acid and lipid nutrients, enhances proteostasis and gen-
erates new intra- and intercellular signals whose biology is still poorly understood.C.
elegans provides an outstanding model in which to connect the biochemical with the
organismal outcomes of TOR signaling.

10 Mammals

10.1 mTOR: Lessons of Mice and Men

mTOR is a central regulator of cellular and organismal growth in mammals.
Pharmacological and genetic analyses in immortalized human cell lines and
knockout mouse models have helped dissect the mechanism(s) by which mTOR
(most prominently mTORC1) controls mRNA translation, and cellular and organ-
ismal growth in mammals [19]. In the following sections, we discuss findings about
mTORC1 and translation control from mouse models and human cell lines studies.

10.2 Mammalian TOR: Discovery of mTOR

Shortly after the discovery of TOR in yeast [7], four research groups independently
identified the mammalian TOR homolog employing a variety of techniques,
including yeast-two hybrid screens [11], affinity purification of the mTOR protein
in complex with rapamycin/FKBP12 (FK506 binding protein 12) [9, 10, 12] and
cloning of the mTOR gene [9, 10, 12]. In the years that followed, several groups
demonstrated by various means that mTOR phosphorylated two important protein
families previously known to be involved in the control of mRNA translation,
namely the S6Ks (ribosomal proteins S6 kinases) and the 4E-BPs (eukaryotic
initiation factor 4E-binding proteins) [60, 61, 273–286]. The mechanisms by which
mTOR phosphorylates and controls the activity of S6Ks and 4E-BPs in mammals
will be discussed in Sects. 10.5.1 and 10.5.2.

10.3 Characterization of mTORC1 and mTORC2
in Mammals

In mammals (as is the case for all eukaryotes), mTOR nucleates two protein
complexes termed mTORC1 (mTOR complex 1) and mTORC2 [19, 20]. Each
complex has specific protein as well as shared protein components. mTORC1 is
formed by the scaffold protein RAPTOR (regulatory associated protein of mTOR)
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[41, 42], mLST8 (mammalian lethal with Sec13 protein 8; in mammals, also
referred to GβL, short for G-protein β-subunit-like protein) [44], PRAS40 (proline-
rich Akt substrate 40 kDa; also known as Akt1S1, Akt1 substrate 1) [193–198, 287,
288] and DEPTOR (DEP domain-containing mTOR-interacting protein) [289].
mTORC2 shares components with mTORC1, namely the mTOR kinase,
mLST8/GβL and DEPTOR. mTORC2 also has unique components; these include:
RICTOR (rapamycin-insensitive companion of TOR) [45], mSIN1 (mammalian
stress-activated protein kinase-interacting protein 1) [290], and PRR5/PROTOR-1
and PROTOR-2 (proline-rich protein 5/protein observed with RICTOR-1 and-2)
[194, 291, 292]. Notably, from an evolutionary standpoint, both mTORC1 and
mTORC2 are highly structurally conserved across the entire eukaryotic kingdom—
all the way from fungi to humans. For example, RAPTOR is structurally and
functionally homologous to Kog1 in budding yeast [40], RICTOR is the functional
equivalent of Avo3 in budding yeast [40], and mLST8/GβL is the equivalent
of Lst8 in budding yeast [40]. Notably, some mammalian protein components of
mTORC1 appear to be absent in lower eukaryotes: PRAS40 has only been reported
in mammals [193–198, 293, 294] and insects [175] (referred to as dPRAS40 or
Lobe in Drosophila melanogaster), while DEPTOR has only been reported in
mammals and birds [289]. Database searches of the Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Arabidopsis thaliana and Caenorhabditis elegans
proteomes do not yield any protein counterparts for either PRAS40 or DEPTOR,
indicating that these proteins likely emerged later in eukaryotic evolution (Table 1).

10.4 Cardinal Outputs of mTOR in Translation

Both mTORC1 [295] and mTORC2 [113, 296, 297] have been linked to the control
of protein synthesis. Of the two complexes, however, mTORC1 has the most
prominent role in mRNA translation. mTORC1 imparts its translation control by
regulating both the initiation [60] and the elongation [62] steps. Coordinated reg-
ulation of mRNA translation by mTORC1 is achieved through the direct phos-
phorylation of key phospho-proteins, which, in turn, exert their effects on the
translational machinery and associated translation factors [99].

10.5 Downstream Targets of mTORC1 in Translation

The mTORC1 signaling pathway regulates the phosphorylation of a large number of
proteins in the cell [298–301]. Pharmacological studies indicate that upwards of 1800
unique proteins are phosphorylated in an mTORC1/mTORC2-dependent manner
[300].While some of these proteins are in all likelihood indirect targets, other proteins
are directly phosphorylated by mTORC1 or mTORC2. A number of mTORC1 direct
targets are known to perform important roles in mRNA translation. In this section, we
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will review the current literature on four direct targets of mTORC1 in mammals in the
context of eukaryotic evolution. Specifically, we will first review the literature on
S6Ks and 4E-BPs (two direct targets of mTORC1 with well-characterized roles in
protein synthesis); we will then introduce PRAS40 and LARP1 (two novel direct
targets of mTORC1 with growing roles in the control of protein synthesis).

10.5.1 S6Ks

Ribosomal S6 kinases (S6Ks) were the first-known direct targets of mTOR (with a
defined role in mRNA translation) [273, 286, 302]. In the following section, we will
review the literature pertaining to the discovery of S6Ks (section “Discovery of
S6Ks”), domain architecture of S6Ks (section “Phosphorylation and Activation of
S6K1”), the mechanism of phosphorylation-dependent activation of S6Ks
(section “The S6K Family”), the role of mammalian S6K1 in the control of cell growth
(section “S6K1 Is a Positive Regulator of Cell and Organismal Growth in Mammals”)
and the role of RPS6 phosphorylation in the control of translation elongation
(section “S6K2 Phosphorylates RPS6 Thus Repressing Translation Elongation”).

Discovery of S6Ks

S6K1was thefirst of the S6Ks to be identified in the late 1980s [303, 304]. By the early
1990s, our (Joe Avruch) group and that of George Thomas had successfully cloned
S6K1 [305–307].10 Around this time, it had become evident that rapamycin decreases
the phosphorylation of S6K1 [279, 285, 312–315] and its downstream substrate RPS6
[279]. In vitro experimentation (namely the inability of rapamycin in complex with
FKBP12 to block S6K1 phosphorylation in vitro) indicated that rapamycin did not
directly target S6K1, but rather blocked an “upstream signal” [279]. The identification
of the “upstream signal” came about in 1994 with the identification of mTOR as the
molecular target of the rapamycin/FKBP12 complex by four independent groups [9–
12]. Definitive proof that mTOR directly phosphorylates S6K1 in vitro came later in
1995 [273] and again in 1998/1999 [286, 302]. Collectively, these studies have
indelibly connected mTOR, S6K1 and RPS6 together.

Phosphorylation and Activation of S6K1

It is now appreciated that S6K1 is phosphorylated at multiple serines and threonines,
including two key residues: Thr229 (amino acid numbering according to the human
p70 S6K1 isoform) located within the activation loop (or T-loop) in the catalytic
domain [316] and Thr389 within an evolutionary-conserved hydrophobic motif

10S6K2 was discovered almost a decade later by several groups [308–311].
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positioned C-terminally of the kinase domain. Although the phosphorylations of
Thr229 and Thr389 are both sensitive to rapamycin, they are catalyzed by different
kinases. Phosphorylation of Thr229 (Thr252 in the human p85 S6K1 isoform) is
catalyzed by PDK1 (3-phosphoinositide-dependent protein kinase-1) both in vitro
and in vivo [316], whereas phosphorylation of Thr389 (Thr412 in human p85 S6K1
isoform) is catalyzed in vitro bymTOR [286, 302].11 Dual phosphorylation of Thr229
and Thr389 results in a near-maximal activation of S6K1, indicating that these are the
main regulatory residues in S6K1 [316]. p70 S6K1 is also phosphorylated at Ser371
within the turnmotif (T-motif) (the corresponding phosphorylation site in p85S6K1 is
Ser394). Phosphorylation of Ser371 is important for S6K1 activity, since mutation of
this residue to an alanine abolishes kinase activity [318]. Additionally, S6K1 is also
phosphorylated at an array of proline-directed serine and threonine residues (SP or TP)
located within an auto-inhibitory pseudo-substrate domain (termed SKAIPS for
S6K autoinhibitory pseudo-substrate domain) located near the carboxy-terminus of
S6K1 [285, 319]. These are: Ser411, Ser418, Thr421 and Thr424 in human p70 S6K1
(or Ser434, Ser441, Thr444, and Thr447 according to the human p85 S6K1 isoform
amino acid numbering). The phosphorylation sites within the SKAIPS domain play a
secondary role in S6K1 activation in that phosphorylation of these residues alone is
necessary [280, 282, 320] but insufficient for full S6K1 activation [305, 319]. They are
important nonetheless, in the sense that the ability of PDK1 to phosphorylate Thr229
in p70 S6K1 depends on the prior phosphorylation of the carboxy-terminal phos-
phorylation sites within the SKAIPS domain [316]. Phosphorylation of Thr229 by
PDK1 also depends upon the prior phosphorylation of Thr389within the hydrophobic
motif in the linker region [316]. Therefore, phosphorylation of S6K1 follows a
sequential order: the carboxy-terminal phosphorylation sites are phosphorylated first,
followed by phosphorylation of Thr389 and Thr229 last. This sequential phospho-
rylation of S6K1 explains the sensitivity of Thr229 to rapamycin in vivo; although
phosphorylation of this site is catalyzed by PDK1 both in vitro and in vivo [316], the
prerequisite for prior phosphorylation of Thr389 by mTOR (namely mTORC1)
renders it rapamycin sensitive in vivo. A hydrophobic pocket within the kinase
domain of PDK1 (termed the PIF-binding pocket) interacts with Thr389,
thus allowing for docking to S6K1 and phosphorylation of Thr229 [321–324].

The S6K Family

Ribosomal S6Ks belong to the AGC-family of serine/threonine protein kinases (that
also include—among many others—the protein kinases A, G and C) [325].
Ribosomal S6Ks were named after one of their main substrates: the ribosomal
protein S6 (RPS6), a component of the 40S subunit of the ribosome [326]. The

11PDK1 can also phosphorylate Thr389 (Thr412 according to the p85 S6K1 isoform amino acid
numbering) in vitro, albeit at rather low stoichiometry indicating that PDK1 is not the predominant
Thr389-kinase in vivo [317].
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mammalian genome encodes two S6K genes known as Rps6k1 and Rps6K2. The
Rps6k1 gene is transcribed into a single mRNA that gives rise to two S6K1 proteins
termed p70 S6K1 (502 amino acids) and p85 S6K1 (525 amino acids). p70 S6K1
and p85 S6K1 protein isoforms are produced upon translation from alternative start
sites and differ only in their N-termini [307], which in the case of p85 S6K1
comprises an arginine-rich region believed to be involved in subcellular localization
[327–330]. The Rps6k2 gene also encodes for two S6K2 proteins termed p54 S6K2
and p60 S6K2 [308–311]. Sequence alignment of the S6K1 and S6K2 indicates that
these proteins are highly conserved at the amino acid level, sharing 70 % amino
acid identity. S6K1 and S6K2 are also conserved at the structural level, and share
all core structural domains, including an amino-terminal arginine-rich domain, an
AGC-kinase domain, a kinase extension domain and a S6K auto-inhibitory pseudo-
substrate (SKAIPS) domain located at the carboxy-terminal. Consistent with their
similar structural organization, S6K1 and S6K2 exhibit a certain level of functional
overlap. However, S6K1 and S6K2 are not strictly interchangeable. They do in fact
display substrate selectivity. For example, while both S6K1 and S6K2 can phos-
phorylate RPS6, studies from Rps6k1 and Rps6k2 single and double knockout
mouse embryo fibroblasts (MEFs) categorically demonstrate that phosphorylation
of RPS6 is predominantly catalyzed by S6K2 [331].12 The role of S6K2-mediated
RPS6 phosphorylation in protein synthesis will be revisited later in section “S6K2
Phosphorylates RPS6 Thus Repressing Translation Elongation”.

S6K1 Is a Positive Regulator of Cell and Organismal Growth in Mammals

The central role of the TOR pathway in the control of cell and organismal growth is
a pervasive theme across evolution. Mutations in the TOR pathway in yeast, plants
and Drosophila melanogaster result in impaired growth/proliferation phenotypes
(refer to Sects. 1, 7 and 8). In Sect. 8, when introducing the subject of Drosophila
melanogaster growth, we discussed how the dS6K branch of the dTOR pathway
mediates the growth-promoting signals of the dTOR pathway [178]. In fact, as we
will discuss next, the mechanism by which mTOR (specifically mTORC1) controls
cell and organismal growth is conserved in mammals.

Geneticmousemodels provide a fantastically pliable platform to study amyriad of
mammalian phenotypes, including key outputs of TOR such as growth, fertility and
viability. In 1998, Shima et al. [308] investigated the effect of homozygous disruption
of the Rps6k1 gene (which encodes for p70 S6K1 and p85 S6K1 proteins) in a genetic
mouse knockout model. Disruption of Rps6k1 did not affect the viability or fertility of
mice, but did have a pronounced effect on animal growth. The body weight of
homozygous Rps6k1−/− mice was considerably reduced compared to control
Rps6k1+/+ control littermates [308] in both male and female mice. The resultant

12S6K1 preferentially phosphorylates another S6K substrate: IRS-1 (insulin receptor substrate-1)
[332].
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reduction in global bodyweight (upon genetic disruptionRps6k1 gene) was attributed
to a decrease in the weight of every weighed organ (namely, brain, heart, lung,
thymus, liver, spleen, kidney and testis). Embryos deleted for the Rps6k1 gene also
exhibited decreased size, indicating that maternal imprinting cannot compensate for
S6K1 deficiency. Importantly, mouse embryo fibroblasts derived from Rps6k1−/−

mice revealed no defects in cell proliferation, suggesting that in mammals (as is the
case in flies) S6K1 controls cell size (cell mass) and not cell proliferation (cell
number) [308]. The notion that S6K1 plays a role in cell size rather than cell prolif-
eration in mammals was independently confirmed by Dowling et al. in 2010 [179]. In
the process of generating the single homozygous Rps6k1−/− knockout mouse, Shima
et al. [308] unexpectedly observed that disruption of Rps6k1−/− does not substan-
tially reduce the phosphorylation of RPS6, indicating the existence of a second S6
kinase in mammals (now known as S6K2) [308–311]. Subsequent genetic analysis of
the single Rps6k2−/− and double Rps6k1−/−/Rps6k2−/− knockout mouse embryos
revealed that S6K2 (and not S6K1) exerts the major S6 kinase activity toward ribo-
somal protein S6 [331]. In contrast, and importantly from a phenotypic standpoint,
S6K1 (and not S6K2) is the primary positive regulator of cell and organismal growth.
In summary, the role of S6K in the control of cell and organismal growth is conserved
all the way from insects to mammals. One important major difference is that insects
have one single Rps6k gene (ds6k), whereas the mammalian genome encodes two
S6K genes (Rps6k1 and Rps6k2), indicative of a gene duplication event late in
metazoan evolution (Table 1 and Fig. 7). From a functional evolutionary perspective,
between the s6k genes in mammals, the Rps6k1mammalian gene is the one that most
closely mirrors the growth function of the insect ds6k gene.

Fig. 7 Model depicting
signaling pathways
downstream of mTORC1
involved in the control of
mRNA translation. Proteins
shown in white activate
mRNA translation. Proteins
in gray inhibit mRNA
translation. Dashed
lines indicate poorly
characterized pathways. See
main text for details
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S6K2 Phosphorylates RPS6 Thus Repressing Translation Elongation

What is the role of ribosomal protein S6 phosphorylation? The role of RPS6
phosphorylation in translation has been the subject of much debate over the
years. RPS6 phosphorylated at multiple residues, including five well-characterized
serine residues: 235, 236, 240, 244 and 247.13 Biochemical analyses of mRNA
translation initiation and elongation in mouse embryo fibroblasts (MEFs) derived
from Rps6P−/− knockin mice (bearing alanine substitutions in place of serine resi-
dues at positions 235, 236, 240, 244 and 247) indicate that the RPS6 protein may
play a role in the elongation step of protein synthesis [334]. Specifically, replace-
ment of these key serine residues by non-phosphorylatable alanine residues results
in increased incorporation of 35S-radiolabeled cysteine and increased steady-state
protein content in Rps6P−/− knockin MEFs [334]. The increase in protein synthesis
rates in Rps6P−/− knockin MEFs was attributed to decreased ribosome half-transit
times, suggesting accelerated elongation rates of protein synthesis in knockin MEFs
[334]. This was accompanied by a concomitant decrease in cell size, presumably
resulting from accelerated cell division rates. The balanced increment in cell
division and decrease in cell sized explains the unchanged body weight in Rps6P−/−

knockin mice reported by Ruvinsky et al. [334]. The finding that phosphorylation of
RPS6 results in decreased rates of protein synthesis [334] is as important as it is
surprising, in that S6Ks are typically regarded as positive regulators of protein
synthesis. A crystallographic study of the 40S eukaryotic ribosome subunit in
complex with the eukaryotic initiation factor 1 [326] has added another layer of
complexity to the interpretation of the role of RPS6 phosphorylation in protein
synthesis: structural analysis indicates that positioning of the RPS6 within the 40S
subunit of the ribosome is such that the five key serine residues are not in close
proximity to the mRNA tunnel [326]. Therefore, the mechanism by which RPS6
phosphorylation controls mRNA translation awaits further clarification.

RPS6 is an important target of the S6Ks (primarily S6K2), but both S6K1 and
S6K2 are known to phosphorylate a large number of additional substrates, many of
which also play notable roles in mRNA translation. These include, non-extensively,
the eukaryotic initiation factor 4B (eIF4B) [335, 336], multiple subunits of the
eukaryotic initiation 3 (eIF3) complex [151, 337, 338], the program cell death
protein 4 (PDCD4) [336, 339] and the eukaryotic elongation factor 2 kinase
(eEF2K) [340]. Due to space constraints, it is not feasible for us to review all the
outputs of S6Ks in translation in this chapter. The reader is directed to an earlier
review [99] for an in-depth analysis of this topic.

13Phosphorylation of RPS6 at Ser235 and Ser236 can also be catalyzed by another family of S6
kinases termed p90RSKs (short for ribosomal S6 kinases of 90 kDa). p90RSKs are not subject to
regulation by the TOR pathway and are therefore not reviewed in this chapter. For additional
information on p90RSKs please refer to this excellent review on the subject [333].
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10.5.2 4E-BPs

4E-BPs are low-molecular-weight translation repressor proteins that function
downstream of mTORC1. In vivo, the phosphorylation of 4E-BPs is partially
sensitive to the mTORC1 inhibitor, rapamycin, and is fully inhibited by active site
(ATP-mimic) mTOR inhibitors. In vitro mTOR can directly phosphorylate 4E-BP1
on multiple residues [274, 286]. In the following sections, we review the literature
pertaining to the discovery of 4E-BPs (section “Discovery of 4E-BPs”), the
mechanism of phosphorylation and inactivation of 4E-BP1 and 4E-BP2
(section “Conservation of 4E-BPs in Mammals”), and an alternative mechanism
of 4E-BP2 regulation that involves asparagine deamidation (section “4E-BP1 and
4E-BP2 Regulate Adipogenesis and Insulin Resistance”).

Discovery of 4E-BPs

In mammals, the 4E-BP family is comprised of three members 4E-BP1, 4E-BP2
and 4E-BP3 [183–186, 341, 342]. 4E-BP1 and 4E-BP2, the founding members of
the 4E-BP family, were originally identified in 1994 [183–186, 342], while
4E-BP3, the third member of the 4E-BP family, was identified in 1998 [341].

Conservation of 4E-BPs in Mammals

4E-BP1, 4E-BP2 and 4E-BP3 are encoded by three distinct genes but show a high
degree of sequence identity at the amino acid level, suggesting that they originate from
a common ancestral 4E-BP that duplicated late in eukaryotic evolution (this is sub-
stantiated by the fact that three 4E-BPs can be found in mammals, whereas insects and
nematodes have a single 4E-BP) (Table 1 and Figs. 4 and 7). How similar are 4E-BPs
among themselves? Alignment of the amino acid sequences of the three 4E-BP pro-
teins reveals that 4E-BP1 and 4E-BP2 are the most similar of the 4E-BP proteins,
displaying 50 % identity at the amino acid level [99]. 4E-BP3 is the most divergent
4E-BP family member, exhibiting 44 and 46 % identity to 4E-BP1 and 4E-BP2 at the
amino acid level, respectively [99]. 4E-BP1, 4E-BP2 and 4E-BP3 also show a high
degree of regulatory homology, i.e., they are all regulated in a similar manner but with
subtle variations. The activity of 4E-BPs (i.e., their association with the mRNA
m7GpppG cap-binding protein, eIF4E) is primarily regulated through multisite
phosphorylation (detailed in section “Phosphorylation and Function of 4E-BP1 and
4E-BP2”). The key phospho-residues that regulate the binding of 4E-BPs to eIF4E
(namely Thr37, Thr46, Ser65 and Thr70, amino acid numbering according to human
4E-BP1 protein) are conserved in both 4E-BP1 and 4E-BP2 and are subject to identical
regulation. Thr37 and Thr46 residues are also conserved in mammalian 4E-BP3, but
whether they are subject to regulation (phosphorylation) in this latter familymember is
still unclear. Somedata suggest that phosphorylation ofThr23 andThr32 (equivalent to
Thr37 and Thr46 in human 4E-BP1) does not occur in human 4E-BP3 because of the
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absence of an upstream regulatory motif (“RAIP” motif, named after the single
amino acid code that gives rise to it) [343]. Further studies will be required to fully
elucidate the regulation of 4E-BP3. By comparison, considerably more is known
about the phosphorylation/regulation of 4E-BP1 and 4E-BP2. This subject will be
discussed in detail in section “Phosphorylation and Function of 4E-BP1 and 4E-BP2”.
Phosphorylation is the best studied, but not the sole, mechanism of 4E-BP regulation.
4E-BP2, but not 4E-BP1, is subject to asparagine deamidation [344, 345]. The
physiological significance of this post-translational modification to brain development
will be discussed in further detail in section “AsparagineDeamidation: AnAlternative
Mechanism of 4E-BP2 Regulation”.

Do 4E-BPs have the same function? Broadly speaking, yes. All three family
members associate with the eukaryotic initiation factor 4E1 (eIF4E1, commonly
referred to simply as eIF4E), but whether they act as functionally interchangeable
homologs is not known. Little is known about the functional homology of 4E-BP1,
4E-BP2 and 4E-BP3, i.e., are different subset of transcripts translationally regulated
by each of these proteins? To the best of our knowledge, the specificity of each of
the proteins for different mRNA subclasses has not been compared head-to-head.

Phosphorylation and Function of 4E-BP1 and 4E-BP2

As the name “eukaryotic initiation factor 4E-binding proteins” suggests, 4E-BPs
bind to the mRNA cap (m7GpppG)-binding protein eIF4E and preclude the binding
of eIF4E to eIF4G [183, 184, 341], which together with eIF4A form the eIF4F
complex. By competing with eIF4G for binding to eIF4E, 4E-BPs effectively
prevent the formation of the eIF4F complex. Formation of the eIF4F complex is
critical for the initiation step of cap-dependent translation [346]. The eIF4F com-
plex binds to the eIF3 (a multiprotein eukaryotic initiation factor). Together, eIF4F
and eIF3 form the pre-initiation complex (PIC) that recruits the small (40S) subunit
of the ribosome to the 5′untranslated region (5′UTR) of all nuclear-encoded cellular
mRNAs. The binding of 4E-BPs to eIF4E is regulated through phosphorylation of
multiple residues [346]. 4E-BP1 and 4E-BP2 undergo phosphorylation on five main
residues: Thr37, Thr46, Ser65, Thr70 and Ser83 [277, 346–348]. Although these
are the most commonly cited phospho-residues in the literature, additional
phospho-residues exist: 4E-BP1 is also phosphorylated on Thr41 and Thr50 [349],
Ser101 [350] and Ser11214 [351]. Phosphorylation of 4E-BP1 occurs in a sequential
manner [352], with Thr46 being phosphorylated first [353] followed by Thr37,
Thr70 then Ser65 [352]. Initial biochemical (cap pull-down) evidence indicated that

14Thr37, Thr46, Thr41, Thr50, Ser65 and Thr70 (but not Ser83, Ser101 and Ser112) are conserved
in between mammals and insects. This suggests that the N-terminal phosphorylation residues play
a conserved regulatory role in evolution.
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phosphorylation of Ser65 played a major role in the release of 4E-BP1 from eIF4E
[352]. Phosphorylation of additional residues, namely of the N-terminal sites on
4E-BP1, has since been suggested to also play a role in the dissociation of 4E-BP1
from eIF4E [354]. The relative contribution of each phosphorylation event to the
regulated release of 4E-BP1 and 4E-BP2 was difficult to ascertain solely by bio-
chemical experimentation. Cap pull-down also did not clarify the underlying
mechanism for phosphorylation-mediated release of 4E-BP1: does phosphorylation
lead to electrostatic repulsion with the negatively charged dorsal face of eIF4E
[355] or does it induce a conformational change on 4E-BP1 such that it can no
longer bind eIF4E? Exact confirmation of the phosphorylation-mediated release
mechanism required detailed structural and biophysical analyses. NMR and ITC
studies in both 4E-BP1 [356, 357] and 4E-BP2 [358] have greatly aided our
understanding of the phospho-regulatory mechanism underlying the dissociation of
4E-BPs from eIF4E. 4E-BPs are intrinsically disordered proteins [355, 359, 360]
that become structured upon association with eIF4E [357, 361–364].
Phosphorylation of Thr37 and Thr46 coordinates the folding of residues
Pro18-Arg62 of 4E-BP2 such that the eIF4E-binding motif (YxxxxLϕ, where x
denotes any amino acid and ϕ a hydrophobic residue) becomes partly buried and
thereby inaccessible to eIF4E [358]. This study [358] provides outstanding insight
into how the phosphorylation of 4E-BP2 (and presumably, by association, 4E-BP1)
by mTORC1 coordinates the release of 4E-BPs from eIF4E, a fundamental step in
protein synthesis.

4E-BP1 and 4E-BP2 Regulate Adipogenesis and Insulin Resistance

Pioneering studies by the late John C. Lawrence and Richard Denton [185, 186,
342, 365–367] in the early 1990s remarked on an overabundance of 4E-BP1
(formerly known as PHAS-I, for phosphorylated heat- and acid-stable protein
regulated by insulin [185]) mRNA and protein in adipose tissue, suggesting that
4E-BP1 played an important role in adipogenesis. Subsequent work in Eif4ebp1
and Eif4ebp2 double knockout mice confirmed that this is indeed the case.
Combined genetic disruption of Eif4ebp1 and Eif4ebp2 genes simultaneously in a
mixed BALB/c 129SvJ1 murine model resulted in increased adipose tissue accu-
mulation (specifically white adipose fat) in mice fed either normal chow or high-fat
diets [368]. This phenotype was accompanied by insulin resistance and altered lipid
metabolism [368]. Collectively, these findings confirm the importance of both
4E-BP1 and 4E-BP2 in controlling lipid metabolism in adipose tissue in mammals.

Asparagine Deamidation: An Alternative Mechanism of 4E-BP2 Regulation

While 4E-BP1 is the dominant 4E-BP isoform in fat tissue, it is reportedly not
expressed (or perhaps expressed at low levels) in the mouse brain [369].
Conversely, 4E-BP2 (formerly known as PHAS-II) is lowly expressed in fat tissue
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but highly expressed in the brain [369]. This observation raised the intriguing
possibility that 4E-BP2 played a prominent role in this organ. Bidinosti et al. [345]
confirmed this by showing that 4E-BP2 regulates excitatory synaptic transmission
in the brain. Importantly, from a biochemical perspective, this phenotype is
mTORC1-regulated—but not in the mTORC1 canonical phosphorylation manner.
This paper elucidates a novel molecular mechanism of 4E-BP regulation that
involves a distinct post-translation modification, namely: asparagine deamidation
[345]. Specifically, Bidinosti et al. show that residues Asn99 and Asn102 within an
asparagine-rich region (located near the carboxy-terminus of 4E-BP2) are subject to
deamidation (spontaneous asparagine conversion to asparte and iso-aspartate),
resulting in augmented RAPTOR binding and reduced affinity for eIF4E [344, 345].
Deamidation takes place at a stage of brain development that is associated with low
mTORC1 activity, which led the authors to postulate that its physiological purpose
may be to compensate for low mTORC1 activity. The exact biochemical meaning
of this post-translation modification, and the mechanism through which mTORC1
controls this effect remain undefined. Importantly, these studies [344, 345] identi-
fied a distinct mode of mTORC1-mediated regulation of 4E-BPs that does not
involve phosphorylation.

10.5.3 PRAS40

PRAS40 (Proline-Rich Akt Substrate 40 kDa; also referred to as Akt1S1, for Akt1
Substrate 1) was identified in 2007 as a novel component and target of the
mTORC1 pathway. PRAS40 is directly phosphorylated by mTORC1 at multiple
sites. In the following sections, we review the original discovery of PRAS40 as a
target for Akt (section “Discovery of PRAS40”), the identification of PRAS40 as a
component and a substrate of mTORC1 (section “PRAS40 Is a Component of
mTORC1”) and a recent study [370] implicating PRAS40 in the assembly of the
immunoproteasome (i-proteasome) in the context of dysregulated protein synthesis
and improper folding of newly synthesized polypeptides (section “PRAS40
Regulates the i-Proteasome in Conditions of Reduced Translation Fidelity”).

Discovery of PRAS40

PRAS40 was co-discovered independently by two research groups [293, 294] as a
new target of Akt (also known as PKB, for Protein Kinase B) in 2003. Akt directly
phosphorylates PRAS40 on (at least) one major residue: Thr246 [293]. In response
to insulin stimulation, Akt catalyzes the phosphorylation of Thr246.
Phosphorylation of this residue promotes the association with the adaptor proteins,
14-3-3s [293, 294]. Consistent with this, treatment with type 1A PI3K inhibitors
decreased the interaction between PRAS40 and 14-3-3s [293, 294]. Interestingly,
while testing which other signaling pathways impinged on PRAS40, Mackintosh
and colleagues also observed that PRAS40’s association with 14-3-3s was also
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decreased by treatment with rapamycin [294], suggesting that mTORC1 phos-
phorylated PRAS40 thus regulating PRAS40's interaction with 14-3-3s.

PRAS40 Is a Component of mTORC1

With this in mind, we (Fonseca and co-workers) set out to investigate a potential
connection between mTORC1 and PRAS40. To our excitement, immunoprecipi-
tation of intact mTORC1 complexes from HEK293 extracts co-purified PRAS40
along with mTOR and RAPTOR (but not RICTOR, a component of the mTORC2
complex) [195], confirming a direct link between PRAS40 and the mTORC1
pathway. As previously observed for S6Ks and 4E-BPs, PRAS40 associated with
RAPTOR via a TOS (TOR signaling) motif centrally located within PRAS40. As is
the case with S6Ks and 4E-BPs, mutation of the TOS motif in PRAS40 markedly
reduced (albeit not completely) the association of PRAS40 with RAPTOR [195,
196]. Having observed that rapamycin reduced the association between PRAS40
and 14-3-3s (which recognize and bind to phosphorylated residues) [195, 294], we
set out to verify whether mTORC1 directly phosphorylated PRAS40. We [195] and
others [196, 197, 288] noted that PRAS40 is phosphorylated by mTORC1 at
several residues including Ser183 and Ser221 both in vitro and in cells. Of note, the
phosphorylation of Ser183 by mTORC1 appeared particularly important, as it
proved essential for the association with 14-3-3 proteins [195, 287]. At the time that
our work was published, several other research groups reached similar conclusions
regarding the interaction of PRAS40 with the mTORC1 pathway in mammals [193,
194, 196–198, 288]. The observation that PRAS40 associates tightly with the
mTORC1 complex (PRAS40 binds more strongly to RAPTOR than S6Ks and
4E-BPs) led some groups to propose that PRAS40 may function as a core com-
ponent of the mTORC1 complex [193, 198]. When PRAS40 is overexpressed at
moderate-to-high levels in mammalian cells, it causes a drastic reduction in the
phosphorylation of other mTORC1 substrates (namely S6Ks and 4E-BPs), sug-
gesting that this protein might function as a substrate competitor for RAPTOR
binding and phosphorylation by mTORC1 [197]. Whether PRAS40’s sole cellular
function is to regulate the phosphorylation of other mTORC1 targets remains an
open question [371].

PRAS40 Regulates the i-Proteasome in Conditions of Reduced Translation
Fidelity

A recent study by Kim’s group shows that PRAS40 may, in fact, play an unique
role in the control of the degradation of misfolded poly-ubiquitinated proteins
downstream of mTORC1 [370]. mTORC1 hyperactivation leads to increased rates
of protein synthesis, resulting in an accumulation of defective misfolded proteins
that cause cellular stress. The immunoproteasome (i-proteasome) plays a key role in
clearing defective ribosomal products (DRiPS) [370]. Kim and colleagues [370]
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have recently elegantly shown that PRAS40 plays a prominent role in the assembly
of the i-proteasome. Specifically, phosphorylation of mTORC1-mediated phos-
phorylation of PRAS40 at Ser183 and Ser221 is essential for the assembly of the
i-proteasome. Phosphorylation of PRAS40 at these same residues is also thought to
promote protein synthesis (through a poorly understood mechanism), indicating that
PRAS40 phosphorylation might have a dual function in stimulating protein syn-
thesis and preventing proteotoxicity by simultaneously stimulating i-proteasome
formation, which degrades misfolded polypeptides. Consistent with this, Kazi et al.
[372] have shown that PRAS40 stimulates protein synthesis in muscle cells. Further
work will be required to elucidate whether PRAS40 plays a direct or indirect role in
the control of protein synthesis, but the available evidence suggests that this sub-
strate of mTORC1 is a key factor in cellular homeostasis.

10.5.4 LARP1

Lupus autoantigen (La)related protein 1 (LARP1) has recently been identified as a
novel target of mTORC1 [199], and has been shown to play important roles in both
TOP mRNA translation [199, 373] and stability [199, 374]. In the following sec-
tions, we review the literature that led to the discovery of this signaling component
of the mTORC1 pathway and the mechanism(s) by which this important new
protein controls TOP gene expression.

mTORC1 and mTORC2 Phosphorylate Numerous Proteins

S6Ks and 4E-BPs were the first direct targets of mTORC1 to be discovered, and
both of these families of proteins play important roles in protein synthesis. Yet, it is
becoming increasingly apparent that other direct targets of mTORC1 exist, some of
which also play prominent roles in the control of protein synthesis. Two important
quantitative proteome-wide phosphorylation studies from the Blenis and Sabatini
laboratories [298, 300] have highlighted the vastness of the mTORC1 target protein
pool in mammals. Over 1800 unique proteins were identified as bona fide down-
stream targets of mTORC1/mTORC2 [300]. Although not all of the identified
targets have been shown to be directly phosphorylated by mTORC1 (some of these
may lie distally downstream in the mTORC1 pathway), and not all of the phos-
phoproteins have roles in mRNA translation, this suggested to us that a number of
these could be novel direct targets of mTORC1 with important roles in the control
of protein synthesis.

LARP1 Is a New Target of mTORC1

With this in mind, in an effort to further our understanding of the role of the
mTORC1 pathway in the control of protein synthesis, we (Fonseca and colleagues)
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[199] searched for new proteins that specifically associate with mTORC1 and that
may play a role in the control of mRNA translation downstream of this protein
complex. To this end, we carried out a proteomic screen to identify novel binding
proteins of RAPTOR, an mTORC1-specific component [199]. Immunoprecipitation
of endogenous human RAPTOR followed by liquid chromatography-tandem mass
spectometry (LC-MS/MS) analysis revealed a new direct target of mTORC1 termed
LARP1 [199]. LARP1 specifically associated with RAPTOR but not RICTOR,
indicating that this novel signaling component is a target of mTORC1 but not
mTORC2 [199]. Having identified LARP1 as a novel target of mTORC1, we set
out to further understand its function downstream of mTORC1.

Conservation of LARP1 in Eukaryotes

What is LARP1? LARP1 (or La-related protein 1) is an evolutionarily conserved
RNA-binding protein that belongs to the La-related protein superfamily [375].
The LARP superfamily comprises the following: La (lupus autoantigen) protein
also known as genuine La, LARP1 family, LARP4 family, LARP6 family and
LARP7 family. All members of the LARP superfamily share a conserved La-motif
(LAM), an ancestral motif that appeared soon after archae-eukarya radiation [375,
376]. LARPs are RNA-binding proteins with important functions in mRNA sta-
bility and translation. As such, all LARPs also comprise one or more
RNA-recognition motifs (RRMs), some of which are conserved between distinct
LARP families (see ref. [376] for an excellent analysis of LARP evolution). Some
features are unique to certain LARP families. For example, LARP1 and LARP6
share exclusive domains, such as the domain of unknown function (DM15) and the
LSA motif (for LAM- and S1-like-containing proteins) [376]. The role of the DM15
domain in mRNA binding will be discussed later in this section. The LARP1 family
is conserved in eukaryotic evolution. At least one member of the LARP1 family can
be found throughout the eukaryotic lineage, all the way from protista, fungi and
plants to animals (Ref. [375] and Table 1). The human LARP1 family comprises
three members: LARP1 (also known as LARP1a), LARP2 (also referred to as
LARP1b) and LARP1c (which lacks the distinctive LSA and DM15 motifs), all of
which are proximally located within the phylogenetic tree [376]. The following
commonly used eukaryotic model organisms encode for at least one LARP1 family
protein: Caenorhabditis elegans (CeLARP1) and Drosophila melanogaster
(dLARP1) encode a single LARP1 member, Xenopus tropicalis encodes for two
LARP1 proteins (XtLARP1a and XtLARP1b), while Arabidopsis thaliana encodes
for three LARP1 proteins (AtLARP1a, AtLARP1b and AtLARP1c) [376]. Atypical
La motif-containing proteins can also be found earlier in eukaryotic evolution:
Saccharomyces cerevisiae encode for two proteins (Sro9 and Slf1) [377, 378], but
whether these proteins are functional homologs of LARP1 (or other LARPs) is still
unclear.
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Function of LARP1 in Eukaryotes

What does LARP1 do? LARP1 was first cloned in Drosophila melanogaster (the
fly homolog of LARP1 is known as dLARP) at the turn of the millennium [379].
Database analysis revealed that LARP1 is widely conserved across eukaryotes, all
the way from fungi to insects, plants and animals [379, 380]. The first insights into
LARP1 cellular function came from two studies in Caenorhabditis elegans [380]
and Drosophila melanogaster [174] almost a decade later. LARP1 (as is the case
with other LARPs) possesses a characteristic La motif (LAM), which is an ancient
RNA-binding domain [376]. Consistent with this structural feature, CeLARP1 was
found to locate to processing bodies (P-bodies) where it modulates the levels of
specific mRNAs [380]. In Drosophila melanogaster, LARP1 (known as dLARP)
was shown to interact directly with the poly(A) binding protein (dPABP) [174].
PABP plays important roles in both mRNA translation and stability [381], sug-
gesting that LARP1 itself might co-regulate these cellular processes with
PABP. Subsequent work in mammals and plants confirmed that LARP1 does
indeed bind PABP [200] and regulate mRNA translation [200] as well as mRNA
stability [374, 382].

How does LARP1 exert its effect on mRNA translation and stability? In different
species, LARP1 has been reported to preferentially associate with distinct RNA
sequences: in C. elegans, CeLARP1 was shown to bind with high affinity to poly
(G), and with weaker affinity to poly(U). CeLARP1 does not bind to poly(A) or
poly(C) [380]. This is in stark contrast to mammals, where LARP1 associates with
an A residue, specifically to the 3′ terminus of the poly(A) tail of cellular mRNAs
[374]. In mammals, LARP1 also binds to the polypyrimidine (poly(C/U))
sequences at the 5′ terminus of the cellular mRNAs [199], known as TOP (terminal
oligopyrimidine) motifs.

TOP mRNA Translation

What is a TOP motif and what does it do? The eukaryotic ribosome is formed by
upwards of 80 different ribosomal proteins [383]. Synthesis of stoichiometric
amounts of large multi-protein complexes (such as the ribosome) requires tight
translational control [384]. Coordinated synthesis of the individual protein com-
ponents of the ribosome minimizes unwarranted energy expenditure. Therefore,
higher eukaryotes have engendered a neat mechanism to ensure synchronized
production of all the individual protein components of the ribosomes strictly when
nutrients and energy become available. The mRNAs of all known ribosomal pro-
teins together with a number of translation factors encode a TOP motif at their 5′
terminus. The TOP motif is a sequence of 4–15 pyrimidines located immediately
downstream of the m7Gppp cap of every ribosomal mRNA and some translation
factors [385]. The first pyrimidine (+1 position) in the TOP motif is invariably a C
residue [386]. The TOP motif displays additional characteristic features, including
an even distribution of C and U residues and a high degree of conservation among
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vertebrates (see [386] for an elegant review on the subject). Importantly, from a
physiological standpoint, the presence of the TOP motif ensures synchronized
repression of the translation of all TOP-containing mRNAs, as discussed below.
Meticulous work from Meyuhas, Loreni and Amaldi research groups has, over the
years, helped to pave our understanding of the mechanism(s) by which the TOP
motif controls the synthesis of ribosomal proteins. Briefly, the available evidence
demonstrates that the TOP motif functions as a cis-regulatory mRNA element [387–
389] that recruits an unknown inhibitory trans-acting factor (protein or regulatory
RNA) that represses TOP mRNA translation upon binding to the cis-regulatory
element [390–392]. The evidence for the trans-acting factor being a repressor
comes from a simple, yet compelling, experiment: When increasing amounts of a
synthetic RNA oligonucleotide harboring the RPS16 TOP motif are added to
translation-competent wheat germ extracts or rabbit reticulocyte lysate, the trans-
lation inhibition of an open reading frame reporter construct with the upstream
RPS16 TOP motif is progressively relieved, providing formal evidence for the
existence of a titratable repressor of TOP mRNA translation [391].

What is the identity of the trans-acting inhibitor of TOP mRNA translation? To
date, several candidates have been put forth as potential trans-acting regulators15

[295, 393–399]. However, despite intense efforts to identify the missing TOP
mRNA trans-acting factor, definitive evidence is still lacking, and its identity
remains obscure (see this review [386] for a detailed analysis on this subject).

mTOR Controls TOP mRNA Translation

How does mTOR control TOPs? Several signaling pathways have been linked to
the control of TOP mRNA translation in mammals [400]. Of relevance to this
chapter, the mTOR pathway plays a leading role in the control of TOP mRNA
translation. Indeed, TOP mRNAs have long been considered to be under the control
of mTOR; rapamycin was first shown to repress TOP mRNA translation over
20 years ago [63, 401]. Multiple studies have shown that rapamycin causes a
pronounced shift of TOP mRNAs from polysomal to mRNP fractions [63, 401,
402]. Similarly, active-site mTOR inhibitors (TORIN1 and INK128) lead to a
drastic shift of TOP mRNAs from polysome to mRNP fractions [199, 295, 399]. So
dramatic is the shift in TOP translational control upon mTOR inhibition that TOP

15The following factors have been previously linked to regulation of TOP mRNA translation:
ribosomal protein S6 (RPS6) and its kinases S6Ks, eukaryotic initiation factor 4E (eIF4E) and its
binding partners 4E-BPs, lupus autoantigen (La) protein and the La-related protein 7, cellular
nucleic acid-binding protein (CNBP) also known as zinc finger protein 9 (ZNF9), microRNAs
miR-10a and miR-10b. While some of these do appear to contribute to TOP mRNA regulation on
some level (e.g., TIA1/TIAR represses TOP mRNA translation in response to amino acid depri-
vation), definitive evidence for any these being the long-sought controller of TOP mRNA trans-
lation is lacking. Refer to the following review for an exhaustive analysis of these factors in the
context of TOP mRNA regulation [386].
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mRNA translation is referred to as bimodal in its nature [392], i.e., TOP mRNA
translation is strictly on or off. Further to the notion that mTOR plays a fundamental
role in the control of TOP mRNA translation, two important genome-scale ribo-
some profile studies have recently revealed that TOP mRNAs constitute the most
sizeable portion of the mTOR translatome [295, 399].

How does mTOR/mTORC1 control TOP mRNA translation? It is widely
accepted that mTOR plays a fundamental role in the control of TOP mRNA
translation, but only recently have we begun to understand how this occurs. Which
downstream substrate of mTORC1 regulates TOP mRNA translation? Both S6Ks
and 4E-BPs have been previously hypothesized to regulate TOP mRNA translation,
but neither of these proteins has been unanimously accepted as the elusive trans-
acting factor. Having identified LARP1 as a novel direct target of mTORC1 [199],
and in light of the recent report by Aoki et al. [374] that LARP1 stabilizes TOP
mRNAs in mammals, we examined whether LARP1 could function as a repressor
of TOP mRNA translation downstream of mTORC1. To investigate this possibility,
we first tested whether LARP1 binds TOP mRNAs (as originally also reported by
Aoki et al. [374]). Our data show that LARP1 does, indeed, interact with TOP
mRNAs and does so in an mTORC1-dependent manner, i.e., pre-treatment of cells
with allosteric (rapamycin) or active-site (TORIN1) mTOR inhibitors enhanced the
association of LARP1 with TOP mRNAs [199]. Notably, we found LARP1 to
associate directly with the TOP motif of TOP mRNAs. LARP1’s association with
TOP mRNAs depended on the presence of an intact TOP motif: deletion of the
oligopyrimidine tract on RPS6 or RPL32 TOP mRNAs abolished their binding to
LARP1 [199]. Polysome profile analysis of TOP mRNA transcripts in
LARP1-depleted cells further revealed that LARP1 acts as a repressor of TOP
mRNA translation, since shRNA-mediated knockdown of LARP1 led to an accu-
mulation of TOP transcripts in heavy polysome fractions [199]. Conversely,
overexpression of ectopic LARP1 repressed the translation of TOP mRNAs [199].
Moreover, we observed that LARP1 is essential for rapamycin- and
TORIN1-mediated repression of TOP mRNA translation [199]. Taken together,
these data led us to propose that LARP1 functions as a trans-acting repressor of
TOP mRNA translation downstream of mTORC1.16

LARP1 Represses TOP mRNA Translation Downstream of mTORC1

How does LARP1 control TOP mRNA function? A recent study from the Berman
laboratory has provided structural insights into how LARP1 binds and regulates
TOP mRNAs, through the DM15 motif [403]. The DM15 motif represents an
identifying feature of most LARP1 family members, and is highly conserved in

16Roux and colleagues proposed a different model in which LARP1 functions as an activator
(rather than an inhibitor) of TOP mRNA translation. See Ref. [373] for an alternative perspective
on this subject.
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evolution, bearing 50 % similarity at the amino acid level within 90 % of LARP1
family members [376]. Crystallization of the C-terminal DM15 region of human
LARP1 (residues 796–946) revealed three structurally related helix-turn-helix mod-
ules that resemble the HEAT repeats found in TOR and RAPTOR [403]. The HEAT
repeats in TOR and RAPTOR play important roles in protein-protein interaction [31].
In the case of LARP1, the HEAT repeats play a role in mRNA binding, specifically to
the TOPmotif within ribosomal mRNAs [403]. Lahr et al. [403] showed that the TOP
motif is essential for the interaction of TOP mRNAs with the DM15 protein fragment
(residues 796-946), in agreement with our earlier findings that the TOP motif is
required for the interactionwith full-length LARP1 protein [199]. Association of TOP
mRNAs with the DM15 motif is presumed to regulate the translation and stability of
this class of mRNAs (at least in higher eukaryotes).

LARP1 and the Control of TOP mRNA Translation in Evolution

Is the role of LARP1 in the control of TOP mRNA functions conserved in
eukaryotic evolution? The short answer is “no.” TOP mRNAs are present in higher
eukaryotes, namely vertebrates, insects (Drosophila melanogaster), plants
(Arabidopsis thaliana) and mollusks (Aplysia californica), but thus far the TOP
motif has not been reported in yeasts or nematodes [386]. In budding yeast, the
synthesis of ribosomal proteins appears to be primarily controlled at the tran-
scriptional level [386, 402]. Interestingly, the DM15 motif (proposed by Berman
and colleagues to mediate interaction with the TOP motif) is conspicuously absent
from Sro9 and Slf1 in budding yeast [376], concurrent with the finding that lower
eukaryotes do not have TOP mRNAs. We speculate that LARP1 may have been
adapted for alternative use in the course of eukaryotic evolution by the process of
exaptation. LARP1 is a newly identified target of mTORC1, and much remains to
be learned about this protein. Nonetheless, these first few studies [199, 373, 374,
403] provide compelling evidence for a link among mTORC1, LARP1 and TOP
mRNA regulation in higher eukaryotes. We believe that LARP1 plays a funda-
mental role in TOP mRNA control. Our findings on LARP1 do not exclude the
existence of other trans-acting TOP mRNA-regulating factors, nor do they provide
formal evidence for LARP1 being the long sought trans-acting TOP mRNA
repressor [391]. Additional work is required to fully understand the mechanism of
TOP mRNA translation control.

So far, we have established that LARP1 plays an important role in TOP mRNA
control downstream of mTORC1. Growing evidence suggests that LARP1 binds
and regulates many other cellular mRNAs, including the mTOR mRNA itself [404].
Blagden and colleagues [404] have recently shown that LARP1 binds to mTOR
mRNA and protects it from degradation, indicating that feedback regulatory loops
from LARP1 to mTOR also exist. The positive role of LARP1 in the control of
mTOR mRNA stability is entirely consistent with the role of LARP1 in stabilizing
TOP mRNAs [199, 374]. Further work is also required to fully elucidate the
feedback loop from LARP1 to mTOR.
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10.6 Concluding Remarks

mTOR (specifically mTORC1) is an important regulator of protein synthesis.
mTORC1 regulates the translation of a vast number, and perhaps the majority, of
cellular mRNAs [295, 399]. Foremost among these are the TOP mRNAs
[295, 399], which are remarkably sensitive to mTOR inhibition. mTORC1 has also
been implicated in the translation control of other mRNAs involved in cell-cycle
regulation and metabolism [179, 405, 406], though the effect of mTOR inhibitors
on the translation of these mRNAs is less pronounced than their effect on TOP
mRNAs.17 4E-BPs and S6Ks are easily the most intensely studied and, therefore,
the best understood targets of mTORC1. 4E-BPs exert their effects on mRNA
translation through the disassembly of the eIF4F initiation complex, while S6Ks
modulate protein synthesis through the phosphorylation of multiple proteins (in-
cluding initiation factors, ribosomal proteins, RNA-binding proteins and other
protein kinases; reviewed in this section). It is indisputable that both 4E-BPs and
S6Ks play seminal roles in translation control. There is, however, a growing
appreciation for the existence of numerous other mTORC1 targets with equally
important roles in protein synthesis [298, 300]. In this section, we reviewed two
novel effectors (PRAS40 and LARP1) of mTORC1 that have important roles in
translation control. PRAS40 regulates the assembly of the i-proteasome in condi-
tions of reduced translation fidelity [370], while LARP1 suppresses TOP mRNA
translation in conditions of nutrient deprivation [199].

11 The Exaptation of mTOR in Learning and Memory

Throughout this chapter we have explored the ample evidence that mTOR functions
as a central regulator of protein synthesis that controls growth at both the organ-
ismal and cellular levels. This regulatory role is also observed in the brain, where
mTOR controls the overall growth pattern of differentiating neuronal stem cells. In
addition to controlling growth of neuronal stem cells, mTOR also promotes den-
dritic and axonal arborization, alters the balance of synaptic transmission in
post-mitotic neurons and modulates the immune function of glial cells. These facets
of mTOR regulation are more extensively reviewed elsewhere [407, 408]. In this
section we will explore how mTORC1 exaptated from a regulator of growth in the
last eukaryotic common ancestor to an enzymatic complex that orchestrates the
mRNA translation that is necessary for learning and memory in the post-mitotic
neuronal networks of the mammalian brain.

17The translation of cell-cycle-related genes has been argued to be less sensitive to acute mTOR
inhibition than TOP mRNAs [295]. This subject is discussed further herein [99].
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11.1 The Biochemistry of Learning and Memory

Synapses—the labile, physical connections between neurons—are key to under-
standing the molecular basis for the most popular theory of how we learn, store and
recall information. This theory, first expounded by the Canadian psychologist
Donald Hebb in 1949, tells us that persistent activity in synapsing neurons will
strengthen their connections [409]. The so-called synaptic plasticity and memory
(SPM) hypothesis extends the original Hebbian theory to account for a more
complex landscape of synaptic plasticity found after decades of research and posits
that activity-dependent changes in synaptic strength are both necessary and suffi-
cient for information storage in Metazoan nervous systems (e.g., neurons in the
human brain) [410]. Given that synaptic plasticity (the strengthening or weakening
of a neuronal connection) is a cellular phenomenon, it must have a biochemical
origin. Thus, if we can understand synapse biochemistry, we can begin to grasp
how learning and memory are encoded in the brain. From an evolutionary per-
spective, there are two competing models of how neurons emerged. Phylogenetic
analysis of synaptic proteomes suggests that protein complexes, including mTOR
and components of the RNA translation machinery, were present in unicellular
fungi in the form of protosynapse [411]. This model can also be extended to the
earliest synapse (ursynapse) between cells, which is thought to have arisen before
the emergence of axonal and dendritic extensions in neurons. However, in sponges
and the simpler Placozoa, neurons and many neurotransmitters are absent [412].
The single-origin hypothesis of Grant thus dictates that these organisms lost their
synapses, an unlikely possibility. Another model espoused by Moroz and Kohn is
perhaps more parsimonious with convergent evolutionary theory; it proposes that
neurons (and therefore synapses) evolved independently numerous times through-
out evolution [412]. In either case, biochemical pathways that rely on translation
control were present in synaptic ancestors, and their compartmentalization likely led
to the specialization of mRNA translation that is distinct from the rest of the cell.

Multiple dendritic spines on a single neuron can receive input from a large
number of afferent neurons. How then does the receiving neuron integrate such a
large number of signals in quick succession? Translation control and neuronal
architecture likely represent key adaptations, as the highly compartmentalized
nature of dendritic spines allows not only temporal but also spatial gradients to form
as a result of local protein synthesis. This allows messages present in far-reaching
axons and dendrites to be translated independently of those closer to the nucleus in
the neuronal soma. A unique feature of neuronal cells is the presence of large RNA
transport complexes called neuronal RNA granules that are repressed at the level of
translation (reviewed in [413]). This repression allows mRNA transport to and
storage within dendritic spines and allows for localized translation upon an ap-
propriate stimulus. This particular type of translation occurs during synaptic plas-
ticity and learning [414–417]. It follows that all of the critical translation control
components must be present at the synapse for synaptic mRNAs to be translated
on-site. This is indeed the case, and mTORC1 as well as mTORC2 activities have
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been reported in synaptic compartments [415, 418]. Indeed, stimulus-specific,
localized translation has been visualized in live Aplysia californica (sea slug, a
mollusk that has contributed greatly to our knowledge of the evolutionary origins of
synaptic plasticity) and rodent hippocampal18 neurons using fluorescent reporters
[420, 421]. It is not known whether mTORC1- (or mTORC2-) dependent signaling
removes this translation repression or instead simply stimulates translation fol-
lowing the removal of the translation repression device.

Changes in synaptic strength are necessarily mediated by biochemical pathways
in both the signaling (pre-synaptic) and receiving (post-synaptic) neurons, which
become activated with the appropriate stimulus (e.g., neurotransmitters secreted at a
synaptic bouton that bind to receptors on a receiving dendritic spine). This process
is essentially the molecular correlate of learning, and results in a molecular memory
trace—a change in the local synaptic proteome that fundamentally alters the
properties of that particular synapse. While changes in the synaptic proteome are
not absolutely required for some forms of memory (e.g., short-term memory), it is
clear that consolidation of long-term memory (LTM) in rodents is mediated by the
synthesis of new proteins; as injection of protein synthesis inhibitors into hip-
pocampal areas has long been known to prevent LTM [422]. The husband and wife
team of Flexner and Flexner would go on to firmly establish this seminal finding
before the end of the 1960s and are pioneers in studying memory as a biochemical
phenomenon. More recent work using fear conditioning to explore LTM has shown
that the biochemical traces leading to changes in synaptic plasticity are volatile.
Instead of LTM being permanently stored, it is continually recalled and reconsol-
idated (re-encoded), and this process can be blocked by intra-hippocampal infusion
of the protein synthesis inhibitor anisomycin [423, 424]. Critically, mTORC1 lies
upstream of this phenomenon as rapamycin has been found to block amygdyla-,
hippocampal- and gustatory cortex-dependent LTM [425–434].

11.2 The Requirement for Translation in Cellular Models
of Synaptic Plasticity Across Phyla

The first evidence of long-lasting, Hebbian synaptic plasticity in the hippocampus
was published by Timothy Bliss and Terje Lømo [435]. They were able to elicit
long-lasting (hours) increases in the efficiency of transmission at synapses (i.e.,
strengthening) on granule cells within the rabbit dentate gyrus (DG, a substructure
within the hippocampus) following a specific train of electrical stimuli. This phe-
nomenon was eventually referred to as long-term potentiation (LTP) and is one of

18The importance of the hippocampus in consolidating new memories was described in a seminal
case report by the neurosurgeon William Scoville and the psychologist Brenda Milner (a former
graduate student of Donald Hebb) in 1957. A historical perspective of “Patient HM,” whose
hippocampi had been almost completely surgically resected has been recently published and is a
highly recommended read [419].
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the most extensively studied cellular correlates of LTM. At the same time, Eric
Kandel was dissecting the relatively simple and easily manipulated neuronal cir-
cuitry of the mollusk Aplysia californica (individual neuronal processes in this sea
slug can be seen by the human eye) and discovered a similar long-lasting form of
synaptic plasticity that correlates with behavioral LTM in the animal (sensitization
of a defensive withdrawal reflex of the animal’s feeding siphon) called long-term
facilitation (LTF) [436]. Perhaps not unexpectedly, protein synthesis inhibitors
were later found to block LTP in rodents [437] and LTF in Aplysia californica
[438], demonstrating that this property shares commonalities with LTM. This
suggests that lower animals, such as Aplysia californica, retain much of the protein
synthesis-dependent memory-making machinery and is consistent with a view in
which translational control was a salient feature of gene expression that was
co-opted in ancient synapses. It is important to note here that an opposing form of
plasticity called long-term depression (LTD) has also been observed [439].
A protein synthesis-dependent form of LTD (mGluR-LTD) was discovered more
recently, and we will visit this in more detail below [440].

11.3 mTOR Is an Ancient Regulator of Synaptic Plasticity

The vertebrate brain represents a complex system of neural circuits and heteroge-
neous neuronal niches. Synaptic plasticity itself is more complex still, with dif-
ferent phases present in both LTP and LTD (an early, protein synthesis-independent
phase that is followed by a late, protein synthesis-dependent phase). Different
neuronal sub-populations, such as those that reside in the DG versus those in the
CA1 region of the hippocampus, appear to have different substrate requirements in
LTP and LTD. mTORC1 is required in the late-phase of LTP in hippocampal
pyramidal neurons (CA1 region), since this form of plasticity can be blocked with
rapamycin treatment [441]. However, late-phase LTP in the hippocampal granule
neurons of the DG (where LTP was first elicited) does not require mTORC1 as
rapamycin treatment does not block the effect [442]. In this context, protein
synthesis-dependent plasticity instead works through activation of the TrkB-Mnk-
eIF4e pathway mediated by the neurotropic factor BDNF [443].

We speculate that these differential requirements may reflect the evolutionary
origins of the DG in relation to the rest of the hippocampus. The DG evolved late,
being (arguably) absent in non-mammals, while analogous regions to the CA fields
and subiculum of the hippocampus are present in the pallial areas of reptiles, fish
and birds [444]. Critically, LTF in Aplysia californica can be blocked with rapa-
mycin [438, 445], supporting the view that mTORC1-dependent LTP was present
in an ancestor that lacked a DG and that LTP in this neuronal context evolved a
different molecular mechanism in vertebrates.

It stands to reason that the BDNF-Mnk-dependent plasticity observed in the DG
might reflect different types and/or amounts of mRNA translation targets between DG
granule cells and pyramidal cells of the hippocampus. Indeed, BDNF-TrkB-mediated
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LTP can be elicited in hippocampal pyramidal cells but is not always required for
protein synthesis-dependent plasticity [446]. The DG is the only site within the
hippocampus capable of adult neurogenesis [447]. It is conceivable that immature
granule cells that are unique to this part of the hippocampus integrate input from
parallel Mnk and mTORC1 arms of translation control such that only Mnk activity is
necessary for consolidation of LTP. Consistent with this, immature granule cells have
been found to exhibit enhanced synaptic plasticity, with a lowered threshold to
potentiation [448]. Interestingly, BDNF and TrkB receptor orthologs have also been
identified in Aplysia californica where they reduce the threshold and increase the
magnitude of plasticity, suggesting that a common ancestor may have shared a similar
system to modulate plasticity [449].

11.4 mTORC1 Effectors in Different Phases of Learning
and Memory

Exactly how mTORC1 induces plasticity via changes in mRNA translation is still
very much an open question. It could act to cause a general increase in protein
synthesis or alter the translation of specific mRNA populations. The latter argument
is perhaps more likely given what we now know about how mTORC1 regulates
translation in other cellular contexts (e.g., TOP mRNA translation in cancer cells;
described in Sect. 10 of this chapter) and emerging data in the context of the brain.
Given the complexity of the protein synthesis signaling network downstream of
mTORC1, it should not be surprising that dissection of the relative mTORC1
effectors in the context of plasticity has been a daunting task. For example, S6K1
and S6K2, are both expressed in the brain and have distinct yet overlapping
functions. Both Rps6k1 and Rps6k2 knockout mice exhibit normal
translation-dependent LTP but only the Rps6k1 knockout animals exhibited
impaired translation-independent LTP [450]. Differences are even more obvious at
the behavioral level, with Rps6k1-deficient mice expressing deficits in a variety of
classical learning and memory paradigms that depend on the hippocampus such as
contextual fear memory, conditioned taste aversion and spatial learning (Morris
water maze). Rps6k2-deficient mice however displayed deficits only in more
specific, temporal aspects of contextual fear memory and conditioned taste aversion
while their spatial learning remained unaffected.

Several major complications restrict further dissection of the roles of
S6K1/S6K2: firstly, double knockout mice are embryonic lethal, and secondly, the
loss of one gene could be compensated by upregulation of the remaining one. The
recent development of specific small molecule inhibitors of S6 kinase may help in
this regard [451]. Using a small molecule inhibitor specific for the S6K1, Huynh
et al. found that inhibition of S6K1 alone was not sufficient to reduce LTM in a
reconsolidation model [452]. This model of LTM is well known to be
mTORC1-dependent [428, 453]. Surprisingly, inhibition of cap-dependent trans-
lation by injecting 4EG-I, an inhibitor of eIF4G activity that blocks the formation of
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the cap-binding complex, together with a small molecule S6K1 inhibitor, impaired
consolidation of fear memories [452]. This suggests that the plasticity required for
these memories needs translation of mRNAs, which is mediated by both eIF4F and
S6K1. However, combined S6K1 and eIF4F inhibition are not sufficient to com-
pletely block memory reconsolidation, which may be in part due to other mecha-
nisms, including the involvement of S6K2. S6K1 may be working to target the
translation of mRNAs that are eIF4A-dependent as S6K1 has been shown to alter
this activity through eIF4B [335], or alternatively by modulating translation
elongation.

Indeed, there appears to be an important, yet under-appreciated role for elon-
gation in synaptic plasticity, since either increasing or decreasing eEF2K, the only
known kinase that regulates eEF2 activity, affects memory formation [454, 455]. In
Aplysia californica, eEF2 acts as an eEF2K-dependent biochemical sensor that can
activate distinct modes of translation regulation depending on the type of synaptic
input [456]. Synaptic plasticity that works through activation of metabotropic
glutamate receptors (mGluR-LTD) is a curious example of how mTORC1-
dependent translation has adapted to include regulation at the elongation
step. Indeed, the protein synthesis-dependent phase of mGluR-LTD has recently
been shown to occur independently of translation initiation [457]. This appears to
be mediated in part by FMRP, a protein whose expression is silenced in a severe
monogenic form of autism called fragile X syndrome that leads to exaggerated
synaptic plasticity that is no longer mTORC1-dependent [458]. FMRP acts to slow
or stall elongating ribosomes on certain mRNAs involved in mediating
mGluR-LTD [459]. Interestingly, there is mounting evidence that mRNAs targeted
by FMRP might already be loaded with ribosomes at the synapse, where they lie in
wait for the appropriate stimulus, stalled at the level of elongation [457, 460]. The
ability of FMRP to repress translation of its target mRNAs is mediated by its
phosphorylation [461, 462], which is rapamycin-sensitive and abolished in
Rps6k1−/− hippocampal neurons [463]. FMRP phosphorylation, and thus transla-
tion repression activity, are transiently removed by protein phosphatase 2A (PP2A)
activity upon stimulation of mGluRs, after which mTORC1-S6K1 signaling allows
for re-phosphorylation of FMRP and a return to translation repression [464]. This
attractive model of mTORC1-dependent translation, in which mGluR-dependent
transient activation of PP2A releases the FMRP brake, allows for a high degree of
control over how much LTD protein is produced. Moreover, since this model
requires two biochemical inputs (mTORC1 and mGluR activity), it can distinguish
between different synaptic inputs that could dictate whether LTP or LTD proteins
are synthesized. Were similar mechanisms present in the last eukaryotic common
ancestor? It is likely so, as Aplysia californica has an FMRP ortholog that is subject
to phosphatase regulation, and it is involved in a specific protein synthesis-
dependent, neuropeptide-induced LTD [465].

Other mTORC1 effectors, such as 4E-BPs, also play a role in learning and
memory. In the adult brain, 4E-BP2 is the most abundant isoform, with little
detectable 4E-BP1 or 4E-BP3 [369, 466].Eif4ebp2−/−mice show impairments in late
LTP, and deficits in hippocampal-dependent LTM, likely because of the enhanced
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translation of mRNA(s) that inhibit this form of plasticity [466]. Conversely,
mGluR-LTD is enhanced in Eif4ebp2−/− hippocampal neurons and is no longer
sensitive to rapamycin, demonstrating the requirement for mTORC1/4E-BP2
signaling in this type of plasticity [467]. In Aplysia californica, TOR/4E-BP signal-
ing does not appear to participate in LTF (while TOR/S6K does), as expression of a
4E-BP dominant negative mutant lacking the TOR signaling motif fails to elicit this
type of plasticity [468]. 4E-BP appears to preferentially regulate translation of TOP
mRNAs [295, 399], although the TOR/4E-BP may not be the main regulator of TOP
mRNA translation [469]. Interestingly, TOP mRNAs are some of the more abundant
localized transcripts in both Aplysia californica and rodent hippocampal neurons
[470, 471], and at least one TOP mRNA (although not directly linked to the presence
of TOP) has been shown to be translated locally at synapses during LTP [472].
Subsequent work using TOP reporters also demonstrates that mTORC1-dependent
upregulation of TOPmRNA translation occurs during LTP [473]. How TOPmRNAs
(which encode ribosomal proteins and translation factors) are altering synaptic
plasticity remains to be elucidated. One possibility is that they modulate the transla-
tional efficiency of LTP or LTD target mRNAs by promoting ribosome specialization
[474, 475]. Alternatively, they may possess extra-ribosomal functions [476].

11.5 The Emerging Role of mTORC2 in Learning
and Memory

We have not yet touched on how mTORC2 contributes to synaptic plasticity. In
fact, very little is known about how mTORC2 might regulate learning and memory,
but we do know that is is indeed involved. mTORC2-specific inhibitors do not yet
exist, and knocking out Rictor leads to developmental defects, confounding the
study of learning and memory in these mice [477, 478]. To get around this issue,
Huang et al. cleverly crossed the Rictor−/− mouse with a Cre recombinase strain
driven by a Camk2a promoter, thus restricting the ablation of mTORC2 activity to
excitatory neurons in the limbic and cortical areas of the brain after development
[418]. Using this conditional knockout, they were able to convincingly show that
protein synthesis dependent LTP is impaired in these mice and that this is due to a
lack of mTORC2-specific Akt phosphorylation. This appeared to be mediated by
activation of actin polymerization, as chemical induction of this process using
jasplakinolide rescued LTP in the knockout mouse. Importantly, mice deficient in
mTORC2 displayed impairments in LTM, and this mechanism appears to be
evolutionarily conserved [418], since removal of Rictor in Drosophila melanoga-
ster affected (protein synthesis-dependent) LTM.
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11.6 Concluding Remarks

We have seen that mRNA translation downstream of mTORC1 is necessary for the
types of synaptic plasticity that represent cellular correlates of learning and mem-
ory. These core mechanisms have likely been present since the last eukaryotic
common ancestor, as they are conserved in both vertebrates and in Aplysia cali-
fornica, although the receptors and neurotransmitters used appear to have diverged.
This divergence is perhaps most striking in the dentate gyrus, a recent evolutionary
adaptation in vertebrates where mTOR is not required for LTP. It is readily apparent
that determining which mRNAs are being translated in these different types of
plasticity and memory formation will create a more complete picture of how
changes in synaptic strength are achieved as memories are formed and re-formed.
Advances in techniques to assess mRNA translation and protein synthesis in
synaptic compartments will hopefully achieve a clearer understanding of how
mTOR can modify the local synaptic proteome to elicit long-lasting synaptic
plasticity—an elegant exaptation of mTOR from its more traditional role in cellular
growth and differentiation.

12 Conclusion and Future Perspectives

In the last 25 years since the original discovery of TOR in yeast, researchers have
amassed a breadth of information about this fascinating central regulator of cell
growth using the most varied model organisms to elucidate the intricate complexity
of the TOR pathway throughout evolution. We can now appreciate that TOR plays a
fundamental role in the control of many cellular functions, some of which are highly
conserved throughout the evolution of the eukaryotic lineage. Protein synthesis is by
far the best-understood (and certainly a very important) output of TOR. Today, we
are beginning to appreciate the intricate mechanisms by which TOR regulates
protein synthesis. However, it would be naïve on our part to assume that we have
unraveled all (or even the majority) of the mechanisms that TOR employs to control
protein synthesis. The beauty of TOR signaling in the control of protein synthesis
lies, for the most part, in its layered complexity rather than our often somewhat
oversimplified, reductionist models. In this chapter, we have reviewed some of the
earliest findings linking TOR to protein synthesis (through 4E-BPs and S6Ks) and
some of our latest research on novel direct substrates of TOR in mRNA translation,
e.g., LARP1. Having witnessed a great deal of advancement in our understanding of
the TOR pathway in the last quarter of a century, we now look forward to the next
25 years with great excitement about the discoveries still to come.
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Translational Control in Echinoderms:
The Calm Before the Storm

Patrick Cormier, Héloïse Chassé, Bertrand Cosson,
Odile Mulner-Lorillon and Julia Morales

1 Echinoderms and Translational Regulation, a Link
with the Cell Cycle

Echinoderms, a sister group to chordates, are marine metazoans that represent the
ancient phylum Echinodermata, at least 450 million years old, containing thousands
of known living species present throughout the oceans [1]. Among the five main
classes of modern echinoderms—Asteroida (starfish), Echinodea (sea urchin and
sand dollars), Ophiuroida (brittle stars), Holothuroidea (sea cucumbers) and
Crinoidea (sea lilies and feather stars)—starfish and sea urchin have been exten-
sively used to study gametogenesis, fertilization and embryonic development. Eggs
and embryos of echinoderms, which are gonochoric animals, have been used in
embryological studies for more than a century, because these giant cells are easy to
manipulate and to observe under optical microscopy. Furthermore, the possibility to
obtain a large number of eggs from one female and the synchronism of cell divi-
sions allow the analysis of the molecular mechanisms that govern the oocyte
maturation, egg fertilization and early stages of embryonic development.
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Crucial to developmental biology, marine invertebrates have also been essential
in cell cycle studies. It was in the sea urchin Arbacia punctulata that Tim Hunt
identified the first cyclin, as he noticed the “unexpected behavior” of a protein
synthesized early after fertilization that almost disappeared before cleavage and was
“henceforth called cyclin” [2]. Together with studies on amphibians, data obtained
in marine invertebrates, i.e., the detection in starfish oocytes of MPF, the M-phase
promoting factor, and the demonstration of its universality [3], the sequencing of
Clam cyclin A [4] and the purification of CDK1/cyclinB as the M-Phase promoting
factor from starfish [5] were milestones in the comprehension of the mechanism
underlying the control of meiotic and mitotic divisions (reviewed in [6]).

In starfish, after completion of vitellogenesis the oocytes are arrested in the
prophase of first meiotic division. Meiosis reinitiation is induced by
1-methyladenine (1-MA), which acts on a yet-unidentified receptor on the oocyte
surface. 1-MA initiates the transduction pathway that leads, by an activation cas-
cade, the transformation of stored inactive pre-MPF (M-phase promoting factor)
into active CDK1/cyclin B, responsible for G2/M transition. The rate of protein
synthesis increases upon meiosis reinitiation, and translation is necessary for
meiosis resumption and early development [7, 8].

Sea urchin eggs are metabolically quiescent cells blocked at the G1 stage of the
cell cycle after completion of their meiotic divisions. Therefore, egg fertilization
involves molecular mechanisms that are independent of the oocyte meiotic matu-
ration. Fertilization of the G1 blocked haploid sea urchin egg triggers entry into
S-phase and completion of the first mitotic division of the embryonic development.
De novo protein synthesis is dispensable for the S-phase but is needed for the onset
of M-phase and subsequent embryonic cell cycles [9, 10]. Protein synthesis is low
in unfertilized eggs and is stimulated rapidly following fertilization. This rise in
protein synthesis is not blocked by actinomycin D [11] and is independent of
mRNA transcription and ribosome biogenesis [12, 13]. Accordingly, inhibition of
new RNA transcription has no effect on the three first mitotic divisions of the sea
urchin early embryos. Therefore, sea urchin eggs and early embryos provide an
example of regulated gene expression at the translational level using maternal
mRNAs that do not follow the traditional scheme of gene regulation governed at the
transcription level [14].

The unfertilized sea urchin eggs were supposed to contain all the required
components for translation [15], and the availability of the sea urchin genome
further confirmed the presence of the “translational toolkit” in this model system
[16, 17]. The exact mechanisms by which translation is repressed in unfertilized
eggs and is increased following fertilization have been questioned for a long time,
but until the 1980s there was only little evidence to explain this regulation by tuning
the activity of the translation machinery [18]. Previous work reported the presence
of cytoplasmic messenger ribonucleoprotein (mRNP) particles in sea urchin
embryos [19] and the “unmasking” of stored mRNPs and ribosomes at fertilization
[20, 21]. Because the assembly of masked mRNP complexes takes place during
oogenesis, the sea urchin model is currently presented as a system that exemplifies a
reversible process of mRNA repression and activation [14]. Therefore, for several
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years the dogma has held that “masked” mRNAs cause protein synthesis inhibition
in unfertilized eggs. The development of cell-free translation systems showed that
unmasking the mRNA process is not the whole story [22]. At least two initiation
factors were shown to be activated in cell-free extracts mimicking egg activation
triggered by fertilization [23–26]: eIF2 [responsible for binding the initiator
methionyl-transfer RNA (Met-tRNA) to the ribosome] and eIF4F (involved in the
recognition of mRNA 5′ cap structures and the recruitment of the small ribosomal
subunit).

Starfish oocytes and sea urchin eggs are relevant models that have helped to
address the control of gene expression at the translational level in relation to cell
cycle regulation in physiological conditions (Fig. 1). The mechanisms by which
translation is increased following fertilization and how those controls contribute to
proper development have just started to be understood in the early twenty-first
century.

Fig. 1 Starfish oocytes and sea urchin eggs are models in which cell cycle regulation and
translational control are interconnected. Top panel Starfish oocytes are arrested in prophase I
(PI) of meiosis. Maturation is triggered by the hormone 1-methyladenine (1-MA) and proceeds
through the first meiotic division. Fertilization occurs naturally between MI and MII. Translation
activity increases after the onset of meiosis, preceding the CDK1/cyclin B activity responsible for
cell division. Bottom panel Sea urchin eggs are metabolically quiescent cells blocked at the G1
stage of the cell cycle after completion of their meiotic divisions. Protein synthesis is low in
unfertilized eggs and is stimulated rapidly following fertilization. Fertilization triggers the
activation of CDK1/cyclin B and the entry into the first mitotic division of the embryonic
development

Translational Control in Echinoderms: The Calm Before the Storm 415



2 Translational Regulation During Starfish Oocyte
Meiotic Maturation

The twofold increase in the rate of global protein synthesis during meiosis in
starfish oocyte was reported to be due in part to the activation of the eIF4F
(eukaryotic initiation factor 4F) complex [27]. In mammals, eIF4F facilitates the
recruitment of ribosomes to the mRNA 5′ and is described as a heterotrimeric
complex [28]. eIF4F is composed of eIF4G (eukaryotic initiation factor 4G), a large
scaffolding protein that interacts with eIF4E (eukaryotic initiation factor 4E), which
recognizes and binds to the 5′ cap structure (m7GpppN, where N is any nucleotide),
and eIF4A (eukaryotic initiation factor 4A), an RNA-dependant ATPase and RNA
helicase. eIF4G associates with eIF3 and consequently provides a physical link
between the 5′ end of capped mRNA and the ribosome. eIF4G also interacts with
PABP (poly (A)-binding protein) to activate translation of polyadenylated RNAs
and with the MAP-kinase-interacting kinases Mnk1 and Mnk2, which phospho-
rylate eIF4E at serine 209 when associated with eIF4G [29]. eIF4E represents the
best known substrate for Mnks, which are activated by signaling through the
mitogenic MAP kinase (ERK) pathway (reviewed in [30, 31]). Although the
physiological relevance of eIF4E phosphorylation is not fully elucidated, it is
proposed to regulate eIF4E affinity to mRNAs [30].

The eIF4E-related proteins can be clustered in three families called eIF4E1,
eIF4E2 and eIF4E3 [32]. A comparative genomics platform for the echinoderm
clade is accessible (http://Echinobase.org [33]), where the genome for the Patiria
miniata starfish is available. The three representatives of eIF4E-related genes have
been found in starfishes. The first isolated starfish eIF4E1 sequence was obtained
from the starfish species Pisaster ochraceus [34]. The starfish sequence contains the
putative phosphorylation site serine 209.

In starfish oocyte, eIF4E was shown to be phosphorylated 20 min after addition of
1-MA [35]. Increased phosphorylation of eIF4E correlates with the initial protein
synthesis and activity of several protein kinases such as PKC (protein kinase C),
CDK1 (cyclin-dependent kinase 1) andmitogen-activatedmyelin basic protein kinase
(MBP kinase) [35]. Using an in vitro kinase assay [34], it was shown that neitherMBP
kinase nor CDK1 phosphorylated the starfish eIF4E glutathione-S-transferase fusion
protein, whereas starfish eIF4E was readily phosphorylated by native starfish protein
kinase C-related kinase 2 (PRK2). PRK2 is a Ser/Thr kinase and Rho/Rac effector
protein, required in human cells for abscission of the midbody at the end of the cell
division cycle and for phosphorylation and activation of Cdc25B, the phosphatase
required for activation of mitotic CDK1/cyclin B complexes at the G2/M transition
[36]. In vitro phosphorylated GST-4E contains the same phosphopeptides as in vivo
phosphorylated eIF4E, suggesting that PRK2mediates the phosphorylation on eIF4E
[34]. While the P. miniata genome contains partial sequences of MNK1, the putative
role of MNKs in starfish eIF4E phosphorylation has not yet been analyzed. The
respective role of PRK2 and MNK1 and the biological significance of eIF4E

416 P. Cormier et al.

http://Echinobase.org


phosphorylation during starfish oocyte meiotic maturation are not understood and
remain important questions to be answered.

In amphibian oocyte, eIF4E was reported to be sequestered by association with a
translational repressor, Maskin, which binds to CPEB (cytoplasmic polyadenylation
element binding protein) and inhibits eIF4E binding to eIF4G. Dissociation of the
CPEB/Maskin/eIF4E complex is essential for cyclin B1 mRNA translational acti-
vation [37]. Studies in starfish oocytes showed that translational control of cyclin B
mRNA is achieved through two separate but related mechanisms: polyadenylation
and translational derepression [38, 39]. On the one hand, polyadenylation of
pre-existing mRNAs was shown to regulate cyclin B translation during the reini-
tiation of the starfish meiosis oocyte [40, 41]. On the other hand, we recently
reported that cyclin B translation is correlated with the phosphorylation and the
dissociation of CPEB from eIF4E [39]. In prophase-blocked oocyte, CPEB phos-
phorylation is inhibited by the activity of a cytoplasmic type 1 phosphatase, which
is inhibited by a nuclear type 2-inhibitor released after the disruption of the ger-
minal vesicle induced by 1-MA [38] (Fig. 2).

Interestingly, we showed that this CPEB-correlated cyclin B translation was not
affected by rapamycin, whereas the drug was found to suppress the 1-MA-induced
burst of global protein synthesis occurring at the G2/M transition [39]. Rapamycin,
an inhibitor of the mTOR (mechanistic target of rapamycin) pathway, is known to
affect the dissociation of eIF4E from its inhibitor 4E-BP (eIF4E-binding protein).

Fig. 2 Translation of cyclin B mRNA is controlled by different mechanisms during starfish
meiotic maturation and sea urchin fertilization. In prophase-blocked starfish oocyte, the cyclin B
mRNA is associated to CPEB and eIF4E in a translationally inactive conformation. 1-MA induces
the inhibition of a CPEB phosphatase. CPEB is then phosphorylated and dissociates from eIF4E;
additionally polyadenylation of cyclin B mRNA increases leading to its translation. In unfertilized
sea urchin eggs, eIF4E is associated to its inhibitor 4E-BP, inhibiting cyclin B mRNA translation.
Fertilization triggers the phosphorylation and the degradation of 4E-BP through the mTOR
pathway, releasing eIF4E from its repressor and allowing the formation of an active initiation
complex, leading to cyclin B mRNA translation
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4E-BPs negatively regulated cap-dependent translation in mammalian cells by
competing with eIF4G on the same binding site in eIF4E. Phosphorylation of
4E-BPs is regulated by mTOR and controls its association with eIF4E [42, 43].
Hypophosphorylated 4E-BPs associate with eIF4E and repress cap-dependent
translation, while hyperphosphorylated forms do not [44, 45].

Therefore, during starfish meiotic maturation, cyclin B translation specifically
depends on a CPEB regulation pathway, whereas global protein synthesis appears
to be regulated by the mTOR pathway. Important insights were provided on this
crucial translational regulation pathway by studies in sea urchin eggs where the
existence of the 4E-BP ortholog in echinoderms was first revealed [46].

3 4E-BP Regulation Following Fertilization
of Sea Urchin Eggs

The huge rise in the rate of translation induced by fertilization of sea urchins eggs is
partly explained by an increase of the activity of the cap-binding complex eIF4F
[25, 26]. It was suggested that eIF4F activity was inhibited in unfertilized eggs
owing to the presence of an unidentified repressor that blocked eIF4E availability
[47]. More recently, we demonstrated that 4E-BP plays a major role in eIF4E
sequestration in unfertilized eggs and that eIF4E is released from its repressor in
correlation with the rise of protein synthesis that occurs rapidly following egg
fertilization [46, 48]. A single 4E-BP ortholog exists in sea urchin [16, 17] in
agreement with the Joshi/Jagus 4E-BPs database (http://umbicc3-215.umbi.umd.
edu). During metazoan evolution, 4E-BP gene duplication occurred recently in
vertebrates, and consequently a single copy of the 4E-BP ortholog is found per
species from radial animals to echinoderms, except in annelids that have more than
one 4E-BP gene and in Caenorhabditis elegans where 4E-BP gene is absent [49].
Sea urchin 4E-BP shares the eIF4E-recognition motif YXXXXLΦ (where X is any
amino acid and Φ is a hydrophobic residue with other eIF4E-interacting proteins
such as eIF4G [50, 51]). 4E-BP competes with eIF4G for a mutually exclusive
binding site on the dorsal surface of eIF4E. Multiple and hierarchical phosphory-
lation events on 4E-BP1, the most intensively studied of mammalian 4E-BPs, are
required for its release from eIF4E [52]. Using a sea urchin cell-free translation
system that mimics the increase of the rate of translation initiation in fertilized eggs,
we characterized the translational repression activity of the sea urchin 4E-BP, which
possesses the conserved core domain containing the phosphorylation sites (T37, T46,
S65 and T70, numbered according to human 4E-BP1) [53]. We showed that a variant
mimicking the hyperphosphorylation of the four critical phosphorylation sites of
4E-BP is not sufficient for release from eIF4E and translation promotion. These data
suggested that there are additional mechanisms to the phosphorylation at the four
critical sites of 4E-BP necessary to dissociate the eIF4E/4E-BP complex. Using
small-angle X-ray scattering (SAXS), we reported that sea urchin 4E-BP is
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intrinsically disordered but undergoes a dramatic compaction in the bound state,
forming a “fuzzy complex” with eIF4E, giving new perspectives for the under-
standing of eIF4E/4E-BP complex regulation. We built a new model of interaction,
involving a much larger binding footprint (residues 25-88) of 4E-BP on eIF4E [54].
Interestingly, our low-resolution model derived from SAXS data on sea urchin
4E-BP resembles the published dynamic model of human 4E-BP2 interaction with
eIF4E [55]. 4E-BPs bind to eIF4E through a bipartite interface that consists of the
well-known eIF4E-binding domain YXXXXLΦ connected by a linker of 15-30
residues to a “non-canonical” eIF4E-binding motif (NC 4E-BM) [56]. The fuzzy
nature results from the NC 4E-BM motif that is highly dynamic in the complex.
Between orthologs across species, the non-canonical motifs do not share a con-
served sequence, but they all seem to bind to a conserved lateral domain of eIF4E
that is not required for eIF4G binding.

We showed in the sea urchin Sphaerechinus granularis that 4E-BP degradation
triggered by fertilization allows eIF4E association with eIF4G and consequent
protein synthesis increase (Fig. 3) [48, 57]. The control of 4E-BPs stability was
reported to play a regulatory role to control eIF4E availability [48, 58–60]. Down-
and upregulation of the 4E-BP protein level was first observed during embryonic
development of sea urchin [61]. Two important cellular stresses, hypoxia and
bleomycin prolonged checkpoint mobilization, triggered 4E-BP protein overex-
pression in developing sea urchin embryos [62]. Chromium (III) induced
DNA-damage provoked a time- and dose-dependent increase in the level of 4E-BP
protein in sea urchin embryos [63]. We provided experimental evidence supporting
that 4E-BP degradation, and consequently eIF4E release from its repressor, is under
the control of Ca2+ and pH-dependent events [64]. 4E-BP degradation induced by
fertilization of sea urchin eggs is affected by rapamycin treatment, suggesting an
important role of mTOR-mediated regulation of translation initiation at the early
embryonic development [48]. Modelization of the translational regulation following
fertilization in sea urchin showed a requirement for a strong stimulation of the
4E-BP-degradation mechanism [65]. Therefore, sea urchin egg fertilization repre-
sents a powerful model to analyze the regulation of the 4E-BP level and the
dynamic of protein synthesis that may regulate stem cell homeostasis and determine
developmental changes [66].

mTOR is a serine/threonine protein kinase that associates with several proteins
to form two distinct complexes named mTOR complex 1 (TORC1) and 2
(TORC2), which are evolutionarily conserved from yeast to mammals. Both
complexes have been involved in the regulation of cell growth in response to
various stimuli, TORC1 controlling the cell mass while TORC2 is implicated in the
control of cell surface area [67]. TORC1 phosphorylates p70 ribosomal S6 protein
kinase, 4E-BP1 and eEF2K (eukaryotic elongation factor 2 kinase), which in turn
promote protein synthesis (reviewed in [68]).

In mammalian cells, rapamycin inhibits TOR kinase activity by association with
FKBP12 (12-kDa FK506 binding protein), and together they affect TOR enzymatic
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Fig. 3 Translational control at fertilization involves the regulation of several translation factors. In
unfertilized eggs, several initiation and elongation factors are targeted to maintain a low translation
activity. The ternary complex activity is inhibited by the phosphorylation of eIF2α by GCN2. The
eIF4F complex formation is inhibited by the interaction of eIF4E with its inhibitor 4E-BP. The
A-site to P-site translocation of the elongation step is inhibited by the phosphorylation of eEF2 by
eEF2 kinase. After sperm entry [1], early events after fertilization include a calcium and a pH
increase and entry of amino acids [2]. GCN2 is inhibited by the amino acid increase, and eIF2α is
dephosphorylated and therefore active for the initiation step. The activated mTOR pathway
triggers 4E-BP phosphorylation and degradation, allowing eIF4E to engage in the initiation
complex with eIF4G. mTOR also activates eEF2 and the elongation step by phosphorylating and
inhibiting eEF2 kinase. Activation of the initiation and elongation steps of translation contributes
to the protein synthesis increase and mRNA translation after fertilization, in particular to cyclin B
synthesis leading to CDK1/cyclin B complex formation. Furthermore, a pool of eEF2 and eEF1B
are phosphorylated following the activation of CDK1/cyclin B, probably inducing localized or
selective translation. See text for details
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activities by binding next to the kinase region of mTOR but not competing with
ATP binding [69]. Using PP242, a novel and specific ATP-competitive inhibitor of
mTOR kinase [70], we recently confirmed that 4E-BP is degraded by an
mTOR-sensitive pathway triggered by sea urchin fertilization [71]. A few reports
[59, 60] had been published related to the ubiquitination of 4E-BPs and degradation
by the proteasome. In mammalian cells, 57Lys was the potential ubiquitination site
in 4E-BP1. Only hypophosphorylated 4E-BP1 could be degraded, suggesting that
4E-BP degradation proceeds only when 4E-BP is inaccessible to mTOR kinase
activity. Since mTOR inhibitors alter 4E-BP phosphorylation and degradation
following fertilization, it is unlikely that this mechanism of 4E-BP degradation
corresponds to the one observed in mammalian cells. Moreover, neither 57Lys nor
69Lys and 105Lys present in human 4E-BP1 are conserved in sea urchins [17, 53].
Thus it is likely that mTOR-mediated regulation of 4E-BP degradation after fer-
tilization relies on another molecular mechanism that remains to be elucidated.

Using two sea urchin species (Paracentrotus lividus and Sphaerechinus gran-
ularis) separated by 20 million years of evolutionary time, we showed that the
involvement of the mTOR signaling pathway in 4E-BP degradation, cyclin B
mRNA recruitment into polysomes and cyclin B protein accumulation following
fertilization is conserved [71]. Altogether, these data bring evidence of the control
of cyclin B translation via mTOR signaling and highlight the fine-tuning orches-
tration of mitotic cyclin translation required for CDK1 activation following fertil-
ization in sea urchins (Fig. 2).

Interestingly, the amount of cyclin B mRNA present in active polysomes appears
to be insensitive to PP242 treatment, suggesting that an alternative
mTOR-independent signaling pathway acts in parallel to control cyclin B mRNA
translation triggered by fertilization [71]. Some reports have put forward 3′
UTR-binding proteins in the control of cyclin B mRNA translation in different
species (reviewed in [72]). Whether a similar mechanism could be involved in the
alternative pathway for cyclin B translation remains to be uncovered in sea urchin.

Sea urchin contains genes involved in cytoplasmic polyadenylation such as
Symplekin, CPSF and CPEB (reviewed in [17]). Polyadenylation of mRNAs
increases following egg fertilization [73]. However, cordycepin, an inhibitor of
RNA adenylation, does not affect sea urchin development prior to hatching [74],
suggesting that CPEB-mediated polyadenylation is not required for the first mitotic
divisions in sea urchin. Interestingly, in starfish eggs, cyclin A and B are translated
after fertilization in a mechanism that appears not to be regulated by elongation of
poly(A) tail length [75], in contrast to meiotic maturation as described in the
previous paragraph [39]. Whether similar mechanisms implicated in cyclin mRNA
translation are conserved between sea urchin and starfish following fertilization
remains to be determined.
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4 eIF2α Regulation in Protein Synthesis Control
in Sea Urchin

Another regulatory mode at the level of eIF2 (eukaryotic translation initiation factor
2) plays a key role in the regulation of mRNA translation initiation. eIF2 is a
complex of three subunits (α, β and γ). Within a ternary complex with GTP and
initiator methionyl-tRNA, it mediates the delivery of initiator methionyl-tRNA to
the ribosomes. The GTP bound to eIF2 is hydrolyzed during the initiation step of
translation. The GDP to GTP exchange is catalyzed by eIF2B, a guanine-nucleotide
exchange factor. In response to stresses, the alpha subunit of eIF2 is phosphorylated
at a conserved serine (Ser-51 in mammals) and sequesters the guanine-nucleotide
exchange complex eIF2B, thus inhibiting translation initiation and general protein
synthesis while inducing the translation of specific mRNAs [76].

Phosphorylation of eIF2α is performed by four known serine/threonine protein
kinases that share a related kinase domain but respond to different stimuli through
specific regulatory domains: the general control non-derepressible 2 (GCN2), the
double-stranded RNA protein kinase (PKR), the PKR-like endoplasmic reticulum
kinase (PERK) and the heme-regulated inhibitor kinase (HRI) [77]. Only three
eIF2α kinases were described in the sea urchin genome, GCN2, PERK and HRI
[17]. It is currently accepted that translational control by eIF2α phosphorylation is a
conserved adaptation to cell stress that has existed since the onset of eukaryotes
[49].

In sea urchin, it had been suggested that eIF2 activity could play a role in the
protein synthesis regulation occurring at fertilization since the addition of eIF2B to
sea urchin egg extracts stimulated the protein synthesis rate [24, 78]. We showed
that the alpha subunit of eIF2 is regulated after fertilization [79]. In the sea urchin
unfertilized egg the eIF2α subunit is phosphorylated, as revealed by an antibody
directed against the phospho-Ser51-containing domain. Fertilization triggers the
dephosphorylation of eIF2α, while the amount of the protein is not modified. By
using a phosphomimetic mutant of eIF2α, we showed that dephosphorylation of
eIF2α is induced by fertilization and is necessary for the cell cycle division.
Therefore, our data indicate that eIF2α should contribute to the regulation of protein
synthesis required for the first mitotic division in sea urchin embryos [79] (Fig. 3).

Several lines of evidence suggest that GCN2, the most ancestral eIF2α kinase, is
likely to be involved in the regulation of eIF2α occurring in sea urchin fertilization.
GCN2 is expressed in early development (http://Echinobase.org) [33, 80], and
phosphopeptides corresponding exclusively to GCN2 were detected in unfertilized
eggs [81]. Phosphorylation of threonine residues in the activation loop of the GCN2
kinase domain is required for its activation [82]. The sea urchin GCN2 possesses
two potential autophosphorylation sites in the conserved kinase domain. Using an
antibody recognizing a phospho-peptide of the mouse activated kinase, we showed
that GCN2 is phosphorylated in unfertilized eggs and fertilization triggers the
dephosphorylation of the kinase [79]. These data suggest that GCN2 is active in
unfertilized eggs and is inactivated following fertilization.
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GCN2 is known to regulate protein synthesis in response to amino acid star-
vation. Several studies have shown that changes in amino acid uptake occur at
fertilization [83, 84], and recently functional amino acid transporters were cloned in
sea urchin [85]. GCN2 kinase possesses a HisRS domain homologous to
Histidyl-tRNA synthetases, which can be activated by the binding of uncharged
tRNAs. Increasing the pool of charged tRNAs would lead to inactivation of GCN2
[77]. We hypothesize that the increase in amino acid uptake at fertilization may lead
to an increase in the charged tRNAs pool. Interestingly, by using alcoholic
derivatives of amino acids, which are competitive inhibitors of tRNA synthetases
and inhibit amino acid charging of tRNA and aminoacylation of tRNA [86], we
could induce the phosphorylation of eIF2α and the inhibition of a protein synthesis
increase in sea urchin fertilized eggs [79].

GCN2 has recently been shown to act also as a cell cycle regulator: UV radiation
and DNA damaging agent MMS activate GCN2 in yeast and in human [87–90].
GCN2 regulates a G1/S checkpoint in yeast by acting upon the pre-replicative
complex [90]. Interestingly, exposure of sea urchin embryos to MMS induces the
phosphorylation of eIF2α and the inhibition of protein synthesis [91]. A report
showed recently that the checkpoint kinase pathway is involved in the G1 arrest in
sea urchin eggs [92]. Moreover, cell cycle arrested mouse oocytes contain active
GCN2 kinase [93]. Natural cell cycle arrests often use existing checkpoint control
occurring in dividing cells: an appealing hypothesis is that the GCN2 kinase, in
addition to its role in maintaining a low protein synthesis activity in reproductive
cells, may be implicated in the maintenance of cell cycle arrest in oocytes prior to
fertilization.

Interestingly, regulation of eIF2α phosphorylation has been shown in mouse [93]
and Xenopus [94] meiotic maturation and in drosophila egg activation [95] in
addition to our data in sea urchin fertilization. Therefore, the GCN2 kinase and its
downstream target eIF2α would not only be involved in the stress response, but
would also be implicated in protein synthesis, which is physiologically regulated in
unfertilized eggs and following fertilization.

5 Elongation in Sea Urchin

Besides the evident regulatory role of the initiation step, a number of data support a
role of polypeptide elongation in regulating important physiological processes such
as early development, neural function, cell stress, cell growth and proliferation, and
cancer development [96–99].

Regulating the elongation step is at first essential to ensure the coordination with
changes in the initiation rate in order to guarantee translational accuracy and
fidelity. Furthermore, inhibiting elongation, which results in freezing mRNAs
loaded on polysomes, the so-called stalled ribosomes, is a powerful means to ensure
that the cell is prepared for a fast response to a stimulus or for a rapid reversion
from a transient stimulation. Stalled ribosomes also have a protective function for
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the mRNAs by limiting access to the nucleases. Besides its role in the regulation of
the overall protein synthesis rate, it has been proposed that transitory inhibition of
elongation could be a means of specifically regulating the level of short-lived
proteins such as the pro-apoptotic proteins [100] and of favoring the translation of
mRNAs with weak translational efficiency as the mRNAs bearing TOP sequences
[101–103].

The process of peptide chain elongation involves the selection of an
aminoacyl-tRNA according to the codon sequence of the mRNA and the peptide
bond formation between the growing peptide and the incoming amino acid [104].
The elongation process is mediated by elongation factors. The first step depends on
eEF1A, a G-protein, and eEF1B, a guanine nucleotide exchange complex, and the
translocation step relies on a second G-protein, eEF2.

In sea urchin embryos, the fertilization-induced increase in protein synthesis was
reported to depend on the simultaneous increase of translational initiation and
elongation rates of maternal mRNAs a long time ago [105, 106]. It was further
shown that, in addition, the increase in the elongation rate displayed a significant
slowing down at the time of CDK1 activation in M-phase [107]. Altogether, the sea
urchin embryo model sounded suitable to study the regulation of protein synthesis
at the level of the elongation step.

The sea urchin genome revealed the existence of one single gene for eEF1A and
the different major subunits of eEF1B. The canonical nucleotide exchange protein
eEF1Bα, its associated structural protein, eEF1Bγ, present in all eukaryotes from
fungi to human, and the second nucleotide exchange leucine zipper containing
protein, eEF1Bδ, specific for the metazoan complexes, are present in the sea urchin
genome with more than 75 % identity with their human homologs [108].
ValyltRNA synthetase (VRS), the unique tRNA synthetase recovered in association
with eEF1B complex in most vertebrates, is present under two isoforms in the sea
urchin genome [17]. Remarkably, further analysis showed that none of them con-
tained the eEF1Bδ-binding domain, responsible for anchoring VRS to the eEF1B
complex in vertebrates. Since eEF1Bδ is already present in the sea urchin complex,
these data indicate that the association of eEF1Bδ and VRS in eEF1B complex
arises sequentially during metazoan evolution. In vertebrates, the function of this
specific association with a unique tRNA synthetase in vertebrates is not yet elu-
cidated; it was reported to potentially regulate the valine-rich protein translation in
reticulocyte lysate experiments [109] and may also be related to the potential
regulatory role of the tRNAs in the elongation process reviewed in [99]. Sea urchin
eEF1B thus represents a powerful opportunity to elucidate this function by com-
parison with VRS-containing complexes.

The functional reason for an increasing complexity of eEF1B composition
through evolution is still a matter of research (reviewed in [98, 110]). Obviously,
the presence of two proteins, eEF1Bα and eEF1Bδ, both sharing the nucleotide
exchange function in the same complex, remains puzzling. Biochemical analyses in
sea urchin embryos further complexify the situation. Indeed, sea urchin eEF1B
complex was shown to contain two eEF1Bδ isoforms [111]. Both eEF1Bδ isoforms
differ only by a 26AA insert present in the N-terminus of one of the proteins,

424 P. Cormier et al.



resulting from the alternative splicing of the same eEF1Bδ gene. Interestingly, in
silico genomic analysis revealed that an insert, sharing a comparable sequence and
the same localization (ahead of the leucine zipper motif), was found in all available
metazoan transcripts from cnidarian to human [98]. In sea urchin embryos, it was
further demonstrated that these two isoforms gave rise to two populations of eEF1B
complex, one containing only the insert-free eEF1Bδ isoform, the other containing
the insert-free and the insert-containing isoform with a 1:1 ratio [108]. This
structural feature, whose conservation through evolution supports a functional
relevance, must now be taken into account in the search for the specific role of
eEF1Bδ in the eEF1B complex.

The various subunits of eEF1B are phosphorylated by a number of
serine/threonine kinases (reviewed in [98]). The protein eEF1Bγ was indeed
identified as the first physiological substrate for CDK1/cyclin B, the universal cell
cycle regulator [112]. eEF1δ was also showed to be a CDK1/cyclin B substrate in
Xenopus eggs [113] as well as in human cells [114]. Searches in the data bank
showed that almost all deuterostome eEF1Bγ sequences and metazoan eEF1Bδ
sequences display CDK phosphorylation sites. Strikingly, the consensus site was
not found in sea urchin EF1Bγ but is present in the sequence of EF1Bα. Further
investigation in the published sequences showed that in each case where the CDK1
consensus site is absent from the EF1Bγ sequence it is found in the EF1Bα
sequence [98].

Mitotic phosphorylation of eEF1B therefore appears universally conserved on
one or the other of its subunits. Mitosis is commonly thought to be associated with
reduced protein translation. In sea urchin embryos, such inhibition was observed as
M-phase associated pauses in the global fertilization-induced elongation increase
[107]. In the human cell, CDK1-induced eEF1Bδ phosphorylation results in hin-
dering the tRNA delivery to ribosomes [114]. In sea urchin, concomitantly to the
elongation pauses, eEF1B complex showed intracellular localization changes dur-
ing mitosis [111]. In human fetal brain cells, eEF1Bδ was found to anchor the
eEF1B complex to the endoplasmic reticulum by binding to kinectin, potentially
favoring the synthesis of membrane proteins. On the other hand, eEF1Bα appears
involved in eEF1A activities on the actin/tubulin cytoskeleton (reviewed in [110]).
The implication of eEF1B phosphorylation(s) in those localizations has not yet been
reported. Nevertheless, we hypothesize that mitotic eEF1B phosphorylation would
regulate elongation by transiently decreasing translation in the context of the huge
global protein synthesis increase involved in early development whereas favoring
localized or selective proteins required for cell division (Fig. 3).

The second step of peptide chain elongation has been the subject of more
attention to translational regulation. This step is catalyzed by eEF2, a monomeric
protein that is inactivated by phosphorylation. The phosphorylation/activation state
of eEF2 relies on the activity of EF2 kinase, an unusual calcium-calmodulin kinase,
whose only substrate is eEF2. eEF2 kinase activity is regulated by multiple
phosphorylation sites, which either activated (PKA, AMPK) or inhibited
(mTOR/S6 kinase, ERK/RSK) the kinase (reviewed in [115]). eEF2 K is therefore
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the integrating target of several signaling pathways that lead to protein synthesis
regulation through the phosphorylation of its unique substrate eEF2.

Immunological studies in sea urchin eggs demonstrated for the first time that
eEF2 is present in the cell under two isoforms differing by 2-kDa MW [116]. These
two isoforms most probably issued from the alternative translation at an internal
initiation codon existing in the transcript of the unique eEF2 gene present in the sea
urchin genome [17]. The longer isoform is ten times more abundant than the shorter
one. Both isoforms are phosphorylated in unfertilized eggs on the threonine residue
(threonine 57), a substrate for eEF2 kinase (Fig. 3). This immunological determi-
nation has recently been supported by a phosphoproteomic analysis in sea urchin
eggs [81].

Both isoforms are phosphorylated in unfertilized eggs in accordance with the
low rate of protein synthesis in these cells. Fertilization induces the rapid
dephosphorylation of both isoforms correlated with the global increase in protein
synthesis. At first sight, this result seems surprising since fertilization induces
calcium signaling pathway activation, which would rather result in activating eEF2
kinase. The most probable explanation is that mTOR pathway activation induced by
fertilization (see above) triggers a dominant negative inhibition of eEF2K through
direct or indirect phosphorylation at multiple sites (review in [115]). Whatever the
mechanism, these data demonstrate that, in addition to the activation of the initi-
ation step, a stimulation of elongation by eEF2 dephosphorylation contributes to the
activation of global protein synthesis induced at fertilization in sea urchin embryos.

Interestingly, the longer eEF2 isoform, the more abundant one, remains dephos-
phorylated during the first cell cycles, probably ensuring the sustained increase in
global protein synthesis, which goes on throughout early development. On the other
hand, the shorter isoform, which accounts for the less abundant eEF2 fraction, is
progressively re-phosphorylated on the same eEF2 kinase-specific site (threonine 57),
with a cell-cycle dependent behavior. It was further shown that this re-
phosphorylation is required for proper cell division. A recent report indicated that
human eEF2 contains a CDK phosphorylation site (serine 595, conserved in the sea
urchin sequence) and that phosphorylation at this site is required for efficient phos-
phorylation of the eEF2 kinase-inhibiting site [117]. We suggest that in sea urchin a
specific and/or localized pool of eEF2, a target for CDK, would be re-phosphorylated
at the M-phase stage and involved in the already-mentioned elongation pauses [107],
possibly on selective mitotic protein(s) translation, as proposed in [116].

Altogether, analysis of sea urchin elongation factors revealed increasing com-
position complexity through eukaryotic organism evolution as well as significant
conservation of a number of domains and phosphorylation sites, highlighting a
functional relevance. This thus opens important new roads in the study of trans-
lational control at the level of elongation. Due to its occurrence more than 30 times
over the initiation process for a mean size protein, it was long considered that
elongation regulation is particularly advantageous for a cell. It is rapid, easily
reversible and energy saving. Deciphering the mechanism of elongation regulation
is therefore an important challenge. Sea urchin analyses appeared a promising way
in this domain, particularly at the level of a localized or selective translation control.
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6 Conclusions and Perspectives

The last few years have witnessed a surge of new information on the regulation of
translational actors involved in the physiological inhibition of protein synthesis in
echinoderm oocytes and unfertilized eggs. It is now clear that there are multiple
ways in which overall rates of mRNA translation can be controlled in response to
fertilization of sea urchin eggs (summarized in Fig. 3). At least three translation
factors are activated in vivo in response to egg fertilization, leading to an increase of
protein synthesis. Combining biochemical and cellular analyses of the translational
actors activated by fertilization will continue to provide valuable information about
the physiological importance of the translational machinery involved in the trans-
lation of the proteins required for the mitotic division and the early development of
the embryos. Studies in echinoderms allowed for the comparison of translation
regulation occurring at meiotic maturation and fertilization and have shed light on
pathways controlling cyclin B translation that differ according to the stages of the
cell cycle. Further work is needed to tackle the temporal and molecular switch
between polyadenylation regulation and translational derepression.

mTOR-mediated regulation of 4E-BP degradation represents a new means to
regulate eIF4E availability, and the molecular mechanism of 4E-BP degradation in
sea urchin egg remains to be elucidated. mTOR signaling plays a major role in the
fine-tuning orchestration of cyclin B mRNA translation following fertilization in sea
urchin. Translatome analysis, by carrying out polysome profiling coupled with
high-throughput sequencing technologies, should allow the identification of the
subset of mRNAs present in unfertilized eggs that are actively translated and that
are under the control of the mTOR signaling pathway activation triggered by fer-
tilization. The identification of the sets of protein that are translated following
fertilization should help establish translational regulatory networks that control the
early events of the embryonic development.

Combining mathematical and biological approaches, and taking advantage of the
quasi-spherical shape and constant volume of the sea urchin egg, the analysis of the
spatio-temporal dynamics of the mTOR pathway and its impact on protein synthesis
should provide important information on the dynamics of the system.
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Unique and Conserved Features
of the Protein Synthesis Apparatus
in Parasitic Trypanosomatid
(Trypanosoma and Leishmania) Species

Osvaldo P. de Melo Neto, Christian R.S. Reis, Danielle M.N. Moura,
Eden R. Freire and Mark Carrington

1 Trypanosomatids: Taxonomy, Life Cycle, Genome
Organization and Post-transcriptional Control of Gene
Expression

Trypanosomatids are protozoans characterized by a single flagellum and distinct
cellular morphologies. The best-characterized trypanosomatids are Leishmania and
Trypanosoma species, mainly those that are pathogenic in humans and other
mammals. The pathogenic species tend to have complex life cycles with many
developmental forms that occur successively during the physical transit between
different tissues of the invertebrate vector and mammalian host. These are
responsible for different diseases of worldwide impact, targeting millions of people
mainly in low-income countries and are classified as neglected diseases by the
World Health Organization. Chagas disease and human African trypanosomiasis
are caused respectively by two Trypanosoma species, T. cruzi and T. brucei, while
different Leishmania species are responsible for the various forms of Leishmaniasis.

Trypanosomatids are classified within the order Kinetoplastida (phylum
Euglenozoa, supergroup Excavata), which includes both free-living and pathogenic
organisms. The Kinetoplastida are characterized by a specialized single mito-
chondrion containing an internal array of concatenated mitochondrial DNA mole-
cules forming a structure, visible with the light microscope, called the kinetoplast
[1]. The Kinetoplastida probably represent one of the earliest diverged groups of
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eukaryotes and consequently have had *1 billion years of separate evolution.
Within the Kinetoplastida, the family Trypanosomatidae (the trypanosomatids)
contains species that are all symbiotic/parasitic and probably co-evolved with
invertebrates. The majority of species retain a single host, but some have evolved to
infect a second host. The range of the secondary host species is amazing; some
infect mammals, others infect vascular plants and others everything in between. The
evolution of the ability to infect a secondary host must have occurred many times
[2, 3].

The environment encountered by the trypanosomatid cell can change dramati-
cally, especially when transferring between hosts, and its adaptive response
includes changes in the cell morphology, cell surface and catabolic metabolism; all
of course downstream of regulated changes in gene expression. For example,
Leishmania sp. are intracellular within their mammalian hosts, where they multiply
as amastigotes, rounded cells with no protruding flagellum, within the phagolyso-
somes of macrophages, at conditions of acidic pH at 37 °C [4, 5]. When transferred
to a hematophagous sandfly vector, they first differentiate into extracellular, elon-
gated, flagellated forms (promastigotes and others), which proliferate at neutral pH
and ambient temperature in the insect gut. These then migrate to the salivary glands
where they differentiate once again to metacyclic forms, endowed with a very long
flagellum and pre-adapted for survival within the mammalian host [6]. A new cycle
is started when the infected insect once again feeds upon a mammal.

The ability to survive through their complex life cycles requires that the try-
panosomatids precisely regulate their gene expression in order to adapt to the
different extracellular environments. This regulation has to be superimposed on a
gene expression mechanism that evolved while the world was a simpler place.
A decade ago, the availability of the first three trypanosomatid genomes, the
TriTryps [7–10], followed by subsequent genomes from major lineages [11], led to
a major boost in the study of genome structure and gene expression [12–14]. The
most unexpected aspects of the genome structures were the arrangement of protein
coding genes into long tandem arrays and the conservation of synteny within the
arrays despite divergence in chromosome number and size. This conservation of
gene order is linked to the mechanism of RNA polymerase II transcription and
mRNA maturation; tens of protein-coding genes are encoded in tandem arrays and
co-transcribed from occasional transcription start sites. No defined promoters for
RNA polymerase II-dependent protein coding genes have been characterized so far,
but changes in the pattern of histone modifications have been seen to be associated
with these regions and might be required for transcription to start/stop [15–17].

Transcription in trypanosomatids is thought to be constitutive as there is little or
no evidence for selective use of RNA pol II [18], although the overall rate of
transcription initiation is regulated. Whether RNA pol II transcribes different tan-
dem gene arrays at the same rate remains to be tested. There is co-transcriptional
processing of the pre-mRNAs to monocistronic mRNAs, through trans-splicing of
a capped *39 nucleotide mini-exon donated from the Spliced Leader (SL) RNA to
the 5′ end of each mRNA and a linked cleavage and polyadenylation of the
upstream mRNA. Both processes are mediated by the same set of sequence motifs
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found within the precursor mRNA [19–21]. Prior to trans-splicing, the SL RNA is
modified with a ‘cap 4’ structure at its 5′ end consisting of the typical inverted
7-methyl-GTP commonly followed by methylations at various positions on the first
four nucleotides of the SL sequence (AACU) [22, 23]. All mature trypanosomatid
mRNAs then are characterized by the SL sequence plus cap 4 at their 5′ ends with
the typical eukaryotic poly-A tails at their 3′ ends.

The constitutive nature of transcription in trypanosomatids, lack of defined
promoters and the long polycistronic transcription units indicate an absence of most
known mechanisms for selective transcriptional control of gene expression. It
follows that most processes associated with the regulation of gene expression are
mediated at the post-transcriptional level. Many of these may act at the level of
mRNA processing, transport, storage, translation and half-life, while others likely
act at the post-translational level, through the regulation of protein modification and
degradation, in most cases by yet undefined mechanisms [24–28]. Translation is a
key step in quantitative regulation of gene expression in trypanosomatids, and a
major role is expected to be played during its initiation stage. Several unique
features of the trypanosomatid translation initiation apparatus have been identified
and will be discussed in detail below. This review also provides an update on what
is known regarding other major elements of the protein synthesis machinery in
trypanosomatids, including other translation factors, ribosomal subunits and
RNA-binding proteins, always comparing data from the best studied species
belonging to the genera Leishmania and Trypanosoma. Here, when discussing
individual trypanosomatid polypeptides, all will be named in capital letters fol-
lowing the proposed nomenclature for trypanosomatid proteins [29].

1.1 Eukaryotic Initiation Factors (eIFs) and Translation
Initiation

The picture that emerges from searches for genes encoding translation initiation
factors (eIFs) within the available trypanosomatid genomes is the conservation in
regard to the presence of a complete set of initiation factors. Apart from the
automatic annotation made with the original sequencing of the first trypanosomatid
genomes, however, little has progressed regarding the characterization of many of
their eIFs and the evaluation as to the degree they are conserved in function when
compared to other eukaryotes. Nevertheless, substantial progress has been made
concerning the characterization of individual polypeptides/complexes. Here, in
order to systematically evaluate what is known regarding their translation initiation
factors, this review will first discuss those factors that consist of single polypeptides
(eIF1, eIF1A, eIF4B, eIF5, eIF5B and eIF6), followed by less well-studied com-
plexes of multiple subunits (eIF2, eIF2B, eIF3) and a more detailed description of
the multiple eIF4F complexes, and their subunits, which have been characterized
recently in these organisms.
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1.1.1 Single Polypeptide Translation Initiation Factors

Most single polypeptide eIFs—eIF1, eIF1A, eIF5, eIF5B and eIF6—have readily
identifiable trypanosomatid orthologs, annotated as such within the various genome
sequences available at the TriTrypDB database. The single exception is eIF4B,
which is more divergent in sequence, as exemplified by a comparison of human,
yeast and plant eIF4Bs [30]. Trypanosomatids lack clearly identifiable eIF4B
orthologs, and it will not be discussed further. None of the above remaining factors
have been specifically targeted for more detailed studies in trypanosomatids,
although an eIF6 sequence was early on described from Trypanosoma cruzi after
being found encoded within a genomic DNA fragment containing a short inter-
spersed repetitive element (SIRE) [31]. Several of these factors, however, were
found to co-purify with other translation initiation complexes studied in these
organisms, therefore providing clues as to their functional properties. Leishmania
EIF1, for instance, strongly associated with the eIF3 complex in a co-precipitation
assay using polyclonal antibodies directed against its EIF3E subunit. In this
experiment, no other eIF, or even the EIF3J subunit of eIF3, co-precipitated with
the 11-subunit eIF3 complex, highlighting the strict conditions in which the
purification was carried out [32]. The strong interaction between the Leishmania
EIF1 and the eIF3 complex was independently observed using a slightly different
approach where a streptavidin-binding-peptide (SBP)-tagged EIF3E was also used
to precipitate eIF3 using streptavidin-Sepharose beads. In this assay the EIF1A and
EIF5 orthologs also co-precipitated with the eIF3 complex, as well as the orthologs
for the three eIF2 subunits. This pattern of co-precipitation, also seen using a tagged
Leishmania EIF3A subunit, was proposed to indicate the presence in the try-
panosomatids of the multi-factor complex (MFC), formed by EIF1, EIF1A, EIF5
and both eIF3 and eIF2 complexes, independently of the ribosome [33]. Leishmania
EIF5 also co-precipitated with two eIF4E homologs (EIF4E1 and EIF4E4), when
these two proteins were tagged with the SBP, in an assay that also brought down
several eIF3 and all eIF2 subunits, but no EIF1 or EIF1A [34]. EIF6 has also been
seen to co-precipitate with eIF3 [33] and EIF5B with EIF4E1/EIF4E4 [34] in the
assays described above, but no further functional data have been described asso-
ciated with them. In an extensive analysis of the parasite’s phosphoproteins [35],
the T. brucei EIF6 ortholog was found to be phosphorylated at a single serine
residue near to its C-terminus; however, the serine is not conserved in L. major
EIF6, and the phosphorylation is distinct from the previously reported eIF6 phos-
phorylation from other organisms [36]. Overall the analysis of these different eIFs
in trypanosomatids highlights their overall conservation within the eukaryotes but
emphasizes the need for a better investigation in order to define conserved and
divergent aspects of their functions.
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1.1.2 eIF2, eIF2B and eIF2a Kinases

Orthologs of all three eIF2 subunits are found in the trypanosomatid genome
sequences, but so far only the EIF2a subunit has been investigated. The two other
eIF2 subunits (EIF2b and EIF2c) have yet to be characterized, although both, and
EIF2a, co-precipitated with tagged eIF3 and eIF4F subunits [33, 34], as described
elsewhere in this review. Orthologs to all five eIF2B subunits are also present in the
genome sequences although they have not been characterized either. The overall
conservation is much higher for the three regulatory subunits (EIF2Ba, EIF2Bb and
EIF2Bd) when compared with the catalytic ones (EIF2Bc and EIF2Be) [de Melo
Neto et al., unpublished observation], which is consistent with only the regulatory
subunits having defined archaean homologs [37, 38]. The pattern seen then from
both eIF2 and eIF2B subunits is consistent with a conserved role for these factors
throughout the eukaryotes, although unique features have been found for those
polypeptides studied in more detail. One noteworthy feature has to do with the
regulation of eIF2 and eIF2B function by novel phosphorylation events. Not only
EIF2a, but also EIF2c and two regulatory subunits of eIF2B (EIF2Bb and EIF2Bd)
have been identified as phosphoproteins [35], and, in an independent analysis,
EIF2Bb has also been found to be targeted by tyrosine phosphorylation [39].

A trypanosomatid EIF2a was first identified within the first published genome
sequences from T. brucei in a study that had as its main focus the characterization
of its EIF2a kinases [40]. The T. brucei EIF2a gene was found to codify for an
extended protein containing many features conserved in eukaryotic eIF2a
sequences but including an N-terminal extension only present in other trypanoso-
matids. This extension is roughly 110 amino acids long and shows little variation
between the Trypanosoma and Leishmania sequences. When ectopically expressed
in Saccharomyces cerevisiae cells, the full-length T. brucei sequence could not
complement a lack of the endogenous yeast protein; however, a truncated T. brucei
EIF2a, missing its N-terminal extension, was functional. Despite an overall con-
servation in the predicted loop that includes the serine 51 (S51) residue targeted for
phosphorylation by eIF2a kinases in other eukaryotes, this residue is replaced by a
threonine in different trypanosomatid sequences (T169 in T. brucei EIF2a). This
T169 residue, nevertheless, was efficiently phosphorylated by a T. brucei EIF2a
kinase although it did not seem to be recognized by other eukaryotic eIF2a kinases
[40].

Three potential eIF2a kinases (TbEIF2K1 to TbEIF2K3) have been identified in
trypanosomatids, originally from T. brucei. TbEIF2K2 and its orthologs have been
the focus of several functional studies in both Leishmania and Trypanosoma spe-
cies and will be discussed in more detail. In T. brucei, it is a transmembrane
glycoprotein located in or near the flagellar pocket that has been shown to
specifically phosphorylate yeast eIF2a at S51 and also phosphorylates the T. brucei
EIF2a at T169. This kinase is also targeted by phosphorylation, with its phos-
phorylation pattern changing during the parasite’s life cycle, and it has been sug-
gested that it could be involved in sensing protein or nutrient transport [40]. Its
ortholog in T. cruzi has been recently characterized (TcK2) and seen to localize to
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the endosomal compartment where it binds heme and is inhibited by it [41]. In
Leishmania, the TbEIF2K2 ortholog (*44 % identical) has been identified as a
PERK kinase homolog, a glycosylated transmembrane protein that localizes to the
endoplasmic reticulum, phosphorylates Leishmania EIF2a at T166 (equivalent to
the T. brucei’s T169) and also undergoes autophosphorylation. It has been shown
that this PERK kinase homolog is differentially targeted by post-translational
modifications during Leishmania’s life cycle and that these modifications are also
seen after treatment with an agent that induces stress to the endoplasmic reticulum
[42]. These modifications are presumed to be phosphorylation, which would likely
be associated with the kinase activation, EIF2a phosphorylation and translation
inhibition. In T. cruzi, a nutritional stress has also been shown to induce EIF2a
phosphorylation [43], highlighting the central role that the EIF2a kinases and
EIF2a phosphorylation may have in the regulation of translation in response to
different cellular stresses. However, this may not always be so, since in T. brucei
the phosphorylation of the EIF2a T169 residue was not found to be associated with
a decrease in polysomes seen in cells stressed through heat shock [44]. A second
EIF2a kinase, TbEIF2K3 or PK3, has only recently been studied in more detail and
also seen to partially localize to the endoplasmic reticulum, but, upon stress
induction and phosphorylation, translocates to the nucleus where it seems to
phosphorylate factors associated with transcription events [45].

Several different studies have indicated a requirement for a tight control of
protein synthesis associated with EIF2a phosphorylation and linked to the differ-
entiation processes seen during different trypanosomatid life cycles. In Leishmania
an increase in EIF2a phosphorylation has been seen to correlate with a decrease in
overall protein synthesis, which occurs during the differentiation to amastigote
forms (which live in their mammalian hosts) [46, 47]. Furthermore, the overex-
pression of a dominant version of the PERK kinase, which inhibits EIF2a phos-
phorylation, delays differentiation [42]. In T. cruzi, blocking the attenuation of
protein synthesis by the overexpression of a mutant form of EIF2a, which cannot be
phosphorylated, abolished the differentiation of the parasite’s epimastigote form
(which grows in the insect vector) into infective metacyclic forms [43]. More
recently, the study of the T. cruzi TcK2 kinase has indicated a critical role for this
protein during the differentiation process, linking it to the metabolism of heme. In
its absence, activation of TcK2 leads to EIF2a phosphorylation, translation arrest
and differentiation [41].

1.1.3 eIF3

The eIF3 complex in trypanosomatids has only recently been the focus of more
detailed studies, although seven eIF3 subunits (A, C, E, G, I, K and L) were initially
detected in Leishmania in complexes that were pulled down with an eIF4E
homolog, EIF4E3, but not with its partner, EIF4G4 [48]. Recently, 12 Leishmania
eIF3 subunits (A through L, with the exception of the M subunit) were identified
using an in-depth bioinformatics study with subsequent biochemical validation.
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This study used the Leishmania EIF3E as a target to immunoprecipitate the whole
complex followed by mass spectrometry analysis. The biochemical data indicate a
lack of association of the EIF3J subunit to the complex, and an important finding
was the strong interaction between EIF1 and the whole eIF3 complex [32]. An
independent study combining bioinformatics with affinity purification and mass
spectrometry identified the same subunits and additionally demonstrated that the
EIF3J subunit may be part of the complex in Leishmania [33].

Comparative functional studies of the eIF3 complex in trypanosomatids have
just been started, and, as expected, all identified eIF3 subunits were found in
polysome fractions in T. brucei [49]. In L. amazonensis, pull-down of a tagged
eIF4G homolog, EIF4G3, expressed in transgenic cells, resulted in efficient capture
of eIF3 subunits, implicating this eIF4G homolog as a possible link to recruit eIF3
and the 43S pre-initiation complex to the mRNAs in these protozoans, in a manner
reminiscent to what is seen in others eukaryotes. The same work identified a direct
interaction between eIF3 and an eIF4E homolog, EIF4E1, which in turn does not to
bind any eIF4G or eIF4G-like protein. Through yeast two-hybrid experiments, this
interaction was mapped between the C-terminus of the EIF3A subunit and EIF4E1
[33]. The biological function of this interaction between EIF3A/EIF4E1 is not yet
clear, but it could serve as a novel mode of eIF3 recruitment to the mRNA, pre-
sumably directed to selected populations of mRNAs, and which would bypass the
need for any eIF4G function.

Phosphorylation sites for multiple eIF3 subunits have also been identified in
T. brucei, with single sites reported for EIF3B, EIF3D, EIF3E, EIF3I and EIF3K,
while four sites were found targeting EIF3C [35]. When compared to known
phosphorylation events targeting the mammalian eIF3 subunits [50], most were not
conserved, with the exception of those targeting EIF3C. Three of the four T. brucei
EIF3C sites mapped to its N-terminal end, remarkably conserved between homo-
logs from different eukaryotes and required for its interaction with eIF5 [32]. The
equivalent segment from both human and plant eIF3c is also targeted by multiple
phosphorylation events [50, 51], and in plants these have seen to be mediated by the
CK2 kinase, which also targets several other initiation factors that are part of the
MFC complex. It has been proposed that the CK2 kinase, through the phospho-
rylation of the plant eIF3c subunit and other translation factors, may have a role in
regulating translation initiation in plants [51], and the conservation in target sites
among trypanosomatids, plants and mammals might indicate a mechanism con-
served through most eukaryotic lineages.

1.1.4 eIF4F

In trypanosomatids the eIF4F subunits have been the focus of several recent papers
that have begun to unravel their role during translation initiation and have high-
lighted a novel pattern for eIF4F-like complexes. Multiple homologs for the eIF4A,
eIF4E and eIF4G subunits have then been described, conserved in different
Leishmania and Trypanosoma species, which associate into multiple eIF4F-like
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complexes with yet unresolved roles in translation [23, 52–56]. Here we review
what is known about these factors, the complexes in which they participate, protein
partners and possible biological roles. Figure 1 summarizes then the data available
regarding these subunits that are discussed in more detail below.

eIF4A

The first translation initiation factor identified in trypanosomatids was an eIF4A
homolog, identified after the screening of a genomic expression library from
Leishmania braziliensis for immunologically relevant proteins [57]. Subsequently,
the L. major ortholog was cloned and characterized as part of an effort to investigate
its role in inducing protective immunity against leishmaniasis [58]. With the focus
on studying translation initiation and the eIF4F complex in Leishmania and other

Fig. 1 Comparative scheme of the trypanosomatid eIF4E homologs and their respective
eIF4F-like complexes, mostly as defined from T. brucei. Group 1, formed by eIF4E homologs
that do not interact with eIF4G partners: EIF4E1/EIF4E1-IP [34] and EIF4E2, with so far
unknown partner(s). Group 2, formed by eIF4E homologs that form complexes involved in
translation: EIF4E4/EIF4G3/EIF4AI/PABP1 and EIF4E3/EIF4G4 (which may or not also interact
with EIF4AI and PABP2) [34, 48, 63]. Group 3, formed by eIF4E homologs that interact with
eIF4G partners and also with putative cap-generating proteins: EIF4E5/EIF4G1/Tb117.5/Tb47.5
and/or EIF4E5/EIF4G2/Tb17.9/14-3-3 I/14-3-3 II [56]; EIF4E6/ EIF4G5/ EIF4G5-IP [75]
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trypanosomatids, sequences encoding two eIF4A homologs were first identified
through Blast searches using the human eIF4A as query against the L. major
genomic sequences. These were first named EIF4A1 and EIF4A2, and conserved
orthologs were found from other trypanosomatid sequences. When used to evaluate
their evolutionary relationship with other eIF4A sequences in a Phylogenetic tree
based on their sequence alignment, the trypanosomatid eIF4As were found to
cluster together in branches distinct from the human eIF4A homologs.
Nevertheless, EIF4A1 was >100-fold more abundant than EIF4A2 and was the only
one able to bind to a Leishmania eIF4G homolog (EIF4G3), although it did not
bind to human eIF4G [52]. Further functional assays were carried out in yeast
where the Leishmania EIF4A1 gene was not able to complement the deletion of the
endogenous eIF4A genes, and the overexpressed protein, despite being able to
interact with yeast eIF4G, inhibited cell growth [59]. Using T. brucei as a model,
the two eIF4A sequences were further characterized, with its EIF4A1 ortholog seen
to localize to the cytoplasm while EIF4A2 localized strictly within the nucleus.
Metabolically labeling with 35S-methionine after RNA interference induction and
growth curve analysis of cells expressing dominant negative versions of the two
proteins were then carried out to investigate their function more directly. The data
derived from these experiments conclusively defined EIF4A1 as the eIF4A
homolog involved in translation initiation. Further sequence analysis, with the focus
on identifying individual amino acid residues that could discriminate between
eIF4AI and eIF4AIII orthologs, clearly grouped the second trypanosomatid eIF4A
homolog with EIF4AIII orthologs from major eukaryotic lineages and pinpointed
several residues that could have functional relevance for both proteins [60]. The
identification of an eIF4AIII ortholog in trypanosomatids was an unexpected event
considering its known role in mRNA splicing as part of the exon-junction complex
[61]. Nevertheless, subsequently, further core components of this complex, such as
the conserved Mago protein, were found in trypanosomatids, although no direct
interaction was seen between a dimer of the Mago and Y14-like subunits and the
EIF4AIII ortholog [62].

eIF4E

The initial studies carried out with the purpose of characterizing the trypanosomatid
eIF4E homologs were based on homology searches using mammalian or yeast
eIF4E sequences as queries against Leishmania genomic sequences. These resulted
in the identification of four homologs that were subsequently targeted for functional
studies [52, 53]. More recently, two further eIF4E homologs, more divergent in
sequence, were identified in T. brucei, with orthologs in other trypanosomatid
species [56]. To date then, six trypanosomatid eIF4E homologs (EIF4E1 to E6)
have been identified, conserved in both Leishmania and Trypanosoma species and
that can be paired in three distinct groups, based on structural and molecular
properties and on associated protein partners [52, 56, 63]: Group 1 consists of
EIF4E1 and EIF4E2; group 2 is formed by EIF4E3 and EIF4E4; group 3, more
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recently identified, is formed by EIF4E5 and EIF4E6. None of these trypanoso-
matid eIF4E groups can be confidently assigned to any of the better known classes
of eIF4E homologs found in multicellular organisms [64], suggesting independent
duplication events.

Group 1 This group is formed by proteins with sizes similar to human and yeast
eIF4Es, which interact with the cap structure but not with eIF4G homologs.
EIF4E1, the first eIF4E homolog identified in L. major (LeishIF4E-1) [65], is a
24-kDa protein (26 kDa for T. brucei) with 23 % identity to the human eIF4E-1
homolog and containing seven of the eight conserved tryptophan residues typical of
eIF4E family members. These include the three residues involved in cap binding
(W56, W102 and W166 positions in human eIF4E-1), with the tryptophan involved
in eIF4G interaction (equivalent to W73 in human eIF4E) being replaced by a
phenylalanine. EIF4E2 was described from Leishmania as a 31.5-kDa protein (28.3
in T. brucei) possessing all conserved tryptophan residues typical of the eIF4E
protein family [52] and sharing 29 % identity with the human eIF4E-1. EIF4E1 and
EIF4E2 were identified as cytoplasmic proteins in Leishmania [53], but in T.
brucei, when overexpressed as fluorescent fusions, both behaved as
nucleo-cytoplasmic polypeptides [63]. Neither of these two eIF4E homologs are
abundant polypeptides, and they are present in levels far below those estimated for
their group 2 counterparts (EIF4E3 and EIF4E4; group 3 eIF4Es have not been
quantified so far), in both Leishmania and T. brucei [52, 63].

EIF4E1 from both Leishmania and T. brucei is able to bind to
m7GTP-Sepharose, and the same applies for the EIF4E2 from T. brucei. The
EIF4E2 from Leishmania differs from its T. brucei ortholog in that it does not bind
to m7GTP-Sepharose beads [52, 53, 63, 65, 66]. The difference between the EIF4E2
orthologs may be caused by an insertion between W113–W130 in the Leishmania
protein that could hypothetically change the protein folding, making it unable to
bind m7GTP-Sepharose [55]. Additional analysis using cap analogs in vitro have
shown that the Leishmania EIF4E2 binds preferentially to the methylated cap 4
structure, while EIF4E1 binds well to both m7GTP cap and the cap 4 [53].

Polysome distribution analysis reported for Leishmania EIF4E2 placed it in both
monosome and polysome fractions and suggested an association with translating
mRNAs. In contrast, the data for EIF4E1 were contradictory since they were first
reported as present exclusively on the top fraction of a sucrose gradient, which is
not associated with ribosomes, but subsequently was also seen to be associated with
polysomes [53, 67]. Most of the early work with the Leishmania eIF4Es was carried
out with the insect promastigote form, since it is easily cultured. The cultured
vertebrate stage, the intracellular amastigote, is not easily available and doesn’t
necessarily reflect the pattern of gene expression present in the true intracellular
parasite [68]. Nevertheless, experiments using axenic amastigote cells from L.
amazonensis found that EIF4E1 was the single eIF4E with increased expression in
amastigotes, and it was proposed that EIF4E1 would be a functional eIF4E in
amastigotes [34]. This possibility was reinforced by the recent identification of a
direct interaction between EIF4E1 and the EIF3A subunit of eIF3, an interaction
that would eliminate the need for an eIF4G intermediate [33]. In addition, a
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Leishmania EIF4E1-binding protein was identified, later called Leish4E-IP (here
4E1-IP), that has no homology to eIF4G or eIF4E-BP but contains the short con-
served eIF4E-binding motif. This protein has been seen to preferentially bind to
EIF4E1 only during its promastigote stage, leading to a model where the release of
EIF4E1 by 4E1-IP during amastigote differentiation would lead to changes in
mRNA translation mediated by the freed EIF4E1 [34]. The evidence from T.
brucei, however, does not support this model. In T. brucei, neither EIF4E1 nor
EIF4E2 is essential for cell survival in the insect procyclic forms although EIF4E1
is essential for the human bloodstream forms. Depletion of both together in pro-
cyclics led to a rapid cell death without any apparent effect on general translation.
The fact that neither is able to bind to any of the described eIF4G homologs also
makes them unlikely candidates for bona fide eIF4Es acting during translation
initiation [63]. More recently, no association between EIF4E1 or EIF4E2 and
polysomes could be detected in T. brucei in a proteomic analysis of the polysome
constituents from both life stages of its life cycle [49]. In fact, in a search for
translation regulators from T. brucei, using a tethering assay where selected factors
were bound to the 3′ UTR of reporter mRNAs, both EIF4E1 and the 4E-IP
ortholog were seen to cause translational repression of the mRNA to which they
were bound [69, 70].

Group 2 This group consists of EIF4E3 (29 % identity between L. major
EIF4E3 and human eIF4E-1) and EIF4E4 (31 % identity with the human eIF4E).
Both proteins are characterized by N-terminal extensions not seen in other eIF4Es
from eukaryotes outside the kinetoplastids. In L. major, EIF4E3 is a 38-kDa protein
(48 kDa in T. brucei) while EIF4E4 is slightly larger in size, 48 kDa (46 kDa in T.
brucei). The group 2 eIF4Es are characterized by substitutions in key residues
involved in cap binding: the human W56 is replaced by a phenylalanine or tyrosine
in both EIF4E3 and EIF4E4 and the almost universally conserved WED motif,
which includes the W102 residue, is replaced by WEH in EIF4E3 (also seen in the
trypanosomatids’ EIF4E2 homologs). Several other tryptophan residues generally
conserved in eIF4E homologs (three for EIF4E3 and two for EIF4E4) are also
modified, although mostly replaced by aromatic residues. Both proteins are cyto-
plasmic and the most abundant trypanosomatid eIF4E homologs. EIF4E4 binds
efficiently to m7GTP-Sepharose beads and to the soluble m7GTP cap or cap 4,
while EIF4E3, despite being able to bind to m7GTP in solution, binds poorly to the
m7GTP beads or to soluble cap 4 [52, 53, 55, 63].

EIF4E3 and EIF4E4 are constitutively expressed in the insect and vertebrate
developmental forms of T. brucei [63], but they have been found to be downreg-
ulated in the amastigote, vertebrate stage of L. amazonensis [34]. Both proteins
undergo post-translational modifications, specifically multiple phosphorylation
events, during cell growth of T. brucei and L. amazonensis. EIF4E4 phosphory-
lation in both organisms was found to be associated with exponentially growing
cells while phosphorylation of EIF4E3, in L. amazonensis only was associated with
stationary phase cells [71]. For L. infantum EIF4E4, which had its phosphorylation
characterized in more detail, it was found to be constitutively expressed in the two
stages of the parasite cell cycle, and phosphorylation was seen to be typical of

Unique and Conserved Features of the Protein Synthesis … 445



exponential growth in both life stages. These phosphorylation events did not require
binding to eIF4G homologs, ruling out a Mnk-like pattern of phosphorylation, and
the target sites were mapped to several serine/proline or threonine/proline motifs
localized within its N-terminal extension, in a pattern reminiscent of phosphory-
lation by CDK or MAP kinases [72]. In T. brucei, a high throughput analysis of its
phosphoproteins identified both EIF4E3 and EIF4E4 as targets for multiple phos-
phorylation events directed at serine/threonine residues within their N-terminal
halves [35]. Both proteins displayed a phosphorylation pattern reminiscent of
Leishmania EIF4E4 and in marked contrast to what is observed for Leishmania
EIF4E3.

Sucrose density gradient analysis in Leishmania showed that while both group 2
proteins co-sedimented with monosomes and polysomes, most of the EIF4E4 was
present at the top of the gradients, away from ribosomes [53]. Later experiments
found that EIF4E3 is present only in nuclease-resistant 80S particles and enters
stress granules during starvation [48]. A recent analysis in T. brucei, however, has
shown that both EIF4E3 and EIF4E4 are present in polysomes and most of the
polysomal mRNAs are bound to EIF4E4, strongly implying a role for EIF4E4 in
translation [49]. RNAi experiments showed that EIF4E3 is required for proliferation
of both mammalian bloodstream and insect procyclic forms of T. brucei. This
contrasts with EIF4E4, which is required in only the bloodstream form.
Nevertheless, a double knockdown of EIF4E1 and EIF4E4 does lead to a major
inhibition of translation, for reasons not yet understood [63]. Failed attempts to
create double EIF4E4 knockout and complementation studies in L. infantum indi-
cate that this protein may be essential for cell survival in insect stage promastigotes
[72].

EIF4E3 and EIF4E4 have the ability to interact with eIF4G homologs forming
potential eIF4F complexes: EIF4E3 binds to EIF4G4 and EIF4E4 to EIF4G3, and
both complexes can interact with EIF4AI [34, 48, 63]. The conservation in
sequence within the putative eIF4G-binding regions implicates the DVECFW motif
in T. brucei EIF4E3 (DVESFW in L. major) as being required for the interaction
with EIF4G4, while T. brucei EIF4E4 most likely binds to EIF4G3 through the
similar ISSFW motif (ILTFW in L. major) [23, 55, 73]. EIF4E4 can also interact
directly with PABP1 through its N-terminal extension, a unique eIF4E/PABP
interaction that so far has only been described in trypanosomatids [34]. Recently
this interaction was further characterized, and it was found to require three small
regions, or boxes, mapped to the N-terminal extension of EIF4E4. Those boxes are
based on the consensus L/MN/DXXAXXY/FXP (where X can be any amino acid)
and are found conserved not only in different EIF4E4 homologs but also in the
EIF4E3 sequences (within their N-terminus) from several trypanosomatid species.
Mutational analysis revealed that amino acid changes disrupting individual boxes
were not enough to prevent the EIF4E4/PABP1 binding, but this interaction was
abolished when all three boxes were mutated. The functional relevance of this
interaction was evaluated by assaying whether ectopic overexpression of EIF4E4,
wild type and mutants, could complement the absence of the endogenous protein.
Both wild-type EIF4E4 and a mutant impaired on its ability to bind to EIF4G3
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could compensate for the knockout of the endogenous alleles, although the cells
grown with the mutant protein could not differentiate into amastigotes. A mutant
EIF4E4 impaired on its binding to PABP1, however, could not compensate for the
loss of the endogenous protein, highlighting the importance of the novel
EIF4E4/PABP1 interaction and confirming that it is more critical for EIF4E4
function than its interaction with EIF4G3 [72].

Most of the evidence generated so far implicates EIF4E4 directly as the most
likely eIF4E homolog to be required for translation in trypanosomatids.
Nevertheless, the possibility that EIF4E3 is also involved in translation in some
manner cannot be ruled out, especially considering the impact on translation of its
knockdown in T. brucei [63]. This was reinforced by the data from tethering
experiments where both EIF4E3 and EIF4E4 were able to stimulate the translation
of a reporter mRNA when tethered to its 3′ UTR [69]. The possibility remains that
the two different eIF4F-like complexes, based on EIF4E3 and EIF4E4, could be
required for the translation of distinct mRNA subsets, with the EIF4E4-based
complex being responsible for the translation of the bulk of the mRNAs. In
Leishmania, the presence of EIF4E3 in stress granules led to the proposal that it
would be involved in stress granule formation only [48], but mammalian eIF4E is
also present in stress granules despite being active in translation [74]. Perhaps the
dissociation of EIF4E3 from EIF4G4 under stress conditions [48] is an indication of
specific translation repression, but additional data are required to clarify the real role
of the EIF4E3/EIF4G4 complex and the degree to which it is conserved between
different trypanosomatid species.

Group 3 This group is based on the two recently identified eIF4E homologs,
EIF4E5 and EIF4E6, which are both very small, fewer than 200 amino acids, and
more closely related to each other than to the other trypanosomatid eIF4Es. When
compared with group 1 and group 2 eIF4Es, these are the most divergent, with
pair-wise alignments between EIF4E5 or EIF4E6 with the human eIF4E-1 pro-
ducing identity values equal to or below 25 %. Nevertheless, both contain several
critical residues conserved in eIF4Es from different organisms and required for their
function. So far, these two proteins have only been properly studied in T. brucei
[56, 75].

T. brucei EIF4E5 is a cytoplasmic, 22-kDa protein, having the W56 and W166
residues required for cap binding and with W102 replaced by a tyrosine. It binds to
soluble cap and cap 4 structures with affinities similar to those reported for
Leishmania EIF4E4. So far, this is the only T. brucei eIF4E homolog with two
putative eIF4G partners, EIF4G1 and EIF4G2, although it seems that, at least in the
procyclic stage, EIF4G2 is the preferred binding partner. Mass spectrometry
analysis confirmed that EIF4E5 forms two independent complexes. When bound to
EIF4G1, it also associates with two hypothetical proteins of 117.5 kDa (named
Tb117.5) and 47.5 kDa (named Tb47.5), plus one of the two T. brucei homologs of
the conserved phosphoserine/phosphothreonine-binding protein 14-3-3 (14-3-3 II).
Tb117.5 has some intriguing characteristics since it harbors two cap-generating
domains, with possible guanylyltransferase and methyltransferase activities, while
Tb47.5 has two RNA-binding domains. The complex based on EIF4E5/EIF4G1
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only interacts with its Tb117.5 partner in the absence of 14-3-3 II, suggesting that
the latter might act as a regulator of this interaction. A second EIF4E5-based
complex, dependent on the interaction with EIFG2, is associated with yet another
hypothetical protein of 17.9 kDa (Tb17.9) and both 14 3-3 homologs (14 3-3 I and
14-3-3 II). Knockdown of EIF4E5 indicated that the protein is not essential for cell
survival for procyclic T. brucei in culture but caused a motility phenotype since the
cells did not remain in suspension in liquid culture and growth patterns on agarose
plates were altered [56].

EIF4E6 is also a small cytoplasmic protein, 21 kDa in size, having a conserved
W166 but with both W56 and W102 being replaced by phenylalanine. It also can
bind to cap analogs in vitro, but its affinity for soluble m7GTP cap or cap 4 is lower
than those observed for EIF4E4 and EIF4E5 and more similar to that observed for
EIF4E1. This eIF4E homolog forms a complex with EIF4G5 and a 70.3-kDa
hypothetical protein that interacts directly with EIF4G5, named TbG5-IP.
Surprisingly, TbG5-IP also possesses two domains usually found in nuclear
cap-generating proteins, a nucleoside triphosphate hydrolase and a guanylyltrans-
ferase domain. Interestingly, knocking down EIF4E6 leads to a flagellum detach-
ment phenotype and alters growth on agarose plates, but it does not influence
overall translation rates, interfere with cell growth or reduce the targeted cell’s
ability to remain in suspension [75].

eIF4G

Five distinct trypanosomatid eIF4G homologs were originally identified through
searches using the mammalian HEAT1-MIF4G domain as queries against the L.
major genome sequences (named EIF4G1 to EIF4G5). All five identified
polypeptides shared the central conserved HEAT1-MIF4G domain and on recip-
rocal BLAST searches against mammalian, plant and yeast sequences yielded
eIF4G homologs as the most similar proteins. Orthologs to all five proteins were
easily identifiable in other trypanosomatid species, but apart from EIF4G3 and
EIF4G4, which are clearly related, the homology between these proteins is
restricted to the HEAT1-MIF4G domain [52]. In both T. brucei and Leishmania,
EIF4G3 and EIF4G4 have subsequently been shown to specifically bind to two
different eIF4E homologs, EIF4E3 and EIF4E4, forming distinct eIF4F-like com-
plexes that have both been implicated in protein synthesis and have subsequently
been studied in more detail [34, 48, 63, 67, 73]. As described above, EIF4G1,
EIF4G2 and EIF4G5 have only recently been shown to form novel eIF4F com-
plexes in T. brucei that have not been directly linked to the translation initiation
process [56, 75]. All three proteins were nevertheless seen to stimulate translation
of reporter mRNAs when tethered to their 3’UTR [69, 70], although none were
found in T. brucei polysomal fractions [49]. In the phosphoproteomic analysis of T.
brucei proteins, both EIF4G1 and EIF4G2 were seen to be phosphorylated at
multiple serine (EIF4G1) or serine/threonine (EIF4G2) residues. EIF4G1 was also
found to be phosphorylated at a unique tyrosine residue while a single serine
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phosphorylation site was identified for EIF4G5 [35]. Further work will be required
then in order to understand what, if any, roles these proteins and their partners play
during initiation of protein synthesis in trypanosomatids and how they might be
associated with translation control mechanisms. Figure 1 summarizes the data
available for the trypanosomatid eIF4G homologs within the described eIF4F-like
complexes.

Apart from the common HEAT1-MIF4G domain, EIF4G3 and EIF4G4 also
share a very short, similar N-terminus and homologous C-termini, including
divergent HEAT2-MA3 and HEAT3-W2 domains. The structure of both proteins
thus indicates an ancient origin of the eIF4G tripartite structure, which is apparently
missing from plant and yeast eIF4G homologs [73]. Both EIF4G3 and EIF4G4 are
localized predominantly to the cytoplasm, and both are moderately expressed, with
EIF4G3 being roughly three- to tenfold more abundant than EIF4G4. When
compared with the previous estimates for the abundance of their corresponding
eIF4E partners, EIF4G3 is found in levels similar to EIF4E4, while EIF4G4 is
present at levels at least tenfold lower than EIF4E3, although the reasons for the
difference in abundance of the latter protein pair is not understood [63, 73]. As seen
for their eIF4E partners, EIF4G3 and EIF4G4 are also targeted for phosphorylation
in both L. amazonensis and T. brucei, although no differences in phosphorylation
were observed between logarithmic growth and stationary phase [71]. In the
high-throughput search for T. brucei phosphoproteins, EIF4G4 was indeed found to
be targeted by six different phosphorylation events directed at serine residues
concentrated at its N- and C-terminal halves. In contrast, EIF4G3 was not identified
as a phosphoprotein in this assay [35].

In sucrose gradients in Leishmania, EIF4G3 co-migrates with EIF4E4 and EIF4AI
in polysome-containing fractions [67], but EIF4G4 does not [48]. Leishmania EIF4G3
also binds to the initiation complex eIF3 through a direct interaction observed in vitro
between the fully assembled eIF3 complex and recombinant EIF4G3 [33]. EIF4G4,
however, did not pull down any eIF3 subunits in co-precipitation assays from native
extracts, contrasting with its partner EIF4E3, which efficiently pulled down seven eIF3
subunits [48]. In T. brucei, knockdown of EIF4G3 strongly reduced cell growth and
global translation very soon after RNAi induction, but, in contrast, knockdown of
EIF4G4 does not impact significantly on protein synthesis although it does result in cell
death over a longer time scale. The conclusion from these experiments is that the two
proteins are essential for viability, but only EIF4G3 is a major participant in the
initiation of translation. Nevertheless, the observation that knockdown of EIF4G4
induces changes in morphology prior to cell death may indicate a selective role in the
translation of specific mRNAs [73]. Indeed, also in T. brucei, the tethering assay
confirmed that both EIF4G3 and EIF4G4 and their eIF4E partners are able to stimulate
the translation of mRNAs to which they are tethered [69, 70], and the two protein pairs
are found in polysomes [49].

The similarities in sequence and structure observed between EIF4G3 and
EIF4G4 and also between their eIF4E-binding partners, EIF4E3 and EIF4E4, are
indicative of gene duplication events preceding the split of the Trypanosoma and
Leishmania lineages. A single original complex would then evolve into the two
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distinct complexes seen today, with acquisition of new functions for at least one of
these [73]. As discussed above, the evidence from both Leishmania and T. brucei
definitely implicates the EIF4G3/EIF4E4 complex in translation initiation, and the data
from T. brucei are also in agreement for a similar role for the second complex
EIF4G4/EIF4E3 [33, 49, 67, 70, 73]. Nevertheless, the data from Leishmania are not
consistent with a clear role for EIF4G4/EIF4E3 in translation, and the data from the two
subunits are not entirely in agreement with both functioning as a pair, since EIF4E3 is
found in polysomes and pulls down eIF3 subunits but not its partner EIF4G4 [48].
Likewise, in T. brucei RNAi-mediated depletion clearly implicates EIF4E3 in trans-
lation but not its partner EIF4G4 [63, 73]. A clear difference regarding the two eIF4F
complexes has to do with the requirements for eIF4A binding. EIF4G3 interacts
strongly with EIF4AI in vitro, requiring only its HEAT1-MIF4G domain, and over-
expression of an EIF4G3 mutant that is impaired on its interaction with EIF4AI inhibits
cell growth, an indication of a dominant negative phenotype. In contrast, the binding
between EIF4G4 and EIF4AI seems much less efficient and requires the full length
EIF4G4, and overexpression of an EIF4G4 mutant that does not bind EIF4AI does not
impact on cell growth [73]. Both EIF4G3 and EIF4E4 have also been seen to interact
directly with one of the Leishmania PABP homologs, PABP1, and these interactions
seem to be specific and required for proper function of all three proteins during
translation initiation [34, 72, 73, 76]. So far, an interaction between the
EIF4G4/EIF4E3 complex and PABP homologs has not been definitively proven, and,
in vitro at least, no clear interaction between EIF4G4 and any of the Leishmania PABP
homologs has been detected [73]. Leishmania PABP2 specifically co-precipitated with
EIF4G4 in assays using whole parasite extract, but it was not found in similar
co-precipitation assays using EIF4E3 as bait [48], so the possibility exists of a yet
undemonstrated specific interaction between PABP2 and the second eIF4F-like com-
plex based on EIF4G4/EIF4E3.

One aspect of the study involving the two complexes based on EIF4G3/EIF4E4
and EIF4G4/EIF4E3 deals with the motifs in the two eIF4Gs responsible for these
interactions and that reside in the short N-terminal segments from both proteins. It
has been proposed that an eIF4E-binding motif is present in the N-terminus of
EIF4G3 between positions 20 and 26 (YPGFSLD) in Leishmania. Mutations in the
tyrosine, leucine and phenylalanine residues within this motif completely abrogate
binding to EIF4E4 [67]. A subsequent work has suggested that there is not a
consensus motif in Leishmania EIF4G4 for binding to EIF4E3, but instead this
interaction is mainly based on the secondary structure of the EIF4G4 binding
peptide, and preventing it by replacing the L26 residue with a proline would
eliminate the interaction [48]. However, more recently, it has been proposed that the
EIF4G3 and EIF4G4 proteins do share a common eIF4E-binding motif
(F/MXXXXIL/R—Leishmania consensus) that should include residues in equiva-
lent positions in both eIF4Gs (I8 and R9 in EIF4G3/I25 and L26 in EIF4G4). In
agreement with this hypothesis, overexpression of T. brucei EIF4G3 and EIF4G4
variants having mutations targeting the equivalent residues effectively abolished the
interaction with their eIF4E partners. Furthermore, overexpression of these EIF4G3
and EIF4G4 mutants induced minor but reproducible reductions in the cell
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proliferation rate [73]. Surprisingly, as previously stated, loss of the direct
EIF4E4/EIF4G3 interaction does not affect the survival of Leishmania promastig-
otes, possibly a consequence of the compensatory interactions between
EIF4E4/PABP1 and PABP1/EIF4G3, which under some circumstances might
bypass the need for the direct EIF4E4/EIF4G3 interaction [72].

1.2 Other Translation Factors

This topic covers the current knowledge of individual proteins participating in other
steps of the translation process in trypanosomatids. Classical elongation, termina-
tion and release factors, which have been studied in trypanosomatids, are discussed
as well as eIF5A, which has been studied with some detail. Poly-A binding proteins
(PABPs) are also discussed, since they have multiple roles not only during trans-
lation initiation but also during other stages of mRNA translation, processing and
degradation.

1.2.1 Elongation Factors

EF-1 and EF-2

Phylogenetic analysis of the distribution of EF-1A and its paralog EF-Like (EFL) in
the Euglenozoa, and in other eukaryotes, showed that trypanosomatids have only a
single gene encoding EF-1A [77, 78]. This factor is essential for T. brucei cell
viability since its silencing through RNA interference led to an almost instant
cessation of growth, eventually causing cell death [79]. EF-1A depletion also
caused a lethal phenotype in a high-throughput experiment that evaluated loss of
fitness following RNAi in procyclic and bloodstream forms and also during dif-
ferentiation [80], consistent with an essential function during protein synthesis.

Comparison of structural models shows that EF-1A orthologs from Leishmania,
yeast and mammals resemble each other closely. Despite its conservation in
function and general structure, the EF-1A in trypanosomatids has several distinct
differences when compared to its mammalian counterpart. A major difference is the
deletion of 12 amino acids from the Leishmania protein that is associated with a
hairpin loop found in mammalian EF-1A [81]. Absence of this hairpin loop has
been found to expose part of the main body of EF-1A. The function of this par-
ticular region is not well defined, but when it was ‘blocked’ by a specific antibody,
which did not bind mammalian EF-1A because of the presence of the hairpin loop,
protein synthesis was inhibited in vitro in a Leishmania cell-free translation system.
A similar inhibitory effect was observed by a peptide based on the exposed region
of the Leishmania protein [82]. Indeed this region has been evaluated as a target for
small molecules that bind specifically to the Leishmania EF-1A and that inhibit
specifically the Leishmania translation [83].
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Similarly to mammalian and plant EF-1As, which are modified by two etha-
nolamine phosphoglycerol (EPG) moieties attached to conserved glutamic acid
residues, T. brucei EF-1A is also modified accordingly at a single EPG modification
site, residue E362. Although a second potential EPG modification site, E289,
equivalent to the one found in mammals and plants, is found in the T. brucei
protein, it does not seem to be targeted by this modification. Despite the fact that the
EPG modification is exclusive to EF-1A, and found in many species, it is not
necessary for cell growth in T. brucei, and its function remains unknown [84, 85].

Despite their importance in translation, recent data from a number of laboratories
have supported the idea of secondary functions and biological significance for the EF1
subunits [86]. Notably, many studies have linked the EF-1A to immunological
responses during pathogenesis in Leishmania and it should also be noted that two
previously unrecognized putative immunoreceptors have been revealed through its
sequence analysis. In a similar context, EF-1B subunits in trypanosomatids were
identified as part of a trypanothione S-transferase (TST) complex, with the active site
localized to the c subunit, with the authors suggesting that it may have a role in
translational response to oxidative and xenobiotic stress [87, 88].

In T. cruzi, EF-2 is encoded by two identical gene copies, and the protein has 60 %
identity to S. cerevisiae EF-2. It is highly conserved in all trypanosomatids, sharing
over 96 % homology with EF-2 of Leishmania species and over 98 % with other
trypanosomes. Comparative analysis of secondary structures shows an overall con-
served architecture, displaying the four canonical alpha helices in the GTPase domain
as well as a motif involved in nucleotide binding. However, all Trypanosoma EF-2
proteins seem to lack regulation by phosphorylation, since they do not have the targeted
threonine residue that mediates its binding to the ribosome [89].

Both EF-1 subunits (1A and 1B) and EF-2 were detected in pull-down assays
targeting the cap-binding protein EIF4E4, as well as the polypeptides EIF4G3 and
eIF3, all currently suggested as functional translation initiation factors that act
during the initial steps of protein synthesis in trypanosomatids [33, 34]. As
expected, they were also found in a proteomic analysis of the polysome contents of
T. brucei [49].

eIF5A

In trypanosomatids, eIF5A homologs have been described from Trypanosoma
cruzi, Leishmania donovani and T. brucei [90–92]. As expected, the Leishmania
EIF5A was cytoplasmic and displayed high sequence identity with T. cruzi (76 %)
and T. brucei (77 %) orthologs and less identity to the human ortholog (45 %
identity) [91]. Trypanosoma EIF5A was also found to localize to the cytoplasm and
to be modified by hypusination as in other eukaryotes [90, 92]. Indeed, the two
enzymes that catalyze hypusination, deoxyhypusine synthase and deoxyhypusine
hydroxylase, have been found and characterized from Leishmania [93, 94]. Other
post-translational modifications targeting eIF5A in trypanosomatids were found
through mass spectrometry analysis. T. cruzi EIF5A was phosphorylated at a single
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conserved serine residue, S2, but a novel tyrosine phosphorylation event, at Y21,
has also been identified. Three methylations events were also found, mapped to
residues E73, E99 and E116 [90]. Phosphorylation at S2 was also identified for T.
brucei EIF5A [35, 95].

In exponentially growing T. cruzi cells, EIF5A was phosphorylated and partially
found to be associated with polysomes. In stationary phase cells, EIF5A was
dephosphorylated, and a greater fraction was present in polysomes. Overexpression
of a phosphomimetic mutant S2D of EIF5A increased cell proliferation and protein
synthesis but seems to be toxic to stationary phase cells. Overall EIF5A seems to
cycle between phosphorylated and dephosphorylated forms, which might be
required to regulate translation in response to growth conditions [90].
Complementary work has shown that EIF5A is essential for cell growth in T.
brucei; RNAi-mediated knockdown causes growth arrest and also leads to mor-
phological abnormalities including cell rounding and detached flagella. The
RNAi-induced growth defect was complemented by expression of wild-type human
eIF5A, showing that the trypanosome and human proteins are functionally
homologous, but not by a K52 mutant (K50 in human eIF5A) that blocks modi-
fication by deoxyhypusine, confirming this modification to be an essential
requirement for cell viability. The expression levels of two representative
polyprolyl proteins involved in the actin cytoskeleton were also analyzed after T.
brucei EIF5A knockdown, and both were shown to be reduced [92]. The selective
reduction of the polyprolyl-containing protein suggests a preferential requirement
for EIF5A for the translation of proteins containing consecutive proline tracts, as
demonstrated recently in other eukaryotes [96].

1.2.2 Termination/Release Factors

Trypanosomatid orthologs of eRF1 and eRF3 are present and annotated as putative
proteins within the various genome sequences available at the TriTrypDb database
[10]. Due to the high degree of conservation of sequence in release factors, an
analysis of the T. brucei ERF1 and ERF3 sequences has been included in phylo-
genetic works that helped improve the relationships and the understanding of the
translation process between eukaryotic groups [97–99]. As for some other factors
with major roles in translation, RNAi knockdown of ERF1 and ERF3 resulted in
cessation of proliferation following RNAi in both procyclic and bloodstream forms
and also in an experiment that evaluated loss of fitness post-RNAi during differ-
entiation of T. brucei [80].

1.2.3 Poly-A-Binding Proteins (PABPs)

The first trypanosomatid PABP homolog, from T. cruzi, was identified through
early studies in the 1990s, which started with the biochemical characterization of
the native protein after its purification through affinity chromatography using
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poly-A Sepharose. This was followed by the screening of DNA libraries with
polyclonal serum directed against the purified protein, which led to the identifica-
tion of a single PABP homolog encoded by two gene copies [100]. The T. brucei
ortholog was subsequently identified [101, 102] followed by the identification of a
more divergent Leishmania PABP homolog [103]. With the completion of the
genome sequences, the differences in PABP genes were clarified, with three distinct
PABP homologs identified first in L. major, and subsequently in other Leishmania
species, and two in T. brucei and T. cruzi, orthologous to Leishmania PABP1 and
PABP2. In Leishmania, the three PABPs are simultaneously expressed as abundant
proteins at least during the promastigote insect stage of its life cycle [76].

PABP1, the first Leishmania PABP homolog identified, is a phosphoprotein that
binds specifically to poly-A and localizes to the cytoplasm. It interacts in vivo and
in vitro with EIF4G3, the Leishmania eIF4G homolog most directly implicated in
translation initiation. The second PABP homolog, PABP2, is the ortholog to the
one originally identified in T. cruzi and T. brucei. Its specificity in binding to
poly-A seems to be reduced, and it contains several polymorphisms in residues
almost universally conserved in PABP sequences and previously implicated in
poly-A recognition. PABP3, absent from T. brucei and T. cruzi, co-precipitates with
PABP2 in a mRNA independent manner, and it seems likely that both bind to the
same population of mRNAs and may interact with each other [76].

There is evidence that the PABP orthologs have discrete functions: PABP1 binds
to a distinct set of mRNAs and also differs from PABP2 and PABP3 in trafficking
between the cytoplasm and nucleus, since both PABP2 and PABP3, but not
PABP1, migrate to the nucleus upon inhibition of transcription by actinomycin D
[76]. A subsequent phylogenetic analysis of PABP sequences from different try-
panosomatids and related kinetoplastids revealed that the lack of PABP3 from the
Trypanosoma genus is a secondary loss that occurred after its divergence from the
remaining trypanosomatid lineages [104], in agreement with PABP2 and PABP3 in
Leishmania having related and perhaps redundant functions.

In T. brucei, the two PABP homologs were seen to stimulate translation of a
reporter mRNA when tethered to their 3′ UTR, compatible with both proteins
having relevant roles during translation initiation [69]. Nevertheless, both proteins
are individually essential for viability and seem to have non-redundant roles [76]. In
T. cruzi, both PABP homologs were shown to migrate to cytoplasmic mRNP
granules [105], an observation also confirmed in T. brucei where the two proteins
were found to localize to different sets of granules in response to different stress
conditions or inhibition of transcription/trans-splicing, implying again a differential
association with distinct mRNA populations [104, 106]. So far, however, not much
has been described regarding specific mRNA targets differentially bound by these
two PABP homologs, with the exception of an early report from Crithidia fasci-
culata, a related trypanosomatid, where PABP2 was found in a complex that binds
to mRNAs with cell cycle-dependent regulation [107].

The evidence regarding the association of the different PABP homologs with the
eIF4F complexes in Leishmania is still controversial and needs to be resolved. As
discussed above, a clear interaction between PABP1 and EIF4E4 has been
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identified through different means [34, 72], and PABP1, but not PABP2 or PABP3,
was seen to co-precipitate with native EIF4G3 [76]. Other co-precipitation assays
targeting EIF4E4 brought down both PABP1 and PABP2, but in these assays
EIF4E3 and also EIF4G4 were found in the precipitated fractions [34].
Subsequently, PABP2 was found to co-precipitate with EIF4G4 but not with
EIF4E3 [48]. The data available so far then favor an exclusive association of
PABP1 with the EIF4E4/EIF4G3 complex; an association that seems to be con-
served in T. brucei, since co-precipitation experiments have also seen that PABP1
co-migrates with the complex formed by EIF4E4/EIF4G3 [104, 106]. In the same
study, PABP2 co-migrated with EIF4E1 so it is still not clear whether a similar
association exists between PABP2 and the second eIF4F complex, formed by
EIF4E3/EIF4G4. No PABP homologs co-precipitated with the recently described
eIF4F-like complexes based on EIF4E5 and EIF4E6, which indeed do seem to be
functionally distinct [56, 75].

A number of RNA-binding proteins from both T. brucei and T. cruzi have been
seen to associate with either of the PABP homologs, and their characterizations
have led to relevant data that can be useful for the understanding of the functional
distinctions between these proteins. In T. cruzi, PABP2 has been found to associate
specifically with proteins named as UBPs, which bind to U-rich sequences found
within the 3′ UTRs of trypanosomatid mRNAs and are involved in mRNA desta-
bilization events [108]. In T. brucei, both PABPs were also found to co-precipitate
with four distinct Alba-domain proteins, two of which are associated with poly-
somes and might be required for the stage-specific translation of selected mRNAs
[109]. Also in T. brucei, the two PABP homologs have been seen to interact with
the T. brucei ortholog of PBP, a non-essential protein in yeast that interacts with
PABP and co-sediments with polysomes. In T. brucei the PBP ortholog seems to
bridge an interaction between the PABPs and ZC3H11, a zinc finger RNA-binding
protein that binds selectively to AU-rich elements in mRNAs and stimulates
translation in tethering assays. A model has been proposed, according to which
these interactions would allow the selective translation of mRNAs bound by
ZC3H11 [110].

1.3 Ribosomes and Ribosomal Proteins

A remarkable characteristic of the trypanosomatid ribosomes, first reported in the
1980s, is the processing events targeting the ribosomal rRNAs. These lead to the
generation of a very long 18S rRNA, the presence of only one form of 5.8S rRNA
and the 25/28S rRNA being fragmented into six mature transcripts [111–114].
More recently, with the solving of the trypanosomatid’s ribosome structure, and the
characterization of its protein content, much more is understood regarding simi-
larities and differences in ribosome structure and function in comparison with other
eukaryotes, as described below.
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1.3.1 Ribosome Structure

In 2005, the structure of the Trypanosoma cruzi 80S ribosome was resolved by
cryo-electron microscopy (cryo-EM) and the general structures of the 40S and 60S
subunits display evolutionary conserved features seen in other eukaryotes. The
major characteristics of a typical ribosome and the phylogenetically conserved
eukaryotic rRNA core structure are also maintained. However, in comparison to
other species there are some distinctive differences in both small and large subunits.
Indeed, the density map of the T. cruzi 80S ribosome includes unusual structural
components, mostly related to large expanded segments in the rRNA molecules
[115]. Subsequently, the structure of the T. brucei ribosome was solved, also
through cryo-EM but with a higher resolution. As noted for T. cruzi, the main
characteristic of the ribosome is the unusual size of several expanded segments
(ES) in the rRNAs. Some of these segments, found in both ribosomal subunits,
seem to be several times larger than in other ribosomes of known structure; with the
60S subunit also including an additional domain, called the kinetoplastid-specific
domain (KSD) [116]. The functions of the large expanded segments of rRNA
remain unknown, although the arrangement and localization of the largest expan-
sions within the 18S rRNA (ES6/ES7) near the mRNA channel suggest that it may
be important for translation control. Indeed, part of the ES6/ES7 in the 40S subunit
makes up a structure first reported in T. cruzi and which was named ‘turret’. This
structure was considered the longest helical structure ever observed in a ribosome,
and it only exists in trypanosomatids, with high conservation in sequence and size.
The extension of a lower part of the turret also forms a bridge with the 60S subunit,
being responsible for a unique type of connection between the small and large
subunits. Within the 60S subunit, a comparison of its structure with other
eukaryotes revealed that the trypanosomatid subunit does not have typical
eukaryotic features, such as a planar surface near the exit site of the polypeptide;
instead, it has a shape more similar to the one seen in bacteria [115, 116]. Based on
the differences cited above, mainly the turret structure, and the cap 4 5′ end of
trypanosomatid mRNAs, a role in translation initiation for the turret structure has
been proposed to provide an explanation for the low affinity of the trypanosomatid
eIF4Es to the cap 4, when compared to the affinity between mouse eIF4E and the
monomethylated cap [115].

1.3.2 Ribosomal Proteins

Sequence analysis of ribosomal proteins showed that almost all yeast ribosomal
proteins have counterparts in T. cruzi and T. brucei, with the exception of L41 and
S31 [115, 116]. In regard to individual ribosomal proteins, the P complex present in
the stalk of the ribosome, involved in the translocation step of protein synthesis,
was described quite early on from T. cruzi. Four components were identified prior
to the availability of the genome sequence (P0, P1, P2a and P2b). P0 was found to
have a divergent C terminus, while P1, P2a and P2b have more typical C-terminal
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ends [117]. Later, a novel putative P complex component, named P1b, was iden-
tified within the T. cruzi genome. Further sequence analysis revealed that T. brucei
and Leishmania also contain a similar set of five P proteins, suggesting that the
composition of the different P protein subtypes is a feature found in their common
ancestor. Yeast two-hybrid and surface plasmon resonance analysis revealed a
unique protein-protein interaction pattern for this complex, when compared to other
eukaryotes, as P0 interacts with each of the four P1/P2 proteins [89, 118]. More
recently, the P proteins have been investigated as potential drug targets, with the
identification of a single chain recombinant antibody directed against the C-terminal
end of the T. cruzi P2b, which specifically inhibits the translation of various try-
panosomatid species [119].

In an expanded data-mining search for trypanosomatid ribosomal proteins, using
S. cerevisiae sequences as queries, several putative ribosomal proteins were iden-
tified within the T. cruzi genome database. However, the average amino acid
identity was very low (approximately 50 %), contrasting with the high degree of
conservation of the 80S ribosome during evolution. T. cruzi ribosomal proteins are,
on average, longer than their S. cerevisiae counterparts, with the extra regions
usually at their N- or C-terminal ends. Thirty-two genes encoding proteins with
significant sequence identity to polypeptides found within the S. cerevisiae 40S
subunit were found, where 29 of those were also identified after mass spectrometry
of the T. cruzi ribosome. For the 60S subunit, genes encoding putative orthologs for
all 48 yeast proteins were found, with the mass spectrometry confirming the
presence of most proteins within the native ribosome, with the exceptions of L1,
L35, L39, L40, P1 and P2 [120].

One component of the large ribosomal subunit characterized in more detail is the
L5 protein, tightly associated with the 5S rRNA to protect and stabilize it from
degradation by nucleases. In trypanosomes, two novel 5S rRNA-binding proteins
were found as well as L5, named P34 and P37 [121]. While it is reported that 90 %
of mammalian 5S rRNA is bound by L5, only about 25 % of the trypanosomatid 5S
rRNA is associated to its L5 ortholog. The amino acid sequence of the try-
panosomatid L5 differs from the eukaryotic consensus at potentially significant
positions; however, L5 still is essential to cell viability in T. brucei. Considering
their characteristics, the trypanosome-specific P34 and P37 probably compensates
for the weaker binding of L5 to the 5S rRNA, and it has been suggested that the
trimolecular complex is necessary for adequate 5S rRNA stability in trypanoso-
matids [122]. The scaffold protein RACK1, which is a constituent of all eukaryotic
ribosomes, was also identified in its conserved binding site within the small subunit
of T. brucei ribosomes. For some unresolved reason, RACK1 was missing from the
T. cruzi ribosome cryo-EM analysis, but data mining indicates the presence of one
RACK1 ortholog within the T. cruzi genome database [115, 116].
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1.4 tRNAs and tRNAs Synthetases

The total number of tRNA genes in the Tritryps was early on found to be low when
compared to most eukaryotes, which usually have hundreds of tRNA genes [123].
Subsequent bioinformatic analysis confirmed 83 tRNA genes annotated in the
L. major genome and indicated 66 genes in T. brucei. The distribution of these
genes does not seem to be random as they are normally organized into clusters that
are mostly confined to a subset of chromosomes [124]. Sixteen anticodons were not
found in the tRNA genes of trypanosomatids, although their corresponding codons
are present in many mRNAs of these organisms [125]. It is well known that some
relaxed base pairing at the third position of the codon occurs (wobble), and this
seems to be the case in trypanosomatids since there are 46 isoacceptors types,
which are able to read the 61 canonical codons [124].

Genes encoding tRNA-Sec, which reads UGA as a selenocysteine codon in
some specific mRNAs, were also identified in all three TriTryp species, but with
variations in the number of copies [124]. The presence of selenoproteins is reported
in trypanosomatids [126–128], although they do not seem to be essential for par-
asite viability [129, 130]. Unlike other tRNAs that are transcribed by RNA pol III,
tRNA-Sec of L. major and T. brucei are reported to be transcribed only by RNA pol
II or by RNA pol II and III [131, 132].

Few aminoacyl-tRNA synthetases (aaRSs) have been individually characterized
in trypanosomatids. Twenty-four nuclear genes have been identified in the genome
of T. brucei, all highly conserved in T. cruzi, which encode enzymes to aminoa-
cylate all 20 amino acids [133]. Besides the 24 conserved genes, Leishmania spp.
have an extra copy for the AsnRS [134]. Unlike most eukaryotes that usually
encode two genes for each of the 20 standard aminoacyl synthetases, trypanoso-
matids encode only one copy of each gene, except for AspRS, TrpRS and LysRS,
which have two copies each, and PheRS, which is formed by two subunits (a and
b). Amino acid sequence comparison shows a good identity with other eukaryotic
aminoacyl-tRNA synthetases, and the enzymes identified play roles in either
cytoplasmic or mitochondrial translation, with some of them working in both
compartments. The dual localization is the result of many different processes such
as alternative trans-splicing, alternative start codons or protein modification and/or
translocation to the mitochondria. All gene products are essential for cell growth in
T. brucei procyclic and bloodstream forms. As in mammals and yeast, several
T. brucei aminoacyl-tRNA synthetases and other related proteins seem to be
associated in a multiprotein complex. This complex, called MARS (Multiple
Aminoacyl-tRNA Synthetase complex), is responsible for enhancing the efficiency
and accuracy of tRNA aminoacylation and improving general translation, by
avoiding charged tRNAs diffusion and facilitating tRNA reutilization [133, 135].
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1.5 Translation in Trypanosomatid Mitochondria

The trypanosomatid mitochondrial genome encodes similar polypeptides to other
eukaryotes as well as two rRNAs. As in other organisms, translation then is
required for synthesis of several components of the electron transport chain, but the
process by which some of these components are synthesized is distinct from the
mammalian system. First, transcripts are post-transcriptionally modified through
RNA editing, an extensive and precise insertion and deletions of uridines, usually
within the coding regions, correcting frameshifts and producing translatable
mRNAs [136, 137]. Second, major differences in the mitochondrial translation
apparatus have also been identified, which are described below.

1.5.1 Mitochondrial tRNAs and tRNA Synthetases

In contrast to yeast and mammals, the mitochondrial genome of trypanosomes are
devoid of tRNAs genes, and so all the tRNAs needed for translation in the organelle
are imported in small amounts from the cytosol through an unique import
machinery [138, 139]. This is dependent on the binding of the tRNAs by EF1A in
the cytosol [140], and both tRNA and protein imports share elements in common
[141]. Upon reaching the mitochondria, most of these tRNAs are aminoacylated by
the same synthetases also found in the cytosol. One exception is the tRNAASP,
which is targeted by distinct synthetases in the two compartments [142].

As in all eukaryotes, the mitochondrial translation in trypanosomatids is of the
bacterial type although it only uses eukaryotic-type tRNAs. This has resulted in
some adaptations to integrate the imported eukaryotic-type tRNAs [143]. For
instance, in mitochondria the stop codon UGA has been reassigned to tryptophan.
Trypanosomatids have adapted to this through a mitochondria-specific
RNA-editing event that converts the CCA anticodon of the imported tRNATrp to
UCA and by evolving a highly divergent eukaryotic-type TrpRS that is specific for
mitochondria [144, 145]. Generation of the formylated initiator methionine is
required for mitochondrial initiation of translation, but in trypanosomatids the
single initiator tRNAMet remains in the cytosol and is required solely for cytosolic
translation. Within the mitochondria only the elongator tRNAMet is found, but a
fraction of it is targeted by the formylase activity to generate the formylated
tRNAMet, which is then used during the mitochondrial translation. This unique
activity is carried out by a polypeptide homologous to other prokaryotic and
mitochondrial enzymes of similar function [146, 147].

1.5.2 Mitochondrial Translation Factors

The orthologs of mitochondrial translation factors (EF-Tu, EF-G1, EF-Ts and RF1)
are readily detected in trypanosomatid genomes, and the depletion of each of these
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four factors results in growth impairment of the procyclic, insect forms. Despite
having much reduced mitochondria and not depending on oxidative phosphoryla-
tion, the mammalian bloodstream forms of T. brucei also require the functional
mitochondrial translation for cell survival, since the depletion of EF-Tu through
RNAi in bloodstream cells also led to growth arrest and death [145, 148]. EF-Tu of
trypanosomatids is very similar to other species, although it includes a C-terminal
extension of approximately 30 amino acids. Sequence comparison has showed that
the cytosolic EF-Tu ortholog, EF-1A, also has a similar C-terminal extension
enriched in charged amino acids. RNAi depletion assays have confirmed that the
trypanosomatid-specific C-terminal extension of EF-Tu is essential, and comple-
mentation with a chimeric EF-Tu harboring the corresponding segment of EF-1A is
able to restore cell growth. Thus, it has been suggested that this specific motif may
be linked to unique features of mitochondrial translation, as, for example, an
adaptation that allows the protein to fit in the peculiar organellar ribosomes of these
parasites [148].

1.5.3 Mitochondrial Ribosomes

The mitochondrial ribosome of the non-pathogenic Leishmania tarentolae is a
minimal ribosomal rRNA-containing structure. It was isolated as a 50S protein-rich
complex, and its two subunits were characterized as 28-30S small and 40S large
subunits, and an unusual �45S SSU complex, representing a dimer of the small
subunits and additional proteins. The cryo-EM of this ribosome shows most of the
main characteristics of a typical ribosome, but with a size smaller than its eubac-
terial or mammalian counterparts. Comparing the morphology of each subunit, they
resemble eubacterial subunits, containing several homologs of bacterial ribosomal
proteins. Despite these similarities, more than 60 % of the eubacterial rRNA seg-
ments are absent while other differences in the density map of the small subunit are
the result of specific proteins and extensions of the Leishmania mitochondrial
ribosome. In addition, the subunits are held together by only nine inter-subunit
bridges, fewer than those found in bacterial (13) or mammalian mitochondrial
(15) ribosomes. The overall size and the maintenance of minimal key architectural
components reflect a conserved functioning of the ribosomes. However, distinct
topological differences in the Leishmania mitochondrial ribosome suggest that the
process of protein synthesis is mechanistically different [149].

The remarkably small size of the mitochondrial ribosomes in trypanosomatids is
due to the very short rRNAs found in their small and large subunits (9S and 12S,
respectively). The main rRNA core regions are conserved, but other known
domains are completely absent. A total of 133 proteins were identified in associ-
ation with purified ribosomal subunits in the T. brucei mitochondrial ribosomes,
and, when compared, the orthologs of all 49 proteins that were found in 45S
SSU-related ribosomal complex in L. tarentolae were identified [143]. The specific
function of the 45S SSU-related complex is not fully understood although it has
been suggested that it could be involved in the translational control of specific
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mRNAs. More recently, this complex has been shown in T. brucei to be indis-
pensable for normal cellular growth and translation of mitochondrial mRNAs, such
as those encoding cytochrome c oxidase and cytochrome bc1, in procyclic insect
forms. The same complex, however, seems to be absent or downregulated in the
bloodstream mammalian forms, in which the respiratory chain is not required [150].

It is possible that the higher number of ribosomal proteins identified in the
mitochondrial ribosomes of trypanosomatids works in a way to compensate for the
shorter rRNAs. Only 30 % of the ribosome-associated proteins in the T. brucei
mitochondrial ribosome have orthologs in bacteria or in other eukaryotes, while
70 % are trypanosomatid-specific or may have diverged beyond confident recog-
nition when compared to proteins from other species. To date, 56 proteins with high
confidence assignment to purified mitochondrial ribosome of T. brucei have no
recognizable homology outside the Kinetoplastida while several other proteins have
no evident homology to other ribosomal proteins despite having motifs suggestive
of associated functions, for example, PPR, GTP binding, GTPase and methyl-
transferase motifs [143, 151].

1.6 RNA Binding Proteins

The lack of transcriptional regulation and the reliance of trypanosomatids on
post-transcriptional mechanisms to control gene expression, mainly at the mRNA
level, imply the existence of elaborated mechanisms associated with regulation of
mRNA translation, possibly associated with a diversified set of RNA-binding
proteins (RBPs). It is believed that the association of specific RNA-binding proteins
with 3′ UTRs of different classes of regulated transcripts may coordinately regulate
the stability and translation of groups of mRNAs in response to environmental
signals. This process likely constitutes a major mechanism for regulation of gene
expression in these organisms, mediated by cis-acting signals through the binding
of mRNA-specific or generic RNA-binding proteins [25, 28, 152]. Several recent
reviews have discussed the different classes of RNA-binding proteins found in
trypanosomatids, their diversity and conservation in comparison to other eukary-
otes. These include RNA helicases of the DEAD-box subfamily, the RRM con-
taining proteins, the CCCH family of zinc-finger proteins, PUF and ALBA
domain-containing proteins [25, 153–156]. This review will briefly discuss what is
known regarding these proteins with the focus on those that have been shown to
play a role in mRNA metabolism and/or translation.

1.6.1 RNA Helicases

The first reports of DEAD-box RNA helicases in trypanosomatids were in 1995 and
included a description of a 64-kDa polypeptide (HEL64) from T. brucei homolo-
gous to a yeast nuclear RNA helicase [157] and the first Leishmania eIF4A
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homolog [57]. Subsequently, a great number of polypeptides were identified and
annotated as putative DEAD/DEAH helicases within the TriTryp genomes.
A systematic assessment of the full range of trypanosomatids’ helicases, however,
revealed that the total number of true RNA helicases of the DEAD-Box subfamily
does not significantly exceed the number described for other eukaryotes of similar
life cycle. Within the TriTryps 27 to 30 different DEAD-Box helicases were
identified [155, 158], a number comparable to the 25 helicases reported from S.
cerevisae [159]. Indeed, only four of the trypanosomatid DEAD-Box RNA heli-
cases were identified as components of the T. brucei polysomes, and this include
orthologs to two DED1-related proteins originally described from Leishmania [49],
as detailed below.

The two DED1 homologs (DED1-1 and DED1-2) that have been identified in
trypanosomatids have evolved from a gene duplication event that preceded the
origin of the different trypanosomatid lineages. The two Leishmania proteins are
able to complement a yeast mutant lacking the endogenous proteins Ded1p. Both
co-precipitated with EIF4E1 and EIF4E4 but only DED1-2 with EIF4G3. In both
instances, however, these interactions were RNA dependent and were also not
detected through yeast two-hybrid assay. A stage-specific expression pattern was
observed in L. amazonensis, with DED1-2 being preferentially expressed in the
insect promastigote stage, while DED1-1 was more abundant in the amastigote
mammalian stage. RNAi assays using the conserved T. brucei orthologs in pro-
cyclic cells lead to a very mild reduction in proliferation rate after DED1-1
depletion, while depletion of DED1-2 induces a proliferation arrest. These exper-
iments suggest redundant functions for the two proteins since simultaneous
depletion of both homologs lead to a synthetic phenotype with a rapid growth arrest
and inhibition of translation [160]. Leishmania DED1-1 was also investigated in an
independent study that identified it in a search for proteins that bound to the large
ribosomal subunit rRNA and was found to have a protective role in preventing
anti-sense ribosomal rRNA fragmentation [161].

Yet another member of the DEAD-Box family of RNA helicases that has roles
implicated in the regulation of gene expression, and possibly translation, in try-
panosomatids, is Dhh1. It was first identified in a search for eIF4A homologs in
Leishmania where it was found to be the third nearest match to the human eIF4A
within the L. major genomic sequences, although clearly distinct from the EIF4AI
and EIF4AIII sequences [52]. Subsequently, the Dhh1 orthologs were characterized
from T. cruzi, where they were found to be associated with P-bodies and other
granules and with translationally repressed mRNAs [162, 163], and also from
T. brucei. In fact, T. brucei Dhh1 was found to be essential for cell viability and the
overexpression of either wild type or an ATPase-inactive form of Dhh1 led to a
decrease in polysomes, increase in P-bodies and growth arrest. A selective effect on
the expression of developmentally regulated mRNAs was observed, implicating this
enzyme in critical roles during translation regulation in trypanosomatids [164].
Interestingly, Dhh1 was more recently found not to interact with the T. brucei
ortholog of the known translational repressor SCD6. T. brucei SCD6 shares the
same general domain structure seen in orthologs from different eukaryotic lineages
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and localizes to P-bodies and other granules, and its depletion leads to an increase
in global translation rates, demonstrating similar roles to the ones described in other
organisms. Lack of an association with Dhh1, seen in all other organisms studied so
far, suggests a clear difference in the mode of action of the two proteins during
translation control in trypanosomatids [165].

1.6.2 RRM Domain Proteins

RNA recognition motif (RRM) proteins are involved in several processes that are
conserved between trypanosomatid species. There are around 75 genes encoding
RBPs with one or more RRM in trypanosomatid genomes [154, 166]. Some are
involved in differentiation control, like RBP10, a protein involved in regulation of
several mRNAs differentially expressed in the T. brucei’s mammalian form [167].
Another example is RBP6, which binds to AU-rich elements at 3′ UTR of mRNAs
and is involved in differentiation/progression between different life stages [168,
169]. RBP42 binds mainly within the coding region of mRNAs that encode proteins
involved in cellular energy metabolism [170]. An RRM protein homolog to hnRNP
F/H controls trans-splicing efficiency and mRNA stability by binding to a
purine-rich motif, AAGAA, found in some bloodstream form mRNAs [171]. UBP1
and UBP2, also RRM-containing proteins from T. cruzi, bind to a 43-nt U-rich
mRNA element and stabilize the mRNAs from selective life stages [172, 173]. In
T. brucei UBP1 and UBP2 are essential for normal growth and have different
targets from T. cruzi, binding to a group of mRNAs from the F-box protein family,
some of them transmembrane proteins. Overexpression of T. brucei UBP2 inhibited
cell growth and upregulated the levels of several mRNAs [174, 175]. Yet another
pair of RRM proteins, which has been better characterized in trypanosomatids, is
the PTB homologs named PTB1/PTB2 (DRBD3/DRBD4). These are mainly
nuclear proteins, but can localize to the cytoplasm and have been implicated in
different events such as trans- and cis-splicing, mRNA transport, regulation of
mRNA stability and translation [176–179].

1.6.3 CCCH Family Proteins

Several genes encoding proteins with one to five zinc-finger motifs (CCCH) were
identified in the trypanosomatid genomes. Most are conserved and probably
evolved before speciation events, and some may act in regulatory roles of mRNA
metabolism [25, 153]. Relevant examples are ZFP1, ZFP2 and ZFP3, small
CCCH-type proteins. In T. brucei, ZFP1 is transiently enriched during differenti-
ation to tsetse fly midgut procyclic forms, and while ZFP1 RNAi had no phenotype
in the mammalian bloodstream form, ZFP1 null bloodstream cell lines were unable
to differentiate into procyclics. ZFP2 RNAi affects the ability of cells to differentiate
to procyclic form, and ectopic expression of ZFP2 induced differentiation with
elongated cell phenotypes due to polar extension of the cytoskeleton and cell cycle
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arrest in G1 [180, 181]. ZFP2 from T. cruzi was found associated with mRNAs
upregulated in the metacyclic trypomastigote forms [182]. Ectopic expression of
ZFP3 in T. brucei also induced a differentiation phenotype similar to ZFP2 [183],
and this protein is associated to a subset of mRNAs enriched in transmissible forms
of the parasite [184]. Cycling sequence binding proteins (CSBP) A and B are
CCCH proteins identified as binding to mRNAs containing the sequence
CAUAGAAG, expressed during the S-phase, but their specific function remains
unclear [185, 186].

1.6.4 PUF Domain Proteins

Eleven PUF proteins were identified in Trypanosomatids [187, 188], but only a few
have been characterized. PUF2 exhibits a low level of in vivo RNA binding, is not
associated with polysomes and may have a repressive role [189]. PUF6 regulates
target mRNA levels by association with degradation complexes [190]. PUF7, PUF8
and PUF10 are nucleolar proteins involved in rRNA metabolism and do not seem to
be involved in translation [191, 192]. PUF9 controls the expression of proteins
involved in replicative processes by binding and stabilizing a small number of
mRNAs that increase in G1 phase [193].

1.6.5 ALBA Proteins

In Trypanosoma brucei there are four ALBA (acetylation lowers binding affinity)
proteins found in homo- and heterodimers in the cytoplasm [109]. ALBA1 and 2
interact with 3′ UTR elements of GPEET procyclin. ALBA3 and 4 are involved in
cell growth and linked to differentiation. They are expressed in all stages of the
T. brucei life cycle, except the transition from procyclic to epimastigote form.
Complexes of ALBA1/2 and ALBA3/4 were found as components of stress
granules, and they also seem to be associated with polysomes and can be
co-purified with the translation initiation machinery, which indicates they may be
involved in translation control [109, 194]. In Leishmania infantum there are two
ALBA proteins, LiAlba1 and LiAlba3, which form a complex interacting with other
RNA-binding proteins, ribosomal subunits and translation factors and may have a
role in translational repression. They display differential subcellular localization
since in the insect promastigote stage they localize predominantly in the cytoplasm
but move to the nucleolus and the flagellum upon amastigote differentiation [195,
196].
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1.7 Concluding Remarks

Throughout this review, novel features of translation in trypanosomatids have been
described that highlight differences to other, better characterized eukaryotes. For
instance, the canonical eIF4F complex EIF4G3/EIF4E4/EIF4AI binds PABP1
directly through EIF4E4 and appears to be regulated by phosphorylation at novel
sites; in animals the interaction is between eIF4G and PABP. There is a second
eIF4F complex also likely to be involved in translation, based on EIF4G4/EIF4E3,
and it also may make similar interactions with PABP homologs. The evidence from
trypanosomatids then reinforces the strong link between PABP and eIF4F function
during eukaryotic translation initiation, and further characterization might help
clarify the role of PABP in the process. Two further eIF4F complexes, recently
identified and based on EIF4E5 and EIF4E6, are associated with proteins homol-
ogous to nucleotide-modifying enzymes associated with cap formation in the
nucleus, but with so far undefined functions. Could these enzymes be involved in a
novel cytoplasmic mRNA capping or recapping, or maybe translation repression or
selective translation of small subsets of mRNAs? What are the mechanisms
involved? It is also possible that the multiple eIF4F-like complexes identified in
trypanosomatids constitute multiple hubs integrating signals from different sources
and leading to the selective translation of specific mRNAs, reminiscent of nema-
todes [197]. Regarding ribosome function, the distinctive features seen in both
cytoplasmic and mitochondrial ribosomes in trypanosomatids expand the range of
ribosome diversity in eukaryotes considerably. They also raise questions regarding
to what extent these ribosomes use conserved mechanisms in order to achieve
proper translation or whether they depend on novel features/processes in order to
accomplish their functions successfully. The great number of RNA-binding proteins
and other mRNA associated proteins in trypanosomatids [70], most of which are
novel and have unknown function, also highlights the diversity associated with
mRNA metabolism and translation. Further approaches will be required in different
fields in order to solve these and other questions raised by the study of translation in
trypanosomatids, but undoubtedly the answers generated shall further highlight the
exquisite and complex model for translation found in such extraordinary organisms.
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1 Introduction

Plant growth requires a high spatial and temporal regulation of gene expression.
Transcription has been considered the major player in this process. However,
growing evidence points out that post-transcriptional regulation, especially trans-
lational control, also plays an important role in plant development and in response
to environmental cues.

In the last decade, different studies have shown that translation factors and
translational regulation are quite conserved in eukaryotes. Nevertheless, some
diversity has been observed across different eukaryotes [1–3], including plants,
where some of the mechanisms described in other eukaryotes are also operative but
key players are missing in their genomes [4]. Despite this conservation, the
knowledge of the mechanisms that regulate translation is very poor in plants.

In this chapter we will focus on the mechanisms that regulate selective mRNA
translation, paying special attention to their possible conservation in the plant
kingdom.
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2 Tight Control at the Translation Initiation Phase Under
Specific Developmental Cues and Stress Conditions

Under different conditions, eukaryotic cells finely regulate mRNA translation. In
some cases, such as under stress conditions, a general regulation of translation
affects a large part of the bulk of mRNAs. In other cases, translational regulation is
subtler and only affects the translation of specific mRNAs. The mechanisms
involved in both types of regulation have been characterized in mammals and yeast,
where it is known to be mostly directed at the translation initiation step through the
action of eIF2a and eIF4E [5–10]. In contrast, the mechanisms of translation reg-
ulation in plants are mainly unknown, and the processes by which some mRNAs
may be selectively translated still remain to be elucidated [4, 11, 12].

3 Unique Characteristics of the eIF4E Complex in Plants

Throughout evolution, plants have conserved most translation factors involved in
initiation. However, a clear difference exclusive of the higher plant translational
machinery is the presence of an extra eIF4E isoform, termed eIFiso4E, which only
shares around 50 % of homology with eIF4E [13]. Moreover, plants also have an
additional eIF4G isoform, termed eIFiso4G, which usually lacks a large part of the
N-terminal that is present in the eIF4G protein [14]. eIFiso4G seems to have
appeared in basal plant lineages before eIFiso4E during evolution, which emerged
around the period when flowering plants evolved [14]. Both eIF4E and eIFiso4E
interact selectively with eIF4G and eIFiso4G to form eIF4F and eIFiso4F com-
plexes, respectively. However, in the absence of their respective binding partners,
they can form mixed complexes that are also functional in vitro [15]. Both eIF4F
isoforms seem to have specialized translational activities that could impinge on the
selective translation of different mRNAs. Indeed, different mRNAs have been
shown to be initiated preferentially by the eIF4F or the eIFiso4F isoforms [16]. In
this sense, the eIF4F complex has been shown to be more efficient than the eIFiso4F
complex in translating highly structured mRNAs in wheat germ extracts [17].

4 Regulation of eIF4E Activity: 4E-BPs

The regulation of eIF4E under stress conditions is one of the best-studied mecha-
nisms in other eukaryotes. One of the most interesting aspects of eIF4E regulation
in mammals and Drosophila is its inhibition by eIF4E–binding proteins (4E–BPs).
In these organisms, hypo-phosphorylated 4E–BPs interact with eIF4E through the
4E-binding domain (YXXXXLØ) that is also used by the eIF4G for its binding to
eIF4E. For this reason, binding of the 4E-BPs to the eIF4E prevents the effective
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formation of the eIF4F complex and the subsequent recruitment of the ribosome to
the mRNA cap structure [18–21]. This generates a global inhibition of translation
that can only be bypassed by those mRNAs that could be initiated in a
cap-independent mechanism [22–24]. Interestingly, this regulation is coupled to the
physiological state of the cell through the activity of the TOR kinase [25]. Thus,
under TOR phosphorylation mammalian 4E-BPs dissociate from eIF4E, allowing
the formation of the eIF4F complex and cap-dependent translation [22, 23].

The widespread distribution of the 4E-BP orthologs across eukaryotes, the
conservation of the 4E-binding motif and phosphorylation sites of the 4E-BPs of
distantly related species and the conservation of TOR in all eukaryotes have
prompted speculation that a single ancestral 4E-BP emerged in early eukaryotes to
shut down cap-dependent translation in response to nutritional and environmental
stresses [2].

Despite lacking 4E-BP ortholog genes, plants also tightly regulate eIF4E.
Indeed, plant translational apparatus is known to support cap–independent trans-
lation under stress conditions. First, plant viruses use a cap–independent translation
strategy to translate their mRNAs in the host cells [26]. More relevantly, in maize,
different cellular mRNAs, the alcohol dehydrogenase ADH1 and the heat shock
protein HSP101, are translated in a cap–independent manner in oxygen-deprived
roots [27] and during heat stress [28]. Quite recently, the IRES-dependent trans-
lation of WUSCHEL has been proposed to control the stem cell homeostasis of
Arabidopsis in response to environmental hazards [29]. Finally, TOR regulates
protein synthesis in plants as it does in mammals and yeast [30–34]. Despite the
parallelisms with other eukaryotes, no homolog of the 4E–BPs has been found in
plants to date, suggesting that the ancestral 4E-BP that arose in the last common
ancestor of extant eukaryotes (LCAEE) was lost early in the evolution of this
kingdom [2]. Supporting this notion, it has been proposed that the existence of the
4E-BPs is unlikely based on the fact that the plant eIF4E and eIFiso4E form tighter
complexes (on the order of nanomolar and subnanomolar) with their respective
eIF4G subunits than their mammalian counterparts [13].

5 Regulation of eIF4E Activity: Other 4E-Binding
Partners

Besides 4E-BPs, during the last decade other eIF4E-binding proteins have been
described in mouse, Drosophila and Xenopus [24, 35, 36]. These other
eIF4E-interacting proteins are not related in sequence or structure to the mammalian
4E-BPs, and for this reason it has been speculated that they have evolved inde-
pendently [2].

While some of these proteins interact with the eIF4E through the canonical
4E-binding site, some others possess a similar structure instead that allow binding
to eIF4E. Interestingly, some of them play additional roles to translation, suggesting
that the binding to eIF4E evolved by co-opting pre-existing molecules from various
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cellular and viral processes [2]. Another main difference between canonical 4E-BPs
and the other eIF4E-interacting proteins is that they are usually recruited by specific
proteins that only associate to and repress translation of a small subset of target
mRNAs [24].

One of the best examples of this eIF4E-driven specific translational repression is
the one carried out by MASKIN during the germline development in mice and
Xenopus [37]. Mouse and Xenopus oocytes contain silent or “masked” mRNAs that
are translated only when the cell re-enters the meiotic divisions or after fertilization.
Some of these mRNAs contain a cytoplasmic polyadenylation element (CPE) in
their 3´UTR that is recognized by the CPEB protein. CPEB binding promotes the
further association of the eIF4E binding partner Maskin and the subsequent loading
of the eIF4E. The interaction of CPEB, Maskin and eIF4E inhibits the formation of
the eIF4F complex over the mRNAs targeted by CPEB and represses their trans-
lation until maturation [38, 39]. Alternatively to Maskin, the eIF4E binding partner
neuroguidin controls the neural tube closure and neural crest migration in Xenopus
laevis embryos, repressing the translation of CPE-containing mRNAs [40].

Another example of this translational inhibition is exerted through the activity of
the eIF4E-binding partner Cup, which controls the proper spatio-temporal trans-
lation of nanos and oskar mRNAs during the embryogenesis and oogenesis in
Drosophila. These specific mRNAs are bound by Smaug (Smg) and Bruno
(Brn) through the Smg recognition elements (SRE) and Brn recognition elements
(BRE) present in their respective sequences. As in the previous case, binding of
Smg and Brn to these mRNAs allows the recruitment of the translational repressive
Cup-eIF4E complex until they reach their correct localization [41, 42]. Moreover, a
different eIF4E-binding partner, CYFIP1, inhibits the translation of mRNAs that are
associated to FMRP, controlling the translation of different RNAs involved in
synaptic plasticity and maturation [43]. Finally, an alternative control of specific
mRNA translation by the selective recruitment of d4E-HP to certain mRNAs such
as caudal and hunchback has also been described in Drosophila. d4E-HP is an
eIF4E homologous protein that binds to the cap structure but does not contain the
eIF4G domain [44]. Binding of d4E-HP inhibits the translation of the bound RNA
as it also precludes the formation of the eIF4F complex. In this case, the selective
recruitment of d4E-HP is directed by RNA-binding proteins, such as Bicoid (Bcd),
Nanos (Nos) and Pumilio (Pum). Some of these proteins, such as Bcd, interact
directly with d4E-HP [45]; others, such as Pum, form a complex with Brat that also
interacts with d4E-HP [46], causing the translation inhibition of the mRNAs bound
to them.

In plants, some of the RNA-binding proteins that in other eukaryotes target
specific mRNAs for translational repression by their association to 4E-binding
partners are also conserved. This is the case of the BRUNO-like proteins that, as in
the mammals Drosophila and Xenopus, are also present in different plant species,
such as Oryza sativa and Arabidopsis [47]. In Arabidopsis, the two BRN proteins
bind to a BRE sequence present in the 3´UTR of SOC1. This binding regulates
SOC1 transcript and protein abundances, controlling in this way the flowering time
in plants [47].
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In addition, the RNA-binding protein Pumilio has also been conserved
throughout the evolution in mammals, fungi, protozoa and plants. Indeed, at least
six PUM homologs to the Drosphila Pumilio have been identified in Arabidopsis
[48]. These PUMs bind to a consensus sequence that is closely related to the NRE
sequence recognized in Drosophila, suggesting that AtPUMs may also bind their
target RNAs through evolutionary-conserved mechanisms. These sequences are
present in the 3´UTRs of transcripts involved in stem cell maintenance in plants,
reinforcing the idea that the role of PUM in the maintenance of the stem cell niche
seems to be conserved throughout evolution [48].

Despite the existence of some RNA-binding proteins involved in the selective
translational repression, in plants, no homologous proteins to the eIF-4E binding
partners described in other eukaryotes (Maskin, Cup, CYFP1, etc.) have been
identified. Nevertheless, the possible existence of some analogs is still an open
question. Indeed, a simple search in the Arabidopsis database retrieved more than
6900 proteins that contain one or more canonical eIF4E binding domains
(YXXXXLØ) and that, therefore, are susceptible to binding the eIF4E and
inhibiting canonical initiation of translation. This number may be even larger if we
take into account that the canonical domain could have variations in their 3´ end
and that some structures such as the reversed L-shaped could also promote the
eIF4E binding [43].

Finally, as cited above, Pumilio binds to d4E-HP to inhibit translational
repression of certain mRNAs, and NCBP, a homologous protein to the d4E-HP, has
also been previously identified in plants. This protein with unknown function is able
to bind the cap structure but, unlike its animal counterparts, has shown a modest

Fig. 1 Mechanisms for translation inhibition of specific mRNAs through eIF4E and d4EHP
regulation. eIF4E and 4E-HP binding partners and their interacting RNA binding proteins are
shown on the left. In the case of d4EHP, RNA binding proteins could interact directly with
d4E-HP. Alternatively, this interaction could be assisted by Brat. The homologs of these
proteins in the plant kingdom, if any, are boxed
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ability to stimulate translation in the presence of eIFiso4G in wheat germ extracts
[49]. Despite the presence of PUMs and NCBP in plants, whether PUMs are able to
control the translation of their target genes by binding nCBPs still remains
unsolved.

The presence of a large number of proteins susceptible to binding the eIF4E and
eIFiso4E factors along with the conservation through evolution of some specific
RNA binding proteins that modulate the translation of specific mRNAs through
their association to eIF4E and d4E-HP (Fig. 1) opens a hot and exciting new field
of research in plants that awaits further experimental evidence.

6 Regulation of Translation Initiation by eIF2a
Phosphorylation

In mammals and yeast, one of the main mechanisms of translation inhibition in
response to stress is the regulation by phosphorylation of the a subunit of the eIF2
translation factor. eIF2a phosphorylation by eIF2a kinases promotes the inhibition
of translation by hindering the formation of the eIF2/GTP/tRNAi

Metternary complex
[23]. All known eIF2a kinases share related kinase domains and phosphorylate
highly conserved sites among the eIF2a orthologs. However, the number and the
activation requirements of the different eIF2a kinases by stress conditions are
different among eukaryotes. In vertebrates four different eIF2a kinases, namely
GCN2, PERK, PKR and HRI, have been described. These eIF2a kinases are
activated respectively by nutrient limitation [50], protein misfolding in the endo-
plasmic reticulum (ER) [51], virus infection [52] and heme group availability [53].
In other organisms the number of eIF2a kinases varies: HRI and GCN2 have been
characterized in Schizosaccharomyces pombe, PERK and GCN2 are found in D.
melanogaster and Caenorhabditis elegans, and GCN2 is the sole eIF2a kinase
present in Saccharomyces cerevisiae [54]. The observation that GCN2, alone
among eIF2a kinases, is ubiquitously distributed across eukaryotes supports the
idea that GCN2 is the ancestral eIF2a kinase. This kinase seems to have emerged in
the LCAEE after multicellularity diversified in several taxa into different linages to
respond to diverse stress conditions [2].

A strong inhibition of protein synthesis by eIF2a phosphorylation under dif-
ferent stress conditions has also been reported in plants, demonstrating that this
mechanism of regulation of translation is conserved in these organisms [55].
Genome-wide searches for the presence of eIF2a kinases suggest that higher plants
only contain a GCN2-like eIF2a kinase [55], and, in agreement, so far only GCN2
has been characterized in plants [55, 56]. Arabidopsis GCN2 complements its yeast
counterpart, suggesting that some aspects of the yeast amino acid control mecha-
nism may also be conserved in the plant kingdom. Indeed, AtGCN2 is activated
under amino acid deprivation promoted by herbicide treatment [56]. In addition,
plant GCN2 is also activated by purine deprivation, cadmium, UV, cold shock,
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wounding and in response to different hormones involved in defense response
[55, 56].

Interestingly, inhibition of translation mediated by eIF2a phosphorylation is less
dramatic in plants as compared to the one described in mammals. This observation
is in line with a report demonstrating closer values of dissociation constants for
wheat eIF2 with GDP/GTP than the values displayed in rabbit reticulocytes [57].
This opens the possibility that eIF2B recycling (the main effector of the inhibition
of translation through the eIF2a phosphorylation) may be less critical in plants than
it is in mammals, and it may explain the maintenance of a more efficient translation
in plants as compared to animals when eIF2a is phosphorylated [57].

7 The Increasing Importance of SGs in the Translational
Control

For years, research in translational control has focused on the regulation of the
translation factors. However, with the identification of stress granules (SGs) and
processing bodies (PBs), a new mechanism for translation regulation under stress
conditions has emerged that seems to be conserved through evolution.

As stated before, different kinds of stresses cause a translational inhibition that
promotes the general dissociation of the mRNAs from the actively translating
ribosomes (polysomes). In such conditions, the mRNAs no longer engaged in
translation are recruited into cytoplasmic ribonucleoprotein (RNP) complexes
called SGs. In these complexes, the mRNAs are not available to the translation
machinery but are safeguarded until they are exported to P-bodies for degradation
or are released to resume translation when the conditions are favorable. SGs in
mammals include, among others, eIF4E, eIF4G, eIF4A, eIF4B, eIF3, eIF2, the 40S
ribosomal subunit and poly(A) binding protein (PABP). SGs also contain RNA
binding proteins TIA1 and TIAR, which possess self–aggregation-mediating
domains necessary for SGs formation [58].

Plant SGs do not seem to differ importantly in protein composition from SGs of
the rest of eukaryotes. Indeed, the characterization in plants of UBP1 proteins, a
family with the highest amino acid sequence similarity to TIA1, has shed light on
the mechanism for the reversible aggregation of translationally repressed mRNAs to
SGs under conditions of hypoxia in Arabidopsis. More importantly, this mechanism
partially explains the rapid oscillation of mRNA translational activity in response to
a transient energy stress [59].

In the absence of mechanisms that clearly explain the drastic inhibition of
translation, particularly under certain abiotic stress conditions, the possibility that
SGs could play a prevalent role in the regulation of translation in plants is being
considered.
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8 Translational Regulation at the Elongation Step:
The Case of eIF5A

Elongation of translation is strongly affected under stress conditions as the mRNAs
being translated disassemble from polysomes and are recruited to SGs to prevent
their degradation. One atypical translation elongation factor involved in the for-
mation of SGs after stress-mediated polysome disassembly is eIF5A [60], initially
described as IF-M2Ba and later renamed as eIF4D and finally cataloged as eIF5A
following successive uniform nomenclature. Early biochemical characterization of
eIF5A as a protein factor loosely bound to the ribosome and capable of stimulating
in vitro formation of methionyl-puromycin suggested that eIF5A is not a canonical
initiation factor [61]. In fact, it took until 2009 to decipher eIF5A’s role within the
ribosome as a translation elongation factor in yeast [62]. Its original name as an
initiation factor remains controversial, in spite of recent suggestions to change its
name to eEF5 [63], which seems more appropriate to recapitulate its activity within
the ribosome.

The eIF5A activation by posttranslational modification is a unique feature of this
elongation factor, which converts a highly conserved lysine into the unusual amino
acid hypusine [64]. The biological function of amino acid hypusine on the activity
of the translation elongation factor eIF5A remained elusive for decades since its
initial description in 1971 [65] and the elucidation of its biosynthesis from sper-
midine a few years later. Two enzymes act sequentially on eIF5A to carry out the
hypusination process, namely deoxyhypusine synthase (DHS), which forms the
intermediate residue named deoxyhypusine, and deoxyhypusine hydroxylase
(DOHH), which catalyzes the subsequent hydroxylation of deoxyhypusine to
generate the hypusine residue [66]. The requirement of spermidine for eIF5A
hypusination is essential for eukaryotic cell viability and development [67–71].
Archaea contains both eIF5A (aIF5A) and DHS homologs, although no DOHH
enzyme has been identified [72]. Although no homolog to either eIF5A or the
hypusination enzymes has been found in prokaryotic genomes, a structural similar
translation elongation factor, EFP, has been shown to suffer similar posttransla-
tional modifications by completely different mechanisms in bacteria [73, 74].
Moreover, EFP posttranslational modifications are critical for its role during
translation elongation [75]. Structural studies have located EFP between the P- and
the E-sites of the 70S ribosome, thus supporting its role as an elongation factor [76].
Hydroxyl radical mapping of eIF5A on the yeast 80S ribosome indicated that
eIF5A binds alongside the P-site, occupying a similar ribosomal location to the
prokaryotic EFP [77].

A remarkable breakthrough on the function of both EFP and eIF5A within the
ribosome has been the recent elucidation of their role to facilitate translation of
mRNAs encoding proline rich-repeat proteins, which otherwise cause ribosome
stalling [77–79]. These findings have led to the identification of underlying functions
for spermidine, for instance, its role in yeast mating to promote translation
of the polyproline-rich protein formin needed for the remodeling of the actin
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cytoskeleton [80]. The high degree of structural and functional similarity between
eIF5A and EFP points to an essential function on translation conserved throughout
evolution, raising the hypothesis that these proteins may have co-evolved as
sequence-specific elongation factors together with functionally specialized
polyproline-rich proteins. To validate this hypothesis, recent studies have searched
for the evolutionary distribution of genes encoding polyproline-containing proteins
whose translation is expected to depend on eIF5A/EFP [81]. The authors found that
polyproline motifs are poorly represented within prokaryotic proteomes, whereas
their presence increases with the complexity of the eukaryotic organism, thus
pointing to an evolutionary association between specific translation elongation
factors and proline-rich repeat proteins. This functional association has been recently
confirmed in mice comparing the polyproline-rich protein network and the pheno-
typic consequences after the genetic inactivation of the eIF5A hypusination pathway
[68]. In spite of the evidence of the involvement of EFP and eIF5A in the synthesis
of polyproline-rich proteins, recent genome-wide studies with bacterial efp mutants
using ribosome footprint profiling [82] have uncovered that not every mRNA
encoding proline-rich repeat proteins can be cataloged as a bona fide EFP target [83,
84]. These studies have revealed that specific mRNA features such as the strength
and location of the pause and the translational efficiency may all contribute to the
final protein output. Similar studies are expected to precisely clarify the role of
eIF5A in the ribosome to help define the unequivocal portfolio of canonical mRNA
clients. Ideally the molecular data based on technologies such as ribosome profiling
and the like should be complemented with functional studies based on genetic or
pharmacological approaches to inactivate the pathway as has been done in mice [68].

The available information on eIF5A in higher plants is scarce and limited to
either overexpression or antisense genetic approaches in Arabidopsis. These
experiments have involved eIF5A in both cell-death-related developmental pro-
cesses, as well as in the response to challenging growth conditions [85–88], for
which a biochemical description of the pathway has been recently reported [89].
Eventually, we need to elaborate a list of mRNA targets for eIF5A to elucidate
eIF5A function in plants. Finally, eIF5A has also been involved in other
mRNA-related functions out of the ribosome whose details are not yet clarified.
One example is its involvement in nucleus-cytoplasm mRNA transport [90].
Another example of eIF5A moonlighting function in Arabidopsis has assigned a
role to the eIF5A2 isoform in cytokinin signaling as a partner of the cytokinin
receptor machinery that controls root vasculature [91].

9 Conclusions

Although most translation factors are conserved in plants, our current knowledge
about translation regulation in this kingdom is still scarce. As mentioned, plants
have unique eIFiso4F complexes. Thus, the existence of other plant-specific fea-
tures of the translation machinary could not be ruled out. In addition, we are still far
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away from deciphering the general processes of translation regulation in plants. On
one hand, it is of most relevant interest to investigate whether or not eIF4E is
regulated in plants by similar mechanisms to other eukaryotes, namely by the action
of eIF4E-interacting proteins/partners and/or phosphorylation. On the other hand,
although eIF2a regulation by phosphorylation is also conserved in plants, it seems
unlikely that it could account for the drastic inhibition of translation under different
stress conditions. The involvement of eIF5A in plant cell-death processes demands
a detailed description of its bona fide mRNA targets that might have evolved
specific functions. Moreover, its expected role in plant SG assembly under envi-
ronmental challenges remains to be investigated.
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Ribonucleoprotein Foci in Eukaryotes:
How to Translate the Silence

Layana Carla, Gonzalo H. Corujo and Rolando V. Rivera Pomar

1 Introduction

Regulation of gene expression is a crucial point to control the cellular metabolism.
Protein synthesis is an expensive process in energetic terms; thus, tight regulation is
essential for the proper cellular energetic balance. There are multiple regulatory
points at different levels: synthesis of the RNA primary transcript (at transcription
step), post-transcriptional processing of RNA, RNA decay, translation regulation,
post-translation modification, and protein degradation, among others. Transcription
initiation is a key aspect of gene expression regulation; this step has been studied
quite extensively in different organisms for many years [1–5]. Control at this stage
is very efficient because it is located at the beginning of the gene expression
process. However, regulation of the already synthesized mRNA allows both rapid
and local changes in the synthesis of specific proteins to occur. Over the last few
years, it has been determined that the regulation of gene expression involves several
processes (splicing, polyadenylation, mRNA transport, or localization) in a more
complex way than expected, for instance, new mechanisms of regulation as micro
RNAs (miRNAs) have various functions [6, 7]. Recent work has shown that
genome transcription occurs in its complete extension, including non-coding
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regions. This process, termed pervasive transcription, is regulated by miRNAs,
which promote degradation of invalid transcripts [8]. This novel approach generates
new and multiple functions for the common regulator factors. In eukaryotes,
non-translating mRNAs often assemble together into visible cytoplasmic mem-
braneless structures, called mRNP granules or cytoplasmic foci. The different types
of mRNP granules are processing bodies (PBs), which occurs in all cells type, stress
granules (SGs), which are evident in stressed cells, germ granules (GGs), and
neuronal granules (NGs), among others [9–12]. PBs are constitutive mRNP gran-
ules composed of proteins involved in translational control and mRNA degradation
and thus play a role in the control of cytoplasmic mRNA. In this review, we present
the discussion about PB formation, their composition, function, dynamics, and
relationship with other cellular mRNP granules and with other cellular structures
and processes.

2 Processing Bodies: From Cytoplasmic Foci to Regulated
mRNP Granules

Processing bodies were discovered in 1997 by Bashkirov et al. They showed that
the mouse ortholog of the Xrn1 exonuclease (named mXrn1) was found in discrete
cytoplasmic foci; they called these structures Xrn1 foci [13]. A few years later, it
was shown in yeast that the decapping enzyme, Dcp2, aggregates in discrete
cytoplasmic granules termed DCP foci [14]. Contemporarily, an unknown protein
(glycine-tryptophan (GW) repeat-containing protein of 182 kDa) was also observed
in cytoplasmic foci using autoimmune sera from patients with sensory and motor
neuropathy; the protein and the immunoreactive cytoplasmic granules were called
GW182 and GW foci, respectively [15]. Later on, Seth and Parker, working in
yeast, brought up the novel concept that cytoplasmic foci contain RNA decay
machinery and termed them as processing bodies or P bodies (PBs) [16]. Other
laboratories have validated the occurrence of PBs in different model cells and
organisms (Fig. 1) [9, 17–22].

The composition of PBs in yeast and mammalian cells includes the decapping
enzyme (Dcp1p/Dcp2p), activators of decapping (Edc3p, RAP55/Scd6p, Lsm1-7
complex), the 5′–3′ exonuclease Xrn1/Pcm, translation repressors (Me31B/RCK/
Dhh1p, Pat1p), and components of RNA inducing silencing complex, RISC (Ago 1,
Ago 2), among a large list of other regulatory factors (summarized in Table 1 and
references therein).

A variety of cellular processes are known to alter PB dynamics, such as the cell
cycle, embryonic stages, and circadian cycles [12, 63]. Accumulation of specific
mRNA in cytoplasmic foci regulates cellular translation levels at different stages
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[18, 58, 64]. In PBs, mRNA decay is likely to occur when mRNA degradation
factors as well as the components of the RNAi machinery are concentrated [65].
Since the discovery of PBs, several studies have described them as mRNA
degradation sites; however, the steps of mRNPs remodeling, leading to an inactive
mRNA in PBs, are still unknown. This is mostly due to the lack of a method for the
purification of PBs to allow biochemical studies. Moreover, is it still unclear
whether miRNA-mediated translational inhibition is the cause or consequence of
mRNAs targeted to PBs. Brengues et al. extended the role of PBs, which are not
only degradation places, but also a place for reversible storage, as the mRNAs can
go in/out from PBs, establishing a dynamic flow between translated mRNAs in
polysomes and silenced ones in PBs [17]. This opened a more complex view of PBs
with several steps of mRNP remodeling that can, perhaps, tag a specific mRNA for
degradation (irreversible) or storage (reversible). An important point to consider is
that the recruitment of mRNA into PBs is not only due to inhibition of translation,
but the action of an active silencing mechanism is also necessary. This idea has
emerged from the work of the Izaurralde group, which demonstrated that inhibition
of translation with puromycin induces the PB assembly only in the presence of
active RNAi or miRNA silencing pathways [66].

The proteins that compose PBs are involved in mRNA silencing and degrada-
tion; therefore, they contribute to controlling the level of translationally active
mRNA in the cytoplasm. However, the diversity of the foci and their components
leads to a major open question: Are they different foci with different compositions
and functions, or are they intermediate forms of the same foci type?

Fig. 1 Processing bodies in flies, mammals, and yeasts. a Transfection for Me31B in Drosophila
Schneider S2R + cells. b Transfection for eIF4E in HeLa cells; the nucleus was stained with
SYTO 17 dye. Bars 10 µm

Ribonucleoprotein Foci in Eukaryotes … 493



Table 1 List of protein factors present in processing bodies

Function Factor Organism Reference

Deadenylation CCR4-NOT complex Mammals, Sc [23]

Decapping DCP1/DCAP-1 Mammals, Sc, Ce, Dm [16, 19, 22, 24]

DCP2/DCAP-2 Mammals, Sc, Ce, Dm [16, 19, 22, 24]

Edc1-2 Sc [25]

Edc3 Mammals, Sc, Dm [26, 27]

Helds/Ge1 Mammals, Dm [28–30]

Lsm1-7 Mammals, Sc, Ce [16, 22, 31]

miRNA Ago Mammals [32]

ALG-1 Ce [33]

GW182/AIN-1 Mammals, Ce, Dm [15, 28, 33]

TNRC6B Mammals [34]

mRNA decay BRF1 Mammals [35]

PMR1 Mammals [36]

TTP Mammals [35]

mRNA stability Pub1 Mammals [37]

Roquin Mammals [38]

Vts1 Sc [39]

Pan2/3 Mammals [40]

mRNA Transport Ded1 Sc [41]

Gbp2 Sc [37]

Hrp1 Sc [37]

NXF2 Sc [42]

Staufen Dm [43]

NMD SMG7 Mammals [44]

Upf1 Mammals, Sc [45, 46]

Upf2 Mammals, Sc [45, 47]

Upf3 Mammals, Sc [45, 47]

Translation initiation factor eIF3 Sc [48]

eIF4E/cdc33 Mammals, Sc [23, 49, 50]

eIF4G Sc [50]

Translation regulation CPEB Mammals [24]

eRF1 Sc [37]

eRF3 Sc [37]

hMex3A Mammals [51]

hMex3B Mammals [52]

hRNPA3 Mammals [53]

Ngr1 Sc [37]

PCBP2 Mammals [54]

Lin28 Mammals [55]

Pbp1 Sc [37]

hnRNPQ Mammals [56, 57]
(continued)
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3 PBs and mRNA Decay

In eukaryotic cells, mRNA decay initiates with the removal of poly A tail by
deadenylase. In these cells CAF1-CCR4-NOT complex is the most important
deadenylase, and in yeast and mammals Pan2/Pan3 are also relevant [67]. Following
this first rate-limiting step, mRNAs can take two different paths, undergoing 3′ → 5′
exonucleolytic decay or cap removal by decapping enzyme DCP2, rendering the
mRNA susceptible to 5′ → 3′ digestion by Xrn1 (Fig. 2). mRNA decapping is a
highly regulated process that requires the participation of several proteins. These
proteins are collectively known as decapping co-activators (Dcp1, Lsm1-7 complex,
rck/p54, and Pat 1), which are located in PBs with other proteins that function in the
5′ → 3′ mRNA decay pathway (Table 1 and references therein). In contrast,
3′ → 5′ exonucleolytic decay is catalyzed by the exosome, which is regulated by the
SKI complex [68, 69]. Exosome components and the SKI complex are not present
in PBs.

PB assembly is a crucial step for mRNA silencing and decay; in fact, translation
inhibitors, such as actinomycin D, prevent PB assembly, suggesting that this pro-
cess is RNA dependent. Therefore, mRNA is also required for the accumulation of
mRNA degradation factors in PBs. In contrast, knockdown of the decapping
enzyme Dcp2, which initiates the actual 5′ → 3′ mRNA degradation, did not
abolish PB formation, indicating that its relevant functions after mRNA have been
targeted to these cytoplasmic foci [16, 23]. Translation initiation competes with
decapping; actually, some decapping factors can act as translation initiation inhi-
bitors too [70, 71]. Taken together, these observations suggest that PBs could have
an important role in mRNA degradation and that this process depends on the
presence of mRNA destined to degradation [16, 17, 19, 23].

Table 1 (continued)

Function Factor Organism Reference

Translation repression eIF4ET Mammals [23]

CG5208 Sc, Ce, Dm [16, 22, 31]

Rap55/Scd6/TraI/Dcp5/CAR-1 Mammals, Sc, Ce, Dm [22, 36, 43, 58]

Rck-p54/Me31B/CGH-1/Dhh1 Mammals, Sc, Ce, Dm [16, 22, 24, 43]

Other functions Sbp1 Sc [59]

Xrn1 Mammals, Sc [35]

Ppb4 Sc [60]

Rpm2 Sc [61]

APOBEC3G, APOBCE3F Mammals [62]

Summary of the most important PB components, grouped according to their biological function
Sc: Saccharomyces cerevisiae, Ce: Caenorhabditis elegans, Dm: Drosophila melanogaster
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4 PBs Are Involved in mRNA Quality Control

The mRNA quality control mechanisms have evolved to ensure that only fully
processed and error-free mRNAs are translated. Non-sense mediated mRNA decay
(NMD) recognizes the non-sense mutation (premature stop codon) and degrades the
mRNA, limiting the synthesis of truncated proteins [72, 73]. When NMD detects a
premature stop codon, some factors (NMD effectors: UPF1, UPF2, and UPF3 in
mammals and four additional effectors, SMG1 and SMG5-7, which do not have
orthologs in yeast are recruited and assembled on mRNA, stimulating translation
stop prematurely [74–76]. In general, the surveillance complex assembly leads to
the recruitment of enzymes that participate in mRNA degradation (Dcp2, Xrn1, or
exosome). Particularly, in yeast, the generation of this complex leads to
deadenylation-independent rapid decapping; in contrast, the mRNA can be subject
to accelerated deadenylation, decapping, and endonuclease activity in metazoans
[68, 77–81].

In mammals, some NMD effectors (UPF2, UPF3, and SMG7) are found in PBs;
however, in yeasts, NMD factors are absent from PBs, but can be found after the
cells have been stimulated, for instance, when the dcp1 gene has been silenced [16,
45]. Moreover, it has also been shown that the Upf1 factor is involved in targeting
the mRNA with a premature stop codon to PBs [45]. The mechanism to recruit
NMD factors to PBs remains to be determined.

Fig. 2 mRNA decay. mRNA degradation is initiated by deadenylation. After deadenylation,
mRNAs are degraded by exonucleolytic digestion at both ends. The 5′ → 3′mRNA decay required
the cleavage of the cap structure by decapping enzymes and exonucleolytic degradation by the
exonuclease Xrn1. The 3′ → 5′ decay pathways involved the SKI complex and the exosome
components. Most proteins involved in mRNA decay are present in PBs in eukaryotic cells
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5 PBs and Gene Silencing

Two small RNA types regulate gene expression after transcription, siRNA and
miRNA; both are important mediators of posttranscriptional gene expression regu-
lation in higher eukaryotes. siRNAs are fully complementary to their targets and guide
the Argonaute proteins to cleave the mRNA in the region that is base-paired with the
siRNA. Following this endonucleolytic cleavage, the resulting mRNA fragments are
captured by the general mRNA-decay machinery [82]. In contrast, most animal
miRNAs are only partially complementary to their targets, so silence gene expression
is mediated by repressing translation and/or by promoting mRNA decay (Fig. 3).
miRNAs function as ribonucleoprotein complexes, miRISCs (miRNA-induced
silencing complexes) [83]. Although their signaling pathways are different, miRNA
and RNAi are executed by a member of the Argonaute family proteins and the
miRISCs.

The key components of miRISCs are proteins from the Argonaute family. These
factors contain three conserved domains, which interact with the 3′ and 5′ ends
of the miRNA. GW182 proteins are another group of factors, crucial for the

Fig. 3 PBs and gene silencing. Small RNA required for the silencing process. miRNAs are processed
from highly structured genome-encoded transcripts; in animals they are partially complementary to
their targets. In contrast, siRNAs are originated by the processing of long double-stranded RNA
molecules and are fully complementary to their targets. Argonaute proteins cleave mRNA in both
mechanisms; with the other factors necessary to silencing, they are found in PBs
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miRNA-induced repression [84]. They interact directly with AGOs, and they also act
downstream. GW182 proteins contain GW repeats in the N terminal portion fol-
lowed by a glutamine (Q-rich region). These GW repeats are responsible for the
interaction with the AGO proteins, and the Q-rich region is responsible for targeting
to PBs [15, 85].

All the proteins involved in the decay of small RNA targets localize to P bodies,
which strongly indicates a role of these bodies in RNA silencing. Given that target
mRNA and RISC components have been co-localized in P-bodies [65, 86], it is
possible that PBs are the bona fide sites for RISC-induced target cleavage or
repression of translation. However, the mechanism to target mRNA and miRISC to
PBs and how translation is repressed by miRISC are still unknown.

6 Do P Bodies Have a Role in Delivering mRNA
and Proteins to Cellular Compartments?

Several lines of evidence suggest that a part of the PBs is associated to different
cellular organelles. In Drosophila oocytes a subset of PBs were observed associated
with the endoplasmic reticulum (ER) exit sites [87]. The same association was
demonstrated in yeast by electron microscopy and density gradients studies [88]. In
mammals, PBs have also recently been described to associate with mitochondria;
however, the function of this link is not fully understood [89]. The significance of
the association of PBs with various cellular organelles might imply an active par-
ticipation in mRNA transport. According to this, PBs could either have a role in
delivering protein factors to various cellular compartments or may play a role in the
regulated translation of specific mRNAs that encode (specific, abundant, or nec-
essary) factors required in those organelles.

In order to play a role in intracellular transport, PBs must associate with
cytoskeleton factors. An update survey indicates that PBs are associated with actin
bundles and microtubules [35]. Furthermore, some cytoskeleton factors are present
in PBs, for instance, Myo 2 was visualized in PBs in yeast [90], and the microtubule
motor protein dynein was observed in mammal cells under stress conditions [91].

Although these results clearly establish a link among mRNA transport, PBs, and
cellular organelles, further research and more sophisticated methods are necessary
to obtain an accurate conclusion.

7 Diversity Among Different mRNP Granule Types

The cytoplasmic foci are dynamic structures whose function and protein compo-
sition can vary. The diversity of mRNP granules depends on the different type of
cells and the cellular context. For example, in neurons, the neuronal granules have a
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transport function along dendrites and axons [10, 92]. These granules often contain
RNA-binding proteins such as Staufen and in some cases can attach to ribosomes
[43, 93, 94]. In germ cells, in contrast, the cytoplasmic mRNP foci are implicated in
the storage and localization of mRNA, and they usually contain the RNA helicase
Vasa as a common factor in different organisms [95]. Germ granules share com-
ponents with PBs of somatic cells, and also contain proteins and RNAs uniquely
required for germ cell development, but germ granules never attach to ribosomes
[12]. Different subtypes of these granules have been described: P-granules, nuage
granules, chromatoid bodies, sponge bodies, and mitochondrial cement [12]. Their
sub-classification comprises the cellular localization, developmental stage, com-
position, and organism studied.

The PB dynamics is unclear; the number, size, and composition change in
response to different cellular processes or different cell cycle phases. So, in dendritic
cells, the dendritic stimulation generates variation in PB composition. In the same
manner, during development and germline, maternal mRNA can be stored as
translationally repressed mRNPs in C. elegans and Drosophila [18, 96], changing
the number and PB composition along the different stages. One interesting example
is the protein Dhh1, a decapping activator in yeast, whose orthologs in C. elegans
(CGH-1), Xenopus (p54), and Drosophila (Me31B) are involved in the translational
regulation of maternal mRNA [97–100].

Other evidence for the diversity of cytoplasmic foci and their components results
from immunohistochemistry and co-localization studies [20, 35, 101]. A common
factor present in most cytoplasmic mRNPs is the cap-binding protein eIF4E, the
canonical initiation factor in eukaryotes. In active polysomes, eIF4E acts as a
translation initiation factor, in SGs as part of the stalled initiation complex, and in
PBs as a target of RNA-binding protein repressors. It is the unique translation factor
that can be found in all PBs of eukaryotes. Co-localization studies in Drosophila S2

Fig. 4 Heterogeneous mRNA granules in Drosophila S2 and HeLa cells. a Transfection for
eIF4E-YFP (red) and Me31B-CFP (green) in Drosophila cells. In some cells double-stained foci
are more frequent than single-stained foci, but in other cells the opposite occurs. b and
c Transfection of HeLa cells shows the same heterogeneity in granules; double-stained foci are
highly frequent (b eIF4E-YFP: red and Lsm-1-CFP: green; c Lsm-1-YFP: red and Me31B-CFP:
green). Blue arrows show single- and double-stained foci
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cells and mammalian HeLa cells revealed the overlap of eIF4E with different factors
in PBs (Fig. 4). Notably, the co-localization in PBs is not observed in all foci. Some
granules contain only eIF4E, others contain only the factor, and in other cases both
of them co-localize. This, which has been overlooked in many studies, indicates that
the foci are not a homogeneous group. In the same line, a closer examination of PBs
in mammalian neurons described specific granules that they have such as DCP2 and
GW182, but Ago2 and rck/p54 are not always present [20, 102]. Dendritic foci that
contain Lsm1 and exclude Dcp1a were also described [103].

In this way, the heterogeneity of granules may be indicative of a maturation
process where distinct factors are recruited progressively. The foci are motile; they
may come into close contact and even dock with each other, thus generating a way
to exchange or incorporate different molecules [104]. As we mentioned above, the
in vivo methods still lack the complement of reliable PB purification methods, and
other foci/intermediates have prevented the detailed biochemical studies required to
understand mRNA-protein complexes.

Similarly, the mRNP foci are highly dynamic and constantly exchange RNA and
proteins with the cytosol, the polysomes, or other foci. Fluorescent Recovery After
Photobleaching (FRAP) analysis of several protein components reveals a wide
range of exchange rates; however, some protein components are almost static, like
DCP2 in PBs [105]. Work from numerous laboratories yielded this idea about the
dynamic exchange of components between different foci [20, 35, 106, 107]. In
certain conditions, mammalian SGs and PBs may fuse, forming a hybrid granule
containing components of both structures [20]. SG-PB interactions analyzed in real
time using time-lapse microscopy showed that the interactions are variable. In some
of them, PBs stably bind to SGs; in others, PBs appear intermittently attached to
SGs or free PBs move freely in the cytoplasm [35].

In conclusion, SGs and PBs are diverse in composition and morphology, which
indicates that the granule dynamics can generate intermediate forms, which can lose
or acquire different components. However, one cannot rule out that they represent
different foci committed to the regulation of specific mRNAs, including the inter-
conversion of the different foci. The understanding of the dynamics of cytoplasmic
foci is far from clear, and unpredictable paths remain to be discovered.

7.1 Drosophila Melanogaster mRNPs in the Germline

In Drosophila, several cytoplasmic granules have been recently described.
Normally, Drosophila S2 culture cells contain the classical PBs described previ-
ously, which comprise decapping enzyme complex Dcp1-Dcp2, decapping acti-
vator Lsm 1-7, Me31B, and many other factors involved in regulation (Table 1).
They are sensitive to cycloheximide treatment [66, 108] and function in the
silencing, storage, and decay of unnecessary or abortive mRNAs in normal con-
ditions of the cell.
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Similarly, in Drosophila nurse cells there are germ granules, which share many
fundamental components with PBs; the oocytes, though distinct from previously
characterized PBs, still acquire the full complement of PB components upon
deposition of maternal dDcp1 in early stage embryos. This suggests that a devel-
opmentally regulated conversion occurs between maternal RNA granules and PBs
from the oogenesis to embryogenesis transition. The presence of common com-
ponents among different RNA granules implies that the interchange of components
among them might be possible.

Another type of regulatory granule in Drosophila is the polar granule; these are
present at the posterior pole of the earlyDrosophila embryo. They are electron-dense
structures enriched in RNA and ribosomes [109]. After egg fertilization, maternally
synthesized RNAs are protected from degradation in the germplasm. This implies
that polar granules store RNA in a translationally repressed state until needed for
primordial germ cell development [110]. After germ cell formation, most RNA is
lost from polar granules [111]. The composition of polar granules (Me31B, eIF4A,
Aubergine, and Transitional Endoplasmic Reticulum 94, and others) suggests their
involvement in post-transcriptional regulation at two levels: mRNA recruitment and,
through miRNA, silencing pathways. The RNA-rich nature of early polar granules
supports the idea that germline-specific mRNAs are stored in polar granules in a
translationally repressed state. Subsequently, these RNAs are translated, and their
function may be required for germ cell formation and further development.

8 Oogenesis

Drosophila oogenesis provides a very good model system to study translational
regulation of localized mRNA. The Drosophila egg chamber is made up of 16
germline cells surrounded by a layer of somatic follicle cells [112]. The 16 cells are
produced from a single germline cell by four consecutive mitotic divisions. As
cytokinesis is not complete during these divisions, the cells stay connected to each
other through specialized cytoplasmic bridges named ring canals. The oocyte is
determined from 1 of 16 germline cells, while the remaining 15 cells undergo dif-
ferentiation into nurse cells. These last cells generate large quantities of RNAs and
proteins, which are delivered to the developing oocyte through the ring canals. The
mRNAs encoding determinants for embryonic polarity such as bicoid (bcd), oskar
(osk), and nanos (nos) are synthesized in nurse cells, transported to the oocyte, and
localized within the oocyte during oogenesis [113]. So, translation of these mRNAs
is silenced during their localization and is activated when and where the protein is
required [113, 114]. Although the translational repression of non-localized mRNAs
in oocytes and embryos has been analyzed in depth, little is known as to how these
mRNAs are silenced during their transport from nurse cells to the oocyte. During
early oogenesis, the loss of Me31B causes premature translation of at least two
mRNAs in the particles; the fact that osk and Bicaudal-D (BicD) mRNAs are
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prematurely translated in nurse cells implies that Me31B plays an essential role in
translational silencing of oocyte-localizing mRNAs during their transport to the
oocyte [99]. Figure 5a shows Me31B localization in Drosophila melanogaster
ovaries. GFP-Me31B signals show cytoplasmic particles in both nurse cells and the
oocyte.

Translation can be modulated by affecting the recruitment of mRNAs to the
ribosome, which involves recognition of the 5′ cap structure by the cap-binding
protein eIF4E and recruits eIF4G, which interacts with eIF4A and
PABP. Drosophila has several genes encoding eIF4E-related proteins, but the
biological role of most of them remains unknown. The eIF4E-binding protein
4E-BP competitively inhibits the interaction of eIF4G with eIF4E, thus acting as a
translation repressor. Interestingly, both eIF4G and 4E-BP could not be found in the
granules. In oocytes the crucial role of eIF4E-1 during development was demon-
strated by the regulation of protein expression with one eIF4E-related protein called
CUP. eIF4E-1/CUP complex silences the oskar mRNA during oogenesis [115]. In
the same way, the embryonic anterior-posterior (A-P) axis is formed through
localization of bcd mRNA at the anterior as well as nos mRNAs to the posterior
area of the oocyte. Bcd and Nos proteins regulate the translation of other mor-
phogens, caudal and hunchback, respectively [114]. Bicoid silencing caudal
mRNA at the embryo anterior pole is generated by the union to 3′UTR. d4E-HP
binds to the cad mRNA 5′cap structure, while Bcd binds to BBR in its 3′UTR [115].
The interaction between d4E-HP and Bcd is mediated through a sequence motif in
Bcd that resembles, but is distinct from, the consensus eIF4E binding domain
present in classical eIF4E binding proteins such as 4E-BPs and eIF4G [116].
Similarly, d4E-HP binds to the hunchback 3′UTR mRNA region by interacting with
other proteins such as Nanos. This generates the translation inhibition in the pos-
terior pole [116].

Fig. 5 a Confocal microscopy image of Drosophila egg chamber. Ovaries expressing
GFP-Me31B (Bloomington flies: stock number 51530, genotype Y1 W*; P {PTT-GB}
me31BCB05282); endogenous Me31B also distributed in a granular pattern in the cytoplasm of
nurse cells and oocytes. b, c Distribution of eIF4E-3 in the testes. Whole-mount immunostaining
of adult testes using antibodies that recognize specifically eIF4E-3. Bars 50 µm
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9 Spermatogenesis

Spermatogenesis implies an intricate developmental cycle that generates changes in
the cell cycle dynamics as well as severe cellular remodeling. Translational control
is crucial for spermatogenesis in Drosophila as many mRNAs synthesized in the
spermatocytes are translated only much later during spermatid differentiation [117].
In Drosophila testes, the sequential stages of spermatogenesis are disposed in a
linear way. The apical region of the testes contains the ‘hub’ cells, which act as a
niche that maintains the populations of the germline stem cell (GSC) and the
somatic cyst progenitor cell (CPC). The GSC undergoes mitotic division to produce
a spermatogonium, which is encapsulated by two cyst cells to form a cyst. Then, the
spermatogonium divides mitotically four times with incomplete cytokinesis to
generate 16 spermatocytes; two meiotic divisions follow, and 64 haploid onion
stage spermatids are produced. Spermatogenesis involves a dramatic cellular
transformation event that includes the formation of the elongated flagellar axoneme
structure, nuclear shaping and condensation, and individualization to generate the
mature sperm with a needle-like nucleus [117].

Similarly to oogenesis, a mechanism of a translational silencing process of
messengers is necessary to assure the timely expression of localized mRNA during
spermatogenesis. Recently, it was reported that Drosophila spermatogenesis
requires specific initiation factors that differ from the canonical initiators eIF4E-1
and eIF4G [118, 119]. eIF4E-3 is required particularly during spermatogenesis.
Males lacking eIF4E-3 are sterile, showing defects in meiotic chromosome segre-
gation, cytokinesis, nuclear shaping, and individualization [118]. eIF4E-3 has been
found in PBs in S2 cells [108]. Figure 5b, c shows the localization of eIF4E-3 in the
Drosophila testes. eIF4E-3 is cytoplasmic and expressed in spermatocytes, round
spermatids, and early differentiating spermatids.

The eIF4E-1 function in early germ cells and the surrounding somatic cells is
critical for spermatogenesis. Both eIF4E-1 and eIF4E-3 are required in spermato-
cytes for chromosome condensation and cytokinesis during the meiotic stages
[118]. Interestingly, eIF4G knockdown did not affect male fertility, whereas
eIF4G2 has distinct functions during spermatogenesis. It is required in early germ
cells for proper meiotic divisions and spermatid elongation, while its abrogation in
spermatocytes caused meiotic arrest. In addition, double knockdown of eIF4G and
eIF4G2 shows that these proteins act redundantly during the early stages of sper-
matogenesis [119]. This evidence supports the idea of the existence of specialized
eIF4F complexes, which include eIF4E-3- and eIF4E-related proteins, specific for
spermatocytes and post-meiotic spermatids, as occurs in the female germline. The
occurrence of eIF4E-3 in PBs during spermatogenesis is an interesting hypothesis
that remains to be tested.
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10 Perspectives and Open Questions

Taken together, the above observations suggest that translation initiation is in
dynamic equilibrium with an active process of translational silencing. RNA gran-
ules harbor translationally silenced mRNA. Although the content of each type of
RNA granule is distinct, many proteins are found in more than one type of granule.
Little is known about how RNA and proteins interact at the molecular level to
create these dynamic cytoplasmic domains. Different models for PB assembly have
been proposed [11, 95, 106, 107, 120]. They imply that silenced mRNPs are
aggregated by specific dimerization or oligomerization domains, which direct the
formation of distinct macromolecular complexes, likely corresponding to distinct
silencing pathways. Therefore, interactions between different protein molecules
present in separate silenced mRNPs may aggregate in different foci. This is in
accordance with the evidence of specific eIF4F complexes in the Drosophila male
and female germline that regulate translation initiation and silencing pathways in
these cell lines. A tempting hypothesis to be challenged is whether foci loaded with
different proteins correspond to different silencing pathways. Although currently
classical biochemistry is not possible, the terrific development of in vivo cellular
analysis by fluorescent microscopy and quantitative image analysis will allow
addressing these questions in the future.

Here we propose a hypothesis for a dynamic switch among translational acti-
vation, translational repression, and degradation of mRNAs (Fig. 6). In this model
the recruitment of mRNA from active polysomes to PBs implies the removal of the
translation factors by translational repressors, which destabilize active polysomes
and recruit PBs components, some of which interact with the translation initiation
factor (eIF4E). All the intermediate steps of this process can represent different
populations of granules coexisting in the cell, visible with different morphologies
that might reflect a diversity of components. The exchange of protein components
and mRNA with other foci, such as stress granules, might be possible. Likewise,
evidence of connections with other cellular pathways and compartments is
emerging.

Although considerable advances have been made in recent years, there are
several key questions that need to be addressed. Obtaining knowledge of the
complete protein and RNA composition of mRNP foci in their various cellular
contexts will be a challenging goal for understanding the control of gene expres-
sion. It will be crucial to understand which mRNP remodeling events generate the
selective silencing of an mRNA and not of others. We expect that the combination
of biochemical, biophysical, and cell biological approaches will provide answers
and surely exciting new questions.
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RNA-Mediated Silencing in Eukaryotes:
Evolution of Protein Components
and Biological Roles

J. Armando Casas-Mollano, Ericka Zacarias, Xinrong Ma,
Eun-Jeong Kim and Heriberto Cerutti

1 Introduction

RNA-mediated silencing is an evolutionarily conserved process in eukaryotes by
which small RNAs (*20–30 nt in length) induce the inactivation of cognate
sequences through a variety of mechanisms, including translation repression, RNA
degradation, transcriptional inhibition and/or, in a few organisms, DNA elimination
[1–9]. The role of double-stranded RNAs (dsRNAs) in triggering repression, acting
as precursors for processing into small RNAs (sRNAs), was initially characterized
in Caenorhabditis elegans and termed RNA interference (RNAi) [10]. Interestingly,
recent studies indicate that these non-coding RNAs may also participate in tran-
scriptional or translational activation [11–14]. Despite the mechanistic diversity of
these RNA-mediated processes, in most characterized pathways sRNAs are
incorporated into effector complexes containing at their core Argonaute-PIWI
(AGO-PIWI) proteins, which include two major families of polypeptides in
eukaryotes, named after Arabidopsis thaliana ARGONAUTE1 (AGO1) and
Drosophila melanogaster P-element induced wimpy testis (PIWI) [2, 3, 5, 7, 15–
17]. Some AGO-PIWI proteins function as sRNA-guided endonucleases (slicers)
that cleave complementary transcripts, whereas others lack endonucleolytic activity
and repress their targets through other mechanisms [3, 5, 17–23]. From a
cellular/organismal perspective, RNA-mediated silencing appears to play two main
roles: protecting cells from selfish genetic elements such as viruses and transposons
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(possibly with an extended role in heterochromatin organization in some eukary-
otes) and/or regulating the expression of endogenous genes [3, 4, 24–32].

Three major classes of sRNAs have been recognized in metazoans: microRNAs
(miRNAs), PIWI-interacting RNAs (piRNAs) and small interfering RNAs
(siRNAs) [15–17, 26, 33–36]. Land plants and green algae lack PIWI proteins and
contain only miRNAs and siRNAs that associate with members of the AGO-like
family [1, 2, 17, 36]. MicroRNAs generally originate from single-stranded
non-coding RNAs or introns, which fold into imperfectly paired hairpin structures
[15, 26, 34, 36]. They usually modulate gene expression, affecting many biological
processes such as development, metabolism or stress responses [4, 5, 8, 17, 26, 36].
siRNAs are produced from long, near-perfect complementarity dsRNAs of diverse
origins, including the products of convergent transcription or RNA-dependent RNA
polymerase (RdRP) activity, viral or transposon RNAs, or dsRNAs experimentally
introduced into cells [4, 5, 15, 17, 24, 30, 37]. In plants and algae, these siRNAs
play various roles in the suppression of viruses and transposable elements,
post-transcriptional regulation of gene expression, DNA double-strand break repair,
DNA methylation and/or heterochromatin formation [4, 6, 15, 17, 24, 25, 32].
However, there is a growing realization that, despite their differences, distinct small
RNA pathways (which include multiple other variants in diverse eukaryotes) often
interact, compete for and share effector proteins and cross-regulate each other.

In addition to the AGO-PIWI superfamily, the core protein components of the
RNAi machinery (Fig. 1) include an RNaseIII-like endonuclease (named Dicer),
involved in the processing of long dsRNAs into small RNAs, and an RdRP protein,
involved in the generation of dsRNA from single-stranded transcripts and/or in the
production of secondary small RNAs [15, 25, 38]. The eukaryotic RNAi apparatus
is remarkable in that it seems to have been assembled from three distinct
prokaryotic sources, archaeal (AGO-PIWIs), bacterial (the RNaseIII domains of
Dicer) and viral (RdRP) [15, 38]. Interestingly, the phyletic distribution patterns of
AGO-PIWIs, Dicer-like proteins and RdRPs suggest that these components came
together as a functional unit in the last common ancestor of eukaryotes [15, 25, 38,
39]. Subsequently, each of these proteins evolved through a series of duplications,
some antedating the divergence of the major eukaryotic lineages and some being
lineage specific. However, as discussed in more detail below, AGO-PIWI proteins
appear to be the primary players in the eukaryotic RNAi system, and they can
function independently of other core components. Moreover, the functional role of
AGO-PIWIs (and of the RNAi machinery) appears to have changed during evo-
lution, from relatively simple host-defense proteins to key players in complex
multiprotein regulatory pathways in multicellular organisms.

514 J.A. Casas-Mollano et al.



2 Evolution of Argonaute-PIWI Proteins

In the most extensively characterized RNAi pathways, short dsRNA molecules are
loaded into eukaryotic AGO-PIWI proteins, one strand (guide) is selectively
retained and the other strand (passenger) removed, and then AGO-PIWIs use the
retained strand as a guide to bind to complementary RNAs for inactivation [2, 3, 5,
17–19]. Typical eukaryotic AGO-PIWI polypeptides are characterized by a con-
served structure (Fig. 1a), comprised of the following domains: (1) an N
(N-terminal) domain, which plays a role in target RNA cleavage and in the dis-
sociation of the passenger strand (i.e., the complementary strand in the short
dsRNA precursor of a miRNA/siRNA); (2) the PAZ (PIWI-Argonaute-Zwille)
domain, which binds the 3′ end of the guide strand (i.e., the miRNA/siRNA proper);
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(3) the MID (middle) domain, which binds the 5′ end of the guide strand; (4) the
PIWI domain, an RNaseH-like fold domain, which accommodates the target RNA
[2, 3, 18–23]. Two linker motifs, L1 and L2, are located between the N and PAZ
and the PAZ and MID domains, respectively [3]. In cleavage active AGO-PIWIs
(slicers), the PIWI domain contains a catalytic pocket (the DEDX motif) consisting
of a DDX triad (where D is aspartic acid and X is aspartic acid, histidine or, in rare
cases, lysine) and a glutamate (E) that resides on a loop (the so-called glutamate
finger) [3, 18, 19, 23, 42].

AGO-PIWI proteins are widespread in eukaryotes, being found in all eukaryotic
supergroups [3, 15, 25]. However, members of the AGO-PIWI superfamily, defined
by the presence of a PIWI domain, are also present in many prokaryotes [3, 15, 43].
The PIWI RNaseH fold domain is most closely related to the endonuclease V
(EndoV) family of deoxyribonucleases [44] and likely derived from an EndoV-like
precursor originally involved in DNA repair in prokaryotes [15]. Prokaryotic
AGO-PIWI genes, like most prokaryotic defense genes [45], show a patchy taxo-
nomic distribution, with at most 70 % representation in any bacterial or archaeal
phylum [3]. These prokaryotic AGO-PIWIs fall into three major clades: short
PIWIs (class I), consisting of the MID and PIWI domains; PIWI-REs, similar to
short PIWIs but with characteristically conserved arginine (R) and glutamic acid
(E) residues [43]; long PIWIs (class II), consisting of the classical multidomain
AGO-PIWI architecture as well as some truncated variants [3, 15, 46]. Interestingly,
eukaryotic AGO-PIWIs cluster in phylogenetic analyses with prokaryotic long
PIWIs from several euryarchaeal species, mostly thermophiles, suggesting that
eukaryotic AGO-PIWIs originated from an archaeal PIWI subgroup [3, 46].

b Fig. 1 Domain composition and architecture of AGO-PIWI, Dicer and RdRP proteins from
representative eukaryotes. a Schematic illustration of human AGO2 (AGO-like family) and
Drosophila PIWI (PIWI-like family) proteins. N, N-terminal domain; PAZ,
PIWI-Argonaute-Zwille domain; MID, middle domain; PIWI, PIWI domain; L1 and L2, linker
motifs. b Protein domain diagrams demonstrating the structural diversity of Dicer-like
polypeptides. DEXDc, DEAD/DEAH-like helicase superfamily domain; HELICc, helicase
superfamily C-terminal domain. DUF283, divergent dsRNA-binding fold and heterodimerization
domain. RNAseIII (a-b), ribonuclease III catalytic domains a and b; DSRM, double-stranded RNA
binding motif; P-rich, proline-rich domain. DEXDc and HELICc are referred to in the text as the
superfamily II helicase domain. c Representation of two RdRP proteins, C. elegans EGO-1 and
Arabidopsis RDR1. RdRP, RNA-dependent RNA polymerase domain. Domains present in the
individual proteins were identified using the SMART [40] and PFAM [41] databases. Accession
numbers of the proteins represented in the figures are as follows: Ath DCL1, Arabidopsis thaliana
DCL1 (Q9SP32); Ath RDR1, A. thaliana RNA-dependent RNA polymerase 1 (NP_172932); Cel
EGO-1, Caenorhabditis elegans Enhancer of Glp-One (NP_492132); Ddi DrnA, Dictyostelium
discoideum DrnA (CAC41976); Dme DROSHA, Drosophila melanogaster DROSHA
(AAF59169); Dme PIWI, D. melanogaster PIWI (AAD08704); Gla DCR, Giardia lamblia
Dicer (XP_001705536); Hsa AGO2, Homo sapiens Argonaute-2 isoform 1 (NP_036286); Tbr
DCL1, Trypanosoma brucei DCL1 (AAX69739); Tth DCL1 Tetrahymena thermophila DCL1
(XP_001018276); Tth DCR2, T. thermophila DCR2 (EDK31487). Proteins are drawn to scale.
The scale bar represents 200 amino acids
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Moreover, the ancestral eukaryotic AGO-PIWI was likely cleavage active, and the
catalytic function was subsequently lost in a subset of proteins [3, 15].

The evolutionary history of the eukaryotic AGO-PIWI superfamily is charac-
terized by an initial bifurcation that resulted in the classical AGO-PIWI proteins and
the MedPIWI polypeptides [15, 43]. The latter proteins have only the MID domain
and a catalytically inactive PIWI domain and are typified by Med13, a subunit of
the transcription regulatory Mediator complex in mammals [43]. To infer the
evolutionary path taken by the classical AGO-PIWIs, we have used sequences of
the PAZ and PIWI domains to build phylogenetic trees using a representative set of
eukaryotic AGO-PIWI proteins (Fig. 2). As previously reported [3, 47], classical
eukaryotic AGO-PIWIs cluster into four major groups: the Trypanosoma AGO
family, typified by Trypanosoma brucei TbAGO1; the WAGO family, typified by
Caenorhabditis elegans-specific AGO-PIWIs; the AGO-like family, typified by A.
thaliana AGO1; the PIWI family, typified by D. melanogaster PIWI. The
AGO-like and PIWI families are represented in several eukaryotic supergroups [15,
25], suggesting that at least one duplication of the classical AGO-PIWIs may have
occurred early during eukaryotic evolution. In contrast, the Trypanosoma AGO and
the WAGO families appear to have emerged as a result of additional,
lineage-specific duplications accompanied by fast evolutionary divergence (Fig. 2).
For instance, the WAGO family seems to function uniquely in several distinct
silencing mechanisms in C. elegans involving secondary sRNAs generated by
RdRP activity [30, 48–50].

Fungi, green algae, land plants and Phytophthora infestans appear to encode
exclusively AGO-like proteins in their genomes (Fig. 2). In contrast, Amoebozoa,
Giardia lamblia and ciliates (Paramecium tetraurelia and Tetrahymena ther-
mophila) seem to encode exclusively PIWI proteins. Animals have representatives
of both AGO-PIWI families (Fig. 2). A parsimonious interpretation of these data
suggests that the last common ancestor of eukaryotes (or at least the ancestor of the
‘crown’ group) contained both classes of polypeptides and that specific lineages
independently lost one or the other [3, 15, 25]. Only animals appear to have
retained both classes of proteins, where the PIWI family became functionally linked
primarily with the emerging piRNA class of small RNAs and the protection of
germline integrity against transposable elements [16, 30, 33] and the AGO-like
family mainly maintained roles typically attributed to the ancestral AGO-PIWI
proteins in other eukaryotic lineages [3, 15, 54]. The AGO-like and PIWI families
have also undergone marked expansion in certain eukaryotic lineages, most notably
ciliates, plants and metazoans (Fig. 2), frequently accompanied by functional
specialization and binding to distinct classes of sRNAs [2, 4, 5, 30, 36, 51, 52].

Based on the conservation of the four active site residues, the majority of the
eukaryotic AGO-like and PIWI proteins are predicted to be catalytically active [3].
However, as a caveat, certain AGOs with archetypal DEDX tetrads are slicing
inactive, such as human AGO3, which harbors all four residues but cannot cleave
RNA targets in vitro [20, 21]. In addition, some guide-target interactions are
characterized by limited, imperfect base pairing that is incompatible with target
RNA cleavage (as is usually the case for metazoan miRNA interactions) [3, 5, 26,
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b Fig. 2 Phylogenetic analysis of AGO-PIWI proteins from a representative set of eukaryotic
organisms. a Neighbor-joining tree of 105 AGO-PIWI proteins from diverse eukaryotes. The four
major families of AGO-PIWI proteins are indicated to the right of the tree. Branches corresponding
to plant AGOs, Caenorhabditis elegans WAGOs and TWI2p-like proteins have been collapsed for
presentation purposes. b Uncollapsed plant AGO subtree containing AGO proteins from
Arabidopsis thaliana and Oryza sativa. c WAGO subtree showing the relationship between
different WAGO proteins from C. elegans. d TWI2p-like subtree showing clustering of PIWI-like
proteins from Tetrahymena thermophila and Paramecium tetraurelia. To construct the tree,
sequences corresponding to the PAZ and PIWI domains were obtained using SMART [40] and
aligned with the ClustalX program [53]. The alignment generated was then used to construct a
neighbor-joining tree [54] using MEGA version 4.0 [55]. Tree reliability was assessed by
conducting a bootstrap test based on 1000 pseudoreplicates. Numbers on the nodes correspond to
bootstrap values bigger than 60 %. Protein names are preceded by an abbreviation of the species
they correspond to, which is indicated by a three-letter code consisting of the initial of the genus
followed by the first two letters of the species as follow: Aga, Anopheles gambiae; Ani, Aspergillus
nidulans; Ath, Arabidopsis thaliana; Cel, Caenorhabditis elegans; Cin, Ciona intestinalis; Cre,
Chlamydomonas reinhardtii; Ddi, Dictyostelium discoideum; Dme, Drosophila melanogaster; Ehi,
Entamoeba histolytica; Gla, Giardia lamblia; Hsa, Homo sapiens; Lbr, Leishmania braziliensis;
Lma, Leishmania major; Ncr, Neurospora crassa; Osa,Oryza sativa; Pca, Podocoryna carnea; Pin,
Phytophthora infestans; Pte, Paramecium tetraurelia; Spo, Schizosaccharomyces pombe; Spu,
Strongylocentrotus purpuratus; Tbr, Trypanosoma brucei; Tth, Tetrahymena thermophila.
Accession numbers of proteins used to draw this tree are: Aga AGO1, EAA00062; Aga AGO2,
EAL41436; Aga PIWI, EAA05900; Ani AN1519.2, EAA63775; Ath AGO1, AAC18440; Ath
AGO2, NP_174413; Ath AGO3, NP_174414; Ath AGO4, NP_565633; Ath AGO5, NP_850110;
Ath AGO6, NP_180853; Ath AGO7(ZIP), NP_177103; Ath AGO8, NP_197602; Ath AGO9,
NP_197613; Ath AGO10(PNH), CAA11429; Cel ALG1, NP_001257238; Cel ALG2,
NP_871992; Cel ALG4, NP_499192; Cel CSR-1, NP_001040939; Cel ERGO1, O61931; Cel
HPO-24, NP_492643; Cel NRDE-3, NP_508092; Cel PPW-2, NP_491535; Cel PRG-1,
CAA98113; Cel PRG-2, NP_500994; Cel RDE1, NP_741611; Cel WAGO-1, NP_492045; Cel
WAGO-2, NP_491579; Cel WAGO-4, NP_496751; Cel WAGO-5, NP_495151; Cel WAGO-7
(PPW-1), NP_740835; Cel WAGO-8(SAGO-1), NP_504610; Cel WAGO-9(HRDE-1),
NP_497834; Cel WAGO-10, NP_503177; Cin AGO2, XP_009857554; Cre AGO1, Cre02.
g141050*; Cre AGO2, Cre04.g214250*; Cre AGO3, Cre16.g689647*; Ddi AGNA, EAL69296;
Ddi AGNB, EAL62204; Ddi AGNC, EAL71514; Ddi AGND, XP_001134555; DdiAGNE,
EAL62770; Dme AGO1, BAA88078; Dme AGO2, Q9VUQ5; Dme AGO3, NP_001036627;
Dme AUB, CAA64320; Dme PIWI, AAD08704; Ehi EHI_125650, EAL51127; Ehi EHI_186850,
XP_656436; Gla GL50803_2902, XP_001707926; Gla GLP15_10, EFO65454; Hsa AGO1
(eIF2C-1), AAH63275; Hsa AGO2(eIF2C-2), NP_036286; Hsa AGO3(eIF2C-3), NP_079128; Hsa
AGO4(eIF2C-4), BAB13393; Has HIWI, AAC97371; Lbr AGO1, ACI22628; Lma PIWI1,
XP_001682974; Ncr QDE2, AAF43641; Ncr SMS2, AAN32951; Osa AGO701, NP_001048621;
Osa AGO702, Q69VD5; Osa AGO703, NP_001042722; Osa AGO704, EEE67140; Osa AGO705,
NP_001052115; Osa AGO706, Q851R2; Osa AGO707, NP_001058648; Osa AGO708, Q7XSA2;
Osa AGO709, NP_001053871; Osa AGO710, NP_001050911; Osa AGO711, NP_001047704;
Osa AGO712, NP_001059079; Osa AGO713, EAZ31978; Osa AGO714, EAZ27470; Osa
AGO715, Q6YSJ5; Osa AGO716, NP_001046021; Osa AGO717, Q7Y001; Osa AGO719,
NP_001042721; Pca CNIWI, AAS01181; Pin AGO1, XP_002906080; Pin AGO2,
XP_002906081; Pin AGO3, XP_002908068; Pin AGO4, XP_002908108; Pin AGO5,
XP_002908109; Pte PTIWI02, CAI44470; Pte PTIWI05, CAI44468; Pte PTIWI06, CAI39075;
Pte PTIWI07, CAI39074; Pte PTIWI09, CAI39072; Pte TIWI10, CAI39070; Pte PTIWI13,
CAI39067; Pte PTIWI14, CAI39066; Pte PTIWI15, CAI39065; Spo AGO1, O74957; Spu AGO2,
XP_011668809; Spu SEAWI, AAG42533; Tbr AGO1, XP_823303; Tbr PIWI1, AAR10811; Tth
TTHERM_00144830, XP_001011123; Tth TTHERM_00449120, XP_001013312; Tth
TTHERM_00506910, XP_001015193; Tth TTHERM_00600450, XP_001032516; Tth TWI1p
(CNJA), AAM77972; Tth TWI2p, AAQ74967; Tth TWI10p, ABP68415. *Accession numbers
correspond to those given in the Chlamydomonas reinhardtii genome project (https://phytozome.
jgi.doe.gov/pz/portal.html#!info?alias=Org_Creinhardtii)

RNA-Mediated Silencing in Eukaryotes … 519

https://phytozome.jgi.doe.gov/pz/portal.html%23!info%3falias%3dOrg_Creinhardtii
https://phytozome.jgi.doe.gov/pz/portal.html%23!info%3falias%3dOrg_Creinhardtii


34, 54]. Thus, some classical eukaryotic AGO-PIWIs may act purely as
sequence-specific RNA binding proteins, either because they are catalytically
inactive or because cleavage is prevented by the interaction context. Moreover, in
various multicellular eukaryotes, AGO-PIWIs appear to function in larger protein
networks and have evolved to interact with a multitude of polypeptides involved,
for instance, in guide processing, guide loading, activity regulation, translation
repression, transcription inhibition and/or recruitment of accessory polypeptides [2,
3, 6, 7, 17].

3 Evolution of Dicer and RdRP Proteins

As already mentioned, the core protein components of the RNAi machinery also
include an RNaseIII-like endonuclease (named Dicer) and an RdRP polypeptide.
Dicer-like proteins are relatively well conserved among eukaryotes containing
classical AGO-PIWI proteins, albeit with significant variability in their primary
sequence and domain organization (Fig. 1b) [25, 39]. In G. lamblia the sole
Dicer-like protein, consisting of a PAZ domain and tandem RNaseIII motifs, is
fully functional in the processing of long dsRNAs to short duplexes [56]. Indeed, a
minimal Dicer may consist of only duplicated RNaseIII catalytic motifs [25, 57],
which form a single dsRNA-processing center through intramolecular dimerization
[58]. However, the multidomain Dicer variants of ‘crown’ eukaryotes also contain
superfamily II helicase, PAZ and dsRNA binding domains (Fig. 1b) [25, 38, 39].
All eukaryotic RNaseIII domains seem to be of common origin, and it has been
speculated that the RNaseIII and the dsRNA binding motifs of Dicer were acquired
from an ancient bacterial source with subsequent duplication of the RNaseIII
domain to generate an ancestral Dicer [15, 38]. Support for this idea came from
budding yeast, lacking a canonical Dicer, in which a single RNaseIII domain
protein, acting as a homodimer, is able to provide dsRNA dicing activity [59, 60].
The multidomain Dicers of ‘crown’ eukaryotes may have appeared gradually
during early lineage evolution through the subsequent acquisition of PAZ and
helicase domains [15, 38].

Yet, the evolutionary history of the eukaryotic Dicer enzymes has been unclear
because the topology of phylogenetic trees (built using sequences from the RNaseIII
domains) does not follow expected eukaryotic phylogeny (Fig. 3) and a mono-
phyletic relationship cannot be unequivocally confirmed [25]. This may be partly
due to rapid sequence variation among duplicated genes within specific lineages as
well as to the high divergence of RNAi-active RNaseIII superfamily nucleases in
certain basal lineages, such as those recently characterized in T. brucei [15, 57, 61].
Nonetheless, current evidence suggests that the Dicer family originated early in
eukaryotic evolution and independently expanded in animals, plants, fungi and
ciliates [25, 39, 62, 63]. Interestingly, Drosha, another endonuclease with tandem
RNaseIII domains (Fig. 1b) involved in the processing of miRNA precursors in
animals, forms an outgroup with respect to the Dicer polypeptides (Fig. 3). This type
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b Fig. 3 Neighbor-joining tree of Dicer-related proteins. Dicer-like and Drosha-like families are
indicated to the right of the tree. Sequences corresponding to the RNAseIII domains (a and b) were
obtained using the SMART database [40] and aligned with the ClustalX program [53]. This
alignment was then used to infer a tree using MEGA 4.0 [55]. The numbers on the branches
indicate bootstrap values (based on 1000 pseudoreplicates) bigger than 60 %. Species are
designated by a three-letter abbreviation preceding the name of each protein. The species are the
same as in Fig. 2, except for the addition of Aedes aegypti (Aae). Accession numbers of the
proteins used to draw the tree are: Aae DCR1, AAW48724; Aae DCR2, AAW48725; Aga DCR1,
AAO73809; Aga DCR2, EAA00264; Aga DRSH1, EAL39656; Ani DCL1, XP_660793; Aor
DCL1, XP_001824024; Ath DCL1, NP_171612; Ath DCL2, NP_566199; Ath DCL3,
NP_189978; Ath DCL4, NP_197532; Cel DCR1, P34529; Cel DRSH1, AAD31170; Cre
DCL1, Cre02.g141000*; Cre DCL2, Cre16.g684715*; Cre DCL3, Cre07.g345900*; Ddi DrnA,
CAC41976; Ddi DrnB, XP_647462; Dme DCR1, Q9VCU9; Dme DCR2, BAB69959; Dme
DRSH1, AAF59169; Gla DCR, XP_001705536; Hsa DCR1, NP_803187; Hsa DRSH1, Q9NRR4;
Ncr DCL1(SMS-3), XP_961898; Ncr DCL2, Q7SCC1; Osa DCL701, Q8LMR2; Osa DCL702,
NP_001045148; Osa DCL703, BAT11379; Osa DCL704, BAF80150; Osa DCL705,
NP_001050564; Pte DCL1, XP_001444844; Pte DCL2, XP_001439412; Pte DCL3,
XP_001462500; Pte DCL4, XP_001429424; Pte DCL5, XP_001455480; Pte DCR1,
XP_001455980; Pte DCR2, XP_001430660; Pte DCR3, XP_001461156; Spo DCR1, Q09884;
Spu DCR1, XP_011668948; Spu DRSH1, XP_800324; Tbr DCL1, AAX69739; Tbr DCL2,
AAX69562; Tth DCL1, XP_001018276; Tth DCR1, XP_001009465; Tth DCR2, EDK31487.
*Accession numbers correspond to those given in the Chlamydomonas reinhardtii genome project
(https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Creinhardtii)
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of protein may have evolved independently from Dicer within the animal lineage or,
as recently argued [15], it may have evolved from an earlier duplication of an
ancestral tandem RNaseIII protein within the main eukaryotic lineage (with subse-
quent losses in several taxonomic groups).

Eukaryotic RdRPs (Fig. 1c) appear to have evolved from enzymes that func-
tioned as DNA-dependent RNA polymerases in the transcription of certain bacte-
riophages or primer synthesis of certain distinctive bacterial mobile elements [15,
38]. Interestingly, the eukaryotic ancestor may have had three distinct RdRPs [4,
64], perhaps reflecting ancient functional diversification, which seem to have been
inherited vertically during eukaryotic evolution in a complex pattern of duplications
and losses [25, 64]. Indeed, RdRPs are not as widely distributed among extant
eukaryotes as AGO-PIWI and Dicer-like proteins [25, 38, 64], and there is com-
pelling evidence for lineage-specific losses of some of these proteins [65]. This is
consistent with a postulated ancillary role of RdRPs in generating precursor
dsRNAs and/or in amplifying sRNA levels [24, 25]. Thus, if small RNAs can be
produced by other means, RdRPs may not be needed for RNAi, explaining their
pervasive loss from certain eukaryotic lineages.

4 Ancestral Role(S) of the RNAi Machinery

The taxonomic distribution patterns of AGO-PIWIs, Dicer-like proteins and RdRPs
suggest that they came together as a functional unit in the last common ancestor of
eukaryotes [15, 25, 38, 39]. Moreover, the fact that the eukaryotic RNAi machinery
seems to have been assembled from prokaryotic proteins apparently involved in
diverse DNA repair and RNA synthesis/processing pathways points toward an
independent origin of RNAi in eukaryotes. Indeed, although both prokaryotes and
eukaryotes possess multiple RNA-mediated defense/regulatory mechanisms, these
systems appear to have evolved independently [15].

AGO-PIWI proteins seem to be the key players in the development of the
eukaryotic RNAi system. They are the most phylogenetically conserved RNAi
component [15, 25, 38], and there is evidence that they can function independently
of the other core factors. For instance, in the PIWI interacting small RNA system,
different PIWI variants work with non-RNaseIII nucleases both in piRNA pro-
duction and as functional effectors [35, 37]. Additionally, a Dicer-independent
miRNA-processing pathway exists by which a catalytically active AGO-PIWI
cleaves a precursor hairpin, independently of an RNaseIII-like enzyme, to yield
mature miRNAs [66, 67]. This suggests that basic versions of RNA interference
could have emerged with just a nuclease-active PIWI protein [3, 15]. Interestingly,
nearly all major classes of prokaryotic AGO-PIWIs are combined in operons with a
diverse range of deoxyribonucleases, indicating that the ancestral role of the PIWI
domain may have been in RNA- or DNA-guided DNA restriction systems as
defense responses against invasive DNAs [3, 15, 46]. Several prokaryotic long
PIWIs work as RNA- or DNA-guided DNA-targeting systems [68–70], but few are
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predicted to function in RNA-targeting [15]. Eukaryotes may have built their RNAi
system primarily upon these RNA-targeting PIWIs, acquired early in their evolution
from archaea [15].

Acquisition of the other core components resulted in the development of a fairly
complex RNAi machinery in the last common ancestor of eukaryotes [25, 38, 64].
As previously proposed, the ‘raison d’être’ of this machinery may have been in
defense responses against selfish genetic elements such as viruses and transposons,
conceivably through repression at both the transcriptional (heterochromatin orga-
nization and/or cytosine DNA methylation) and post-transcriptional (RNA desta-
bilization and/or translation inhibition) levels [15, 24, 25, 38, 71]. The
diversification of function, with transcriptional (nuclear) and post-transcriptional
(mostly cytoplasmic) mechanisms allowing the inactivation of genome-integrated
as well as extra-chromosomal parasitic sequences, could account for the ancient
conservation of duplicated RNAi components [15, 25]. Consistent with this
hypothesis, taxonomically diverse RNAi-defective mutants commonly show reac-
tivation of transposons and/or certain repetitive sequences [4, 29, 32, 72–75].

In contrast, an ancestral role of RNAi in the regulation of crucial cellular
functions seems unlikely since the RNAi machinery does not appear to be essential
for unicellular life, and it has been independently lost in several divergent
eukaryotic lineages [15, 25, 28, 29, 76–78]. Yet, nearly all these lineages never had
a paucity of transcription factors or chromatin-level regulators, suggesting that as a
regulatory mechanism RNAi is probably lower in the hierarchy than the former two
nuclear systems [15]. Supporting this interpretation, in organisms that contain a
single Dicer gene such as Schizosaccharomyces pombe and vertebrates, Dicer
null-mutants are RNAi-defective but viable at the cellular level [72, 73]. Likewise,
mutants of the unicellular green alga Chlamydomonas reinhardtii, defective in
small RNA biogenesis and lacking virtually all tested sRNAs, have no obvious
abnormal phenotypes under standard laboratory conditions [79]. Moreover,
miRNAs/endogenous siRNAs appear to have a very limited role in gene regulation
in this unicellular species [79, 80] as well as in S. pombe [81].

Despite several hypotheses [28, 29, 78], the exact reason for the loss of RNAi in
some eukaryotic lineages remains unclear, particularly because of the existence of
sister species with similar lifestyles that differ in its presence or absence (e.g.,
Naumovozyma castellii vs. Saccharomyces cerevisiae or T. brucei vs. T. cruzi) [15].
Conversely, there is a strong tendency to retain the RNAi machinery in certain
lineages (e.g., plants and animals), possibly associated with greater organizational
complexity [31, 77, 82–84]. Indeed, miRNA-mediated regulation plays key roles in
maintaining cell/tissue differentiation in multicellular plants and animals, and dis-
ruption in miRNA production leads to abnormal development or is lethal to these
organisms [2, 4, 31, 36, 85]. It is therefore tempting to speculate that novel classes
of endogenous regulatory sRNAs (such as animal and plant miRNAs) appeared
later during eukaryotic evolution but became essential for controlling newly arisen
processes such as cell differentiation and development in specific lineages.

As previously proposed [38, 77, 83, 86], inverted repeats, transcribed into RNA
hairpins, may serve as a pool of novel miRNA genes that have the potential to
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acquire regulatory function. The RNAi machinery would process transcribed RNA
hairpins generating endogenous sRNAs and potential miRNAs. As eukaryotic
genomes evolve, inverted repeats may randomly arise, but these hairpins would
evolve neutrally unless a processed sRNA confers a selective advantage or disad-
vantage to the cell. As a result, miRNA precursors could arise, evolve accumulating
mutations over time and eventually be lost from the genome. Under this scenario,
conserved animal and plant miRNAs would represent versions that became ‘fixed’
as crucial gene regulators involved in unique evolutionary adaptations in each
lineage, also making the RNAi machinery essential for organismal development.

At present at least five eukaryotic lineages (animals, slime molds, land plants,
chlorophyte green algae and brown algae) are known to possess bona fide but
unrelated miRNAs, suggesting that miRNAs have evolved independently through
co-option of their shared inherited RNAi machinery [26, 34, 77, 79, 84, 86–88].
Additionally, within land plants or animals, only a minority of annotated miRNAs
are conserved among all species, while the majority are family- or species-specific,
suggesting that most known miRNA genes arose relatively recently in evolutionary
time [77, 83, 86, 87]. MicroRNAs and multiple kinds of endogenous sRNAs may
be flexible innovations that allowed gathering the selectivity of RNAi for the
regulation of gene expression and other processes in specific eukaryotic lineages.
Remarkably, a considerable degree of functional diversification of RNAi compo-
nents and pathways seems to have occurred during eukaryotic evolution [1, 4, 5, 25,
27, 30, 32, 36, 63]. The archaeal AGO-PIWIs, most closely related to the putative
ancestral eukaryotic AGO-PIWI, appear to function as stand-alone proteins
involved in host defense [3]. In contrast, the eukaryotic AGO-PIWIs from multi-
cellular plants and animals have now evolved to associate with multiple proteins in
a variety of sRNA pathways and regulatory networks and contain unique insertion
segments that likely provide binding surfaces for complex subunit interactions [2, 3,
6, 7, 17].

5 Perspective

A relatively complex RNAi machinery appears to have evolved in the last common
ancestor of eukaryotes [25]. The original role of these components was likely in
defense responses against selfish genetic elements such as viruses and transposable
elements. From a mechanistic perspective, the ancestral RNAi machinery may have
been capable of both transcriptional and post-transcriptional repression, roles
widespread among extant eukaryotes, and this diversification of function could
account for the evolutionary conservation of duplicated RNAi components, par-
ticularly AGO-PIWI proteins. The existence of a proto-miRNA system at an early
stage of evolution (presumably based on transcribed hairpins processed by an
siRNA-like pathway) cannot be ruled out [38], but it seems unlikely to have played
a key role in the regulation of vital genes since RNAi is not essential for unicellular
life. MicroRNAs as well as many other endogenous sRNAs may have evolved and
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become ‘fixed’ more recently as important regulators in lineage-specific biological
processes. Indeed, the introduction of miRNAs as post-transcriptional regulators of
gene expression may have been a major innovation at the dawn of multicellular life
[77, 88]. RNAi operates in a myriad of eukaryotes, and recent advances in
sequencing technology have allowed the identification of numerous distinct small
RNAs and pathways. However, except for a select group of well-studied organisms,
the biological role(s) of the majority of these small RNAs remains largely
uncharacterized. Particularly the impact of non-conserved, lineage-specific and
lowly expressed miRNAs is virtually unknown. Are most of them generated from
transient, neutrally evolving genes without a biological role? Do the miRNA-like
sequences identified in several unicellular protists have a biological function? If so,
how do they integrate within gene regulatory networks? Solving these questions
may provide crucial information toward understanding the origin and evolution of
sRNA-dependent regulatory systems.
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Evolution of the Molecules Coupling
mRNA Transport with Translational
Control in Metazoans

Paula Vazquez-Pianzola, Beat Suter and Greco Hernández

1 Introduction

Eukaryotes arose from ancestral prokaryotes as a result of profound evolutionary
changes at the molecular, metabolic, and morphological levels. These changes
resulted in the emergence of novel and more sophisticated levels of cellular
architecture. An essential structure of eukaryotes is the cytoskeleton, whose evo-
lution from prokaryotic cytoskeleton proteins allowed novel and fundamental
processes such as mitosis, meiosis, inheritance of genetic material, and cellular
motility to evolve [1–7]. The emergence of the cytoskeleton also led to the evo-
lution of motors driving intracellular transport to discrete regions of a cell, and these
motors are capable of transporting an amazing variety of different cargos, ranging
from vesicles and organelles to a plethora of proteins and RNAs required for most
cellular processes [1, 2, 7–10]. mRNA transport coupled with translation emerged
as a key process of gene expression that targets protein synthesis to specific
compartments of cells. In this process, motors act in concert with the cytoskeleton
to assemble, stabilize, and transport mRNAs, and this process is also coupled with
the control of translation. During their journey translation of mRNAs is repressed,
and it is only activated once the mRNAs reach their final destination [11–15].

In this chapter, we will review recent findings that shed new light on the evo-
lution of the molecules involved in translational control of transported mRNAs. To
date, regulation of gene expression involving this phenomenon is known for diverse
transcripts, and the transport motors as well as diverse proteins involved in this
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process have been characterized to a good extent. While progress has been made
across eukaryotes, we will put special emphasis on the processes described in
metazoans.

2 mRNA Localization Is Coupled with Local Protein
Synthesis in Metazoans

Translational control of asymmetrically localized mRNAs allows cells to determine
the precise time and place when a protein is synthesized. Upon translational acti-
vation, the proteins can be synthesized rapidly because transcription is not required
anymore. This posttranscriptional gene expression control underlies many biolog-
ical processes in metazoans, such as germline development, embryonic axis spec-
ification, and embryonic patterning. Additionally, it contributes to various cell
differentiation processes, including neurogenesis and synaptic transmission. Some
of the first examples of gene expression regulation involving translational control of
localized mRNAs were described while studying the embryonic development of
Drosophila and Xenopus [11–17]. The Drosophila processes take place during
oogenesis and embryogenesis and include bicoid (bcd), oskar (osk), and nanos
(nos) mRNAs, which encode the maternal polarity determinants that localize to the
anterior and to the posterior cortex of the oocyte, respectively. Their correct
localization and translation are crucial for the antero-posterior axis specification of
the embryo. Similarly, localization of gurken (grk) mRNA to the dorso-anterior
corner of the oocyte is essential for egg chamber and embryo dorso-ventral axis
specification [11–13, 16–18]. Likewise, the early examples from Xenopus described
that mRNAs encoding the T-box transcription factor VegT and transforming
growth factor-beta (TGF-ß) family member, Vg1, localize to the vegetal pole cortex
of oocytes and play critical roles in endodermal and mesodermal specification
during early embryogenesis [19].

Localization of mRNAs appears to be a generalized phenomenon in metazoans,
since a growing number of mRNAs have also been reported to localize in oocytes,
eggs, and cleaving embryos of diverse species of vertebrates, cnidarians, and
arthropods [13, 20–23]. Indeed, two high-throughput in situ screens in Drosophila
ovaries and embryos covering 1/4 − 1/3 of the transcriptome revealed that*35 and
*70 % of mRNAs exhibit a differential localization pattern in the developing ovary
and embryo, respectively [20, 22, 24]. An extensive correlation between mRNA
localization and protein distribution was also observed in embryos, indicating that
translation control is tightly regulated during mRNA transport. The high abundance
of mRNA localization strongly suggests that most cellular processes are somehow
impacted by mRNA localization coupled to translational control [20, 24]. The evo-
lutionary widespread occurrence of transport and translational control of many dif-
ferent mRNAs also illustrates the crucial role of this process in metazoans. For
example, in mammalian mesenchymal-like cells, the establishment of front-back
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polarity at the proteome level is maintained by localized translation of mRNAs [25].
Surprisingly, although many mRNAs are asymmetrically localized between the cell
body and the protrusions, in this study no correlation was detected between the
distribution of mRNAs and the corresponding proteins, suggesting that mRNA
localization alone is not a significant predictor of protein localization. Differential
distribution of mRNAs in polarized cells may be a mean to store repressed mRNAs in
order to rapidly activate translation on site upon specific stimuli [25].

Many of the factors involved in coupling transport with translation of homol-
ogous mRNAs are conserved in different species. For example, a 54-nucleotide
cytoplasmic localization element of the 3′-UTR of β-actin mRNA (termed a zip-
code) is recognized by zipcode-binding protein 1 (ZBP1), a step that is required for
carrying and translating mRNA to lamellipodia of chicken fibroblasts. This event
produces an enrichment of actin at the leading edge of cells, which is required for
cell motility [26]. Similar phenomena of localized β-actin mRNA have been
observed for different cell lines from several vertebrates, including developing
neurons of rat hippocampus and the Xenopus retinal axons where its translation
might also be regulated by ZBP1 [14, 27–30]. Moreover, it has been found that
ZBP1 inhibits mRNA translation by preventing 80S ribosomal complex formation
[31]. In Drosophila, Fragile X Mental Retardation Protein (FMR1) also exerts
translational control on localized mRNAs. FMR1 forms a complex with Argonaute
2 (AGO2), an essential component of the RNA-induced silencing complex (RISC)
[32], and with the ribosome to directly block translation by inhibiting tRNA
association [33]. FMR1 is also able to function as a translational activator [34].
dFMR1 not only regulates translation but also controls the efficacy of mRNA
transport in neurons [35] In mammalian neurons, FMRP colocalizes and coim-
munoprecipitates with subsets of dendritically localized mRNAs [36]. FMRP
knockdown enhances protein synthesis of some localized mRNAs in mice and
interferes with DHPG trafficking of specific mRNAs in neurons, indicating that
FMRP promotes transport and regulation of local translation of mRNAs at the
synapses [35, 36].

3 Origin of Cytoskeleton and Molecular Motors

The highly sophisticated organization of eukaryotic cells was made possible by the
evolutionary emergence of protein motors that facilitate trafficking between dif-
ferent cellular compartments. Molecular motors carry a plethora of cargoes such as
RNAs, proteins, organelles, and diverse macromolecular complexes to a variety of
destinations within the cytoplasm. To do so, motors travel directionally along the
tracks of a dynamic and extremely elaborate system of intracellular polymers ter-
med a cytoskeleton, which is also responsible for maintaining the shape and the
mechanical dynamics of the cell [37].

In all extant eukaryotes, cytoskeletal elements involved in the transport of cargo
consist of two major types of structural components: tubulins form microtubules
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(MT) [37, 38], whereas actins form actin filaments (AF) [37, 39]. Unlike MT and
AF, a third class of cytoskeletal elements, the intermediate filaments (IFs), lack
structural directionality and cytomotiliy, and no motor proteins have been found
associated with them [37, 40].

MT and AF evolved from prokaryotic homolog filaments. Indeed, both bacteria
and archaea are endowed with cytomotive cytoskeletons that can function as motors
because of the kinetics of polymerization/depolymerization itself [41]. Bacteria and
archaea possess genes encoding clear homologs of tubulin and actin, namely FtsZ,
TubZ, and RepX for tubulin (being FtsZ the nearest extant relative), and MreB and
FtsA families for actin, the latter playing critical roles in prokaryotic plasmid
segregation and cell shape and septation [1–4, 6, 7, 42, 43]. Regarding the origin of
cytoskeleton proteins, on one hand highly conserved orthologs of tubulins have
only been found in the genomes of archaeal species of the phylum Thaumarchaeota
[1, 5, 7, 44, 45]. On the other hand, actin and its prokaryotic homologs MreB and
FtsA belong to a large superfamily of ATPases present in all three domains of life.
Recently, phylogenomic analyses have discovered proteins with high similarity to
eukaryotic actins in archaeal species of the phylum Crenarchaeota. Accordingly,
they are dubbed “crenactins.” Altogether, these findings support the emerging view
that the two major components of the eukaryotic cytoskeleton have archaeal origins
[5, 43] and that the last common eukaryotic ancestor (LECA) possessed an
established, complex cytoskeleton composed of multiple paralogs of the tubulin
(FtsZ/TubZ) and actin (MreB/crenactin) families of proteins [1–7, 42, 43].

It appears that the ability of cargo-carrying molecules was strongly augmented in
eukaryotes by the mergence in early eukaryotic evolution of molecular motors that
function in coordination with the cytoskeleton [1, 3, 7, 8, 46]. However, it is
intriguing that prokaryotes possess only cytoskeletal cytomotive polymers while no
good candidate motor protein has been found yet. Eukaryotes evolved three major
superfamilies of motors that drive transport of mRNA cargoes. These are kinesins
and dyneins, which work along MTs, and myosins that work along AFs. Thus,
numerous kinesins, myosins, and dyneins have evolved to cope with the much more
sophisticated needs that have arisen during eukaryotic evolution. Even though we
do not know the origin of motors, kinesins and myosins share a common ancestor.
Dyneins belong to the large AAA+ superfamily of proteins and most likely evolved
from multiple duplication events of a single AAA+ domain before LECA. Some
evidence suggests that the closest relative prokaryotic protein is MoxR, but it does
not possess any motor activity. The ubiquitous distribution of different paralogous
proteins of all three motors across eukaryotes supports the notion that LECA
already possessed several families of all three motor types working along with an
established cytoskeleton. However, multiple losses of paralogs of the three families
of motors happened during eukaryotic diversification. After eukaryotes emerged,
the ancient “toolbox” of motors expanded into a wide battery of motors coupled
with different and additional cargo-bound “receptor” proteins, each designed to
carry distinct and specific cargoes [1–4, 7, 9, 10].
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4 The Drosophila BicD/Egl/Dynein Machinery Paradigm

The Drosophila BicD/Egl/Dyn complex is arguably one of the best-studied mRNA
transport machineries. It plays a key role in oogenesis and embryogenesis by
localizing a plethora of mRNAs required for cell determination, differentiation, and
formation of the anterior-posterior and dorsal-ventral axes. This machinery is
composed of BicD and Egalitarian (Egl) proteins, which interact with the motor
dynein (Dyn)/dynactin to transport mRNA cargoes along the microtubule
cytoskeleton to specific cellular compartments. To form the complex, Egl interacts
directly with both BicD and Dyn, as well as with transported mRNAs [11, 13, 47–
50]. BicD/Egl/dynein complex may work in conjunction with additional proteins
that confer specificity and, at the same time, translational control.

Genetic and biochemical studies have provided evidence of the Drosophila
BicD/Egl function in mRNA transport. During oogenesis, a single germline cell
produces a cluster of 16 interconnected cells of which one differentiates into an
oocyte. In parallel, the remaining 15 germline cells differentiate into nurse cells that
provide the oocyte with all the material required for growth and differentiation. This
process includes the transport into the oocyte of a subset of mRNAs produced in the
nurse cells. BicD loss-of-function mutant females produce a germline that is
composed only of cells with nurse cell appearance, indicating that BicD is essential
for oocyte differentiation. BicD mutant egg chambers also fail to accumulate
oocyte-specific mRNAs [such as osk, orb, BicD and fs(1)K10] in the oocyte. Thus,
it is suggested that the loss of oocyte differentiation may be due to a failure in the
transport of oocyte-specific proteins and mRNAs from the nurse cells into the
oocyte [51, 52]. Ovaries mutant for egl as well as wild-type ovaries treated with
microtubule disrupting drugs show the same 16-nurse-cell phenotype as BicD
mutants [53, 54]. Studies using fluorescently labeled grk and bcd mRNAs injected
into the nurse cells have shown that BicD and Egl are recruited to these mRNAs
and that these genes are required for grk transport into the oocyte [55]. This study
also revealed that transport along MTs requires Dyn for efficient localization of grk,
bcd, and osk mRNAs from the nurse cells into the oocyte [55]. Moreover, the
BicD/Egl/Dyn machinery is not only active in the germline, but is also used for the
apical localization of inscuteable mRNA in neurons [56] and for apical localization
of mRNAs from several segmentation genes in blastoderm embryos [57].

A recent NMR study on the K10 mRNA localization signal showed that it folds
in a special A’-form RNA conformation that is also found in the stem loops
responsible for localization of other BicD/Egl targets, namely, ftz, h, grk, wg, bcd, I-
factor, and osk mRNAs, suggesting that they are all recognized directly by Egl [58,
59]. However, whether Egl is a general link for all mRNAs transported by the
BicD/Egl/Dyn machinery or whether other proteins are required for cargo speci-
ficity is not known.
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5 The Importance of Being Oskar

Drosophila osk gene expression has been one of the most studied models of
translation control during mRNA transport, becoming a paradigm for this phe-
nomenon. Localization of osk mRNA to the posterior of the oocyte proceeds by the
action of the BicD/Egl/Dyn transport motor that imports the mRNA from nurse
cells into the oocyte [55, 57, 60–64]. Then, osk mRNA switches to a kinesin-based
motor that transports it towards the posterior cortex. Kinesin heavy chain
(KHC) and the kinesin light chain (KLC)-like protein PAT1 are required for this
process. While kinesin is involved in the long-range MT-based transport of osk
mRNA throughout the oocyte, there is evidence that osk mRNA localization is
followed by a myosin-V-dependent short-range actomyosin translocation of osk
mRNA at the posterior cortex [65].

During its journey, the translation of osk mRNA is repressed until it reaches
its final destination at the oocyte posterior cortex after stage 8 of oogenesis.
Mutants in armitage (armi), aubergine (aub), spindle-E (spn-E), maelstrom (mael)
[66], zucchini (zuc), squah (squ) [67], and krimper (krimp) [68] show premature
translation of osk mRNA in the oocyte during early oogenesis. It is therefore possible
that translational silencing of osk mRNA during these stages is driven by piRNA-
Piwi-Argonaute complexes interacting with osk mRNA. Alternatively, the reduced
activity of any of these proteins coupled with the higher expression of mobile genetic
elements might titrate the repressors of oskmRNA translation. Other proteins are also
involved in exerting osk mRNA translational repression. As opposed to wild types,
egg chambers mutant for theMaternal expression at 31B (Me31B) gene show ectopic
Osk protein accumulation in the nurse cells rather than in the oocyte during early
oogenesis, indicating that Me31Bs normally repress osk translation during its trans-
port through the nurse cell into the oocyte [69].

During oogenesis, polypyrimidine tract-binding protein (PTB) mediates
assembly of high-order complexes containing multiple osk RNAs, and this causes
translational silencing [70]. A complex made up by Bruno (Bru) and Cup represses
cap-dependent translation of osk mRNA from stage 5-6 onwards [71]. Bru binds
simultaneously to Bru-response elements (BRE) in osk 3′-UTR and to Cup, which
in turn binds eIF4E, thereby inhibiting recruitment of the small ribosomal subunit to
osk mRNA [71]. Accordingly, egg chambers expressing mutant Cup unable to bind
eIF4E show precocious expression of osk mRNA in stages 6–9 as well as increased
expression in stage 9 oocytes. Another mechanism is independent of the Cup-eIF4E
interaction, but still depends on Bru. This one causes translation repression during
mid oogenesis, and it also involves the formation of Bru-dependent osk mRNA
oligomers, which, bound to Bru, form large silencing complexes that cannot be
accessed by ribosomes [72]. Finally, the Drosophila hnRNPA/B homolog (hrp48)
binds sequences in the osk 5′- and 3′-UTRs, being involved in localization and
translational repression of osk mRNA after stage 9 of oogenesis [73].

Interestingly, Cup is also involved in translational repression of grk mRNA,
which is also transported by the BicD/Egl complex. A model for translation
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regulation of grk mRNA during its transport has been put forward in which both
Cup and Bru also function in complex with Sqd, out, and Hrb27C/Hrp48 [74]. It
was shown that that before grk RNA reaches its final destination at the
dorsal-anterior region of the oocyte, a well-established translation factor, poly(A)-
binding protein (PABP), functions with Encore (Enc) to facilitate translational
activation of grk mRNA [74].

Our research group has reported that Drosophila Pabp interacts genetically and
biochemically with BicD and that the biochemical interaction depends on RNA
[75]. Pabp mutants show both reduced stability and mislocalization of osk mRNA
during early oogenesis, demonstrating that PABP plays a key role in osk mRNA
localization [75]. Although there is no evidence for PABP involvement in osk
mRNA translational control during early oogenesis, it might be possible that PABP
activates osk mRNA translation after it has reached its final destination during late
oogenesis. All in all, Cup, Me31B, PTB, PABP, IMP, Bru, and Hrp48 are factors
that can associate with the BicD/Egl/Dyn motor to regulate the fate and translation
of osk and of other transported mRNAs as well.

6 Evolution of the BicD/Egl/Dyn Complex

Recent studies in the wasp Nasonia vitripennis have shown a conserved role of
BicD in mRNA localization and organization of a polarized microtubule network
during oogenesis in non-dipteran insects [76]. Drosophila and Nasonia share a
similar germline development, even though they diverged over 200 million years
ago. Although a role of BicD in mRNA transport in other phyla has not been
described yet, BicD are coiled-coil protein adaptors linking the Dyn/dynactin
minus-end-directed motor complex with different cargos [13, 47, 49, 77]. Because
of this versatility Drosophila BicD does not only perform mRNA localization, but
is also involved in the transport of other cargoes, such as clathrin, synaptic vesicles
at the neuromuscular junction, lipid droplets, and even nuclei of photoreceptor cells
and oocytes, [13, 47, 49, 77, 78].

A conserved role of BicD in neuronal development in other species is supported
by several recent findings. Like D. melanogaster BicD, C. elegans BicD is also
involved in nuclear migration and in neuron branching [79, 80], while the mam-
malian BicD1/Rab6 complex regulates COPI-independent Golgi-ER transport as
well as retrograde membrane transport in human neurons [47, 49, 78]. Furthermore,
BicD2-deficient mice show impaired radial neuronal migration [81], suggesting that
BicD2 is linked to cargo trafficking also in glial cells. In a similar way, mouse BicD1
was recently shown to modulate endosomal trafficking and signaling of ligand-
activated neurotrophin receptors in motor neurons [82]. Furthermore, mutations in
human BicD2 have been shown to cause congenital autosomal-dominant spinal
muscular atrophy and hereditary spastic paraplegia in humans [83–85]. These
mutations cause BicD to bind more strongly to dynein/dynactin complexes and to
produce Golgi fragmentation, which may result in defects in neuronal cargo
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trafficking and impairment of neuron outgrowth. Altogether, these findings highlight
the essential and conserved role of BicD in nervous system development and
physiology. It appears to perform the same function across metazoans by regulating
different cargo trafficking needed for polarizing nerve and glial cells.

The BicD gene is conserved throughout metazoans, but is not present in other
eukaryotes. Like in Drosophila, mammalian orthologs of BicD bind directly to
components of the Dyn and dynactin complexes [86]. While there is only one gene
encoding BicD in insects, C. elegans, and some ascidians, the gene is duplicated in
various vertebrates including humans. In the amphibian Xenopus, one BicD1 and
two BicD2 homologs are present. Interestingly, the fishes Danio rerio, Gasterosteus
aculeatus, Oryzias latipes, Takifugu rubripes, and Tetraodon nigroviridis have two
homologs of the BicD1 gene and two homologs of Bic-D2. In addition, in fishes
there is also a third, deeply divergent gene, probably representing an ancestral
version of the BicD gen. The sea lamprey Petromyzon marinus has also two BicD
genes, one BicD1 ortholog and one that could also be close to the ancestral BicD
gene [13, 47, 87–89]. Two shorter BicD-related genes, BicDR1 and BicDR2,
contain only two coiled coil regions and have been described in mammals and other
vertebrates. These cognate genes are involved in neural development in Zebrafish
[90]. Despite both genes being conserved in vertebrates, only BicDR1 is present in
flies. Like BicD1/2, BicDR1 also binds Rab6. The highest degree of similarity to
BicD is in the cargo-binding domain at the C-terminus of BicDR.

Egl is present in many arthropods and in C. elegans. As in Drosophila, studies
on the giant tiger shrimp (Penaeus monodon) egl ortholog gene have suggested an
involvement of Egl in ovary development as well [91]. In contrast to BicD, a clear
Egl homolog has not been identified in mammals. Thus, it is possible that different,
so-far unidentified adaptor proteins not related to Egl might link the BicD/Dyn
localization motor to localized mRNAs in other phyla [13].

Several RNA-binding proteins present in Drosophila BicD complexes, such as
PABP [75], FMRP [92], and the insulin-like growth factor II mRNA binding
proteins (IMPs; Vazquez-Pianzola, Bullock and Suter, unpublished), are highly
conserved across eukaryotes. Cytoplasmic PABP is a translation factor that is
present in all eukaryotes and that has diversified in multiple gene families. Indeed,
cytoplasmic PABP proteins are involved in different processes of RNA metabolism,
including mRNA stability, transport, and translation [93–98]. To date, most func-
tional studies have been focused on the prototype PABP1. However, the versatility
and high number of genes encoding PABPs in different species point to the pos-
sibility that distinct PABPs might regulate the localization and/or translation of
different localized mRNAs. Interestingly, PABPs have been found to bind not only
to the poly(A) tail of mRNAs, but also to A-rich sequences in the UTRs of osk, bcd,
and Vasopressin mRNAs, and their binding is critical for proper mRNA localiza-
tion in Drosophila oocytes and mammalian neurons, respectively [75, 99–102].
These additional binding sites further contribute to the versatility of PABPs.

In addition to Egl, another RNA-binding protein has been reported to link
mRNAs with BicD and FMR1 [92], and this function was implicated in branching
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of the dendritic arbor [92]. FMRP regulates mRNA transport and also functions as a
negative regulator of translation [36]. While the three vertebrate paralogs, FMR1,
FXR1, and FXR2, share a conserved gene structure derived from a common
ancestral gene, Drosophila and most invertebrates possess a single ortholog with
high overall similarity to human FXR2 [103–105]. Thus, as opposed to Egl, FMRP
is conserved in vertebrates and invertebrates opening the possibility that
FMRP/BicD complexes regulate RNA transport and translation in higher
eukaryotes.

IMPs form a family of RNA-binding proteins highly conserved across the ani-
mal kingdom. In Drosophila, IMP is required for translational control of localized
osk and grk mRNAs [106, 107]. Chicken IMP1, also known as ZBP-1, is required
for beta-actin mRNA localization and translational repression during transport to
the leading edge of motile fibroblasts and neurons. In Xenopus, IMP is required for
localization of Vg1 mRNAs to the oocyte vegetal pole during maturation [108,
109]. Preliminary results from our laboratory indicate that Drosophila IMP
also forms a complex with BicD/Egl during specific developmental stages
(Vazquez-Pianzola, Bullock and Suter, unpublished). Because most invertebrates,
including D. melanogaster, C. elegans, and different ascidian species, are endowed
with only one IMP gene, whereas most vertebrates possess more than one paralog,
it appears that the vertebrate IMP family originated from repeated gene duplications
shortly after the divergence of these two lineages. Most vertebrates (i.e., humans,
rats, mice, birds, and reptiles) contain three IMP paralogs, namely IMP1, IMP2, and
IMP3. Interestingly, Gorilla and the fish D. rerio have four orthologous IMP genes,
the additional one being most closely related to mammalian IMP2. On the other
hand, the frog Xenopus tropicalis contains only one IMP gene, an ortholog of
mammalian IMP3 [87–89].

Dyneins are microtubule-based motor complexes consisting of a core of heavy
chains (HCs) that contain the motor domains, associated with a variety of smaller
subunits termed intermediate, light intermediate, and light chains, which can
interact with diverse cargoes [2, 10, 77, 110]. In comparison to lower eukaryotes,
metazoans have expanded the number of multifunctional adaptors associated to
dyneins, including dynactin, nuclear distribution protein E, lissencephaly 1,
Spindly, and BicD, among others. This has led metazoan dyneins to play a role in a
large diversity of activities, such as mitotic spindle assembly, apoptosis, centro-
somal protein transport, chromosome segregation, and the transport of diverse
cargoes such as mRNAs, viruses, organelles, signaling molecules, and intermediate
filaments.

Dynein HCs comprise a large eukaryotic family of proteins [2, 10, 77, 110].
Phylogenomic analyses of hundreds of genomes have established the notion that
LECA was endowed with at least nine distinct types of dynein HCs [46, 111] and
that further diversification of eukaryotes led to multiple duplication of the dynein
repertory in most phyla but also to lineage-specific losses in some others [2, 46,
111, 112]. For example, higher plants are devoid of dynein genes and use primarily
myosin motors; Entamoeba and red algae also have independently lost all dyneins.
In contrast, the unicellular parasite Giardia contains many dynein and kinesin
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genes, but no myosins [2, 46, 113], and ciliates encode more dynein HC genes than
most eukaryotes thus far analyzed [114]. The chlamydomonas, sea urchin, and
human genomes possess between 14 and 16 dynein HC genes.

While all sequenced species of arthropods [112], including 12 Drosophila
species, contain only one copy for each gene encoding a dynactin subunit, they
contain a highly variable repertory of dynein heavy chains, and different numbers of
light chains, which allows these species to form a large variety of dynein complexes
for many cargoes [112]. All Drosophila species have the largest number and most
divergent set of light chains [112].

The high conservation of BicD proteins and the associated dynein/dynactin
motors in the animal kingdom suggests that BicD orthologs have played a con-
served role in the transport of diverse cargoes, including mRNAs. Other proteins
that are needed for mRNA localization have been found associated with BicD, and
they are conserved throughout evolution. The future will show whether the human
BicD orthologs have lost their ability to transport mRNAs or whether this function
and its mRNA adaptor have simply not been discovered yet.

7 Concluding Remarks

To cope with the high sophistication of cell architecture, eukaryotes evolved two
cytoskeletons that also serve as tracks for molecular motors. These are filamentous
actin and microtubules. A limited number of molecular motors, myosins, kinesins,
and dyneins, associate with a wide array of adaptors to gain specificity for many
different cargoes. This provides the cells with the opportunity to evolve
cargo-specific regulatory controls [2]. One example is the BicD/Egl complex in
Drosophila, which exerts mRNA localization coupled with translational control of
various mRNAs and which is crucial for oogenesis and embryogenesis. However,
despite their importance, only a few cargo-specific adaptors for dynein have been
studied so far [77]. Moreover, studies on which proteins regulate the translation of
the majority of localized mRNAs are still missing. Since dynein-based motors
function in the transport of a plethora of disparate cargoes, many more dynein
adaptors as well as additional proteins controlling translation may still await their
discovery.
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IRES Elements: Issues, Controversies
and Evolutionary Perspectives

Rosario Francisco-Velilla, Gloria Lozano, Rosa Diaz-Toledano,
Javier Fernandez-Chamorro, Azman M. Embarek
and Encarnacion Martinez-Salas

1 Introduction

Translation control is a key step in gene expression regulation in all organisms. In
eukaryotes, the vast majority of mRNAs initiate translation by a mechanism that
depends on the recognition of the m7G(5′)ppp(5′)N structure (termed cap) located at
the 5′ end of most mRNAs [1]. This process is achieved in several steps. The first
step begins with the binding of the cap structure by the translation initiation factor
(eIF)-4F complex, consisting of the cap-binding protein eIF4E, the scaffold eIF4G
and the helicase eIF4A. This complex recruits the 40S ribosomal subunit bound to
eIF3, eIF2 and the initiator tRNA and scans the 5′UTR until an AUG triplet is found
in the appropriate context to start protein synthesis (for a review, see [1]). Joining of
the 60S ribosomal subunit follows this step, producing a translation competent
complex. Beyond this general manner to initiate translation, specific mRNA regions
referred to as internal ribosome entry sites (IRES) can recruit the 40S ribosomal
subunit through a cap-independent mechanism [2, 3]. Likewise, initiation of protein
synthesis may also occur by other cap-independent mechanisms. Indeed, recent
studies have shown that m6A modification in mRNA promote translation initiation
regardless of the 5′end N(7)-methyl guanosine cap [4, 5]. Additionally, RNA
looping was proposed as the mechanism leading to the identification of the trans-
lation initiation codon regardless of the presence of cap-structure [6].

It is well established that strong cellular stresses, such as viral infection or
apoptosis, compromise cap-dependent translation initiation. Yet, a specific type of
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mRNAs can overcome the inhibitory conditions, as exemplified by viral mRNAs
that harbor IRES elements. Viral IRES elements hijack the translational machinery
of the host cell, facilitating translation initiation by recruiting and actively manip-
ulating the ribosome using a subset of canonical initiation factors [7]. IRES ele-
ments were first reported in the genomic RNA of picornaviruses [2, 3]. Many
positive-strand RNA viruses are naturally uncapped and instead depend on IRES
elements to express their genome. In full agreement with this, IRES elements also
control protein synthesis in the genome of various genera of the RNA virus (such as
hepacivirus, pestivirus, dicistrovirus, retrovirus and lentivirus, among others)
[8–11]. Additionally, IRES elements have been reported to control protein synthesis
in a diverse group of cellular mRNAs under conditions that compromise cap-
dependent translation [12–16].

RNA structure determines the function of most viral IRES elements. Yet, IRES
elements belonging to different families of RNA viruses lack overall conserved
features. For instance, the IRES located in the intergenic region (IGR) of
dicistroviruses and the IRES of hepatitis C virus (HCV) lack sequence homology,
exhibit different structural organization and also have a different requirement of
factors. Nonetheless, the natural selection pressure has evolved specialized
three-dimensional structures in each family of RNA virus that finally render a
functional element. For instance, the RNA architecture of the IGR is strongly
conserved across different species of dicistroviruses [17, 18]. Also, in spite of the
high genetic variability of RNA viruses exemplified by the HCV or the foot-
and-mouth disease virus (FMDV) genomic RNA, the IRES structure is preserved
by compensatory mutations, monitored by covariation analysis. In accordance with
this, engineered disruption of the stems reduced IRES activity whereas compen-
satory mutations restoring the secondary structure recovered translation efficiency
[8, 19, 20], further demonstrating the relevance of RNA structure for IRES
function.

Regarding their position on the mRNA, most known IRES elements are located
within the 5′UTR, but a few others are placed within the coding sequence. The
location downstream of the main start codon gives rise to a shorter protein from the
internal initiation codon that sometimes can have a function different from that of
the main open reading frame (ORF). This characteristic, which is currently
unpredictable, greatly increases the coding potential of the genome and, impor-
tantly, evidences the urgent need for a correct annotation of the eukaryotic gen-
omes. Another characteristic of most IRES elements is that, although there is a
distribution of functions among modular domains, they function as a single entity;
this feature implies that discrete pieces do not exhibit the activity produced by the
entire element. This observation, however, could be relevant to understand the
evolutionary history of RNA structural motifs present in distinct types of IRES
elements.
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2 IRES Elements: Diversity of Internal Initiation
Mechanisms

Internal initiation of translation can occur either by direct interaction of the IRES
with the 40S ribosmal subunit, or binding of the IRES element to initiation factors,
which then recruit the 40S ribosomal subunit. Thus, according to the minimal set
of factors required for internal initiation, IRES elements can be grouped into dif-
ferent categories. The IGR of dicistroviruses represents the simplest category.
This IRES element adopts a complex three-dimensional structure, consisting of a
triple-pseudoknot (PK I, II and III), and initiates translation at a non-AUG triplet
without the help of eIFs [9, 17, 21]. Hence, the IGR functionally substitutes for
the initiator met-tRNAi during internal initiation. The near atomic resolution
structure of IGR-ribosome complexes showed that the PKI of the IGR resembles a
tRNA/mRNA interaction in the decoding center of the A site, mimicking a pre-
translocation rather than initiation state of the ribosome [22]. Translocation of the
IGR by elongation factor 2 (eEF2) is required to bring the first codon of the mRNA
into the A site and to trigger translation; during this translocation event the IRES
undergoes a structural change to a stretched conformation, demonstrating the active
role of the mRNA structure in manipulating the ribosome to initiate protein
synthesis.

A larger and more diverse category of IRES elements includes those that do need
eIFs to recruit the ribosomal subunits in order to promote initiation of protein
synthesis. Examples of this category are found in the genomic RNA of HCV, but
also in pestivirus, picornavirus or retrovirus RNAs, among others [23]. All these
IRES elements, however, differ in nucleotide sequence, RNA structure and the
specific eIFs required for 48S complex assembly. The HCV IRES element, as well
as the so-called HCV-like present in the genomic RNA of pestivirus and a few
picornaviruses, only requires eIF3 and the ternary complex eIF2-GTP-tRNAi for
the assembly in vitro of 48S initiation complexes [24]. The HCV IRES is organized
into three domains, designated as II, III and IV, each one performing a distinct
function. Domain II is involved in eIF2-catalyzed GTP hydrolysis and 60S ribo-
somal subunit joining; in addition, the apical loop of domain II contacts the ribo-
somal protein RPS5, stabilizing the ribosome in the proper conformation leading to
translocation. Domain III binds the 40S ribosomal subunit and eIF3, while domain
IV harbors the AUG initiation codon [25, 26]. It should be noted that the full length
HCV IRES in solution shows a flexible RNA structure, which consists of an
ensemble of conformers made of rigid parts that can move relative to each other
[27]. This feature is consistent with the presence of four subpopulations for the
80S•HCV IRES complex, revealing dynamic conformational modes of the complex
[28]. Evidence for RNA flexibility of the HCV RNA was also observed in long
transcripts that harbor the IRES element in the natural viral RNA context, flanked
by domain I at the 5′end, and domains V and VI at the 3′end [29].

Translation initiation promoted by the HCV-like IRES elements also relies on
their interaction with the 40S ribosomal subunit. During initiation, the IRES-40S
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complex places the start codon into the P site, base-pairing with eIF2-bound ini-
tiator met-tRNAi to form a 48S complex. Reconstitution of a 40S ribosomal
complex containing eIF3 and a pestivirus (HCV-like) IRES shows that eIF3 is
displaced from its ribosomal position in the 43S complex relative to the HCV IRES
and instead interacts through its ribosome-binding surface with the apical region of
domain III of the IRES [30]. These results suggest a role for the specific interaction
of HCV-like IRES elements with eIF3 in preventing ribosomal association of eIF3,
thus favoring translation of viral mRNAs.

In contrast to HCV, the IRES elements governing translation initiation in the
genome of picornaviruses are heterogeneous in the nucleotide sequence, RNA
structure and requirement of factors for ribosome recruitment [23]. Furthermore, the
list of new types of IRES elements increases in correlation with the incessant
discovery of new species of picornavirus with different nucleotide composition. The
picornavirus IRES elements are currently classified into five types and several
subclasses; notably, each type harbors a common RNA structure core maintained
by evolutionary conserved covariant substitutions [19, 31–33]. In addition, each
type exhibits a distinct requirement of factors for the assembly of the initiation
complex. The IRES elements classified as types I and II require the C-terminal
region of eIF4G, eIF4A, eIF2, and eIF3, but not eIF4E, to assemble 48S initiation
complexes [34, 35]. In contrast, translation initiation driven by type III depends on
the integrity of eIF4G [36]. Type IV (termed HCV-like because of its similarity
with the HCV IRES element [37]) is eIF4G-independent but depends on eIF2 and
eIF3. Conversely, the Aichi-like type (present in Aichi virus, AV) depends on
eIF4G but, unlike type I and type II, it depends also on the RNA helicase DHX29
because of sequestration of its initiation codon in a stable hairpin [33]. A recently
discovered subclass by phylogenetic analysis of RNAs detected in samples from
domestic dog and wild animals revealed an Aichi-like IRES secondary structure
[38]. It is worth noting that recombination events occurring during picornavirus
coinfection can generate IRES elements with unique properties [39, 40], including
novel tissue tropism and/or host-range spectrum. The latter could lead to crossing
the species barrier. Importantly, the IRES element is essential for viral infection in
all RNA viruses analyzed, and therefore it constitutes a specific target for antiviral
compounds [41–45].

Three distinct IRES elements, HIV-1 5′UTR, HIV-1 gag and HIV-2 gag, have
been reported in the genome of lentiviruses (a genus of the retroviridae family),
although there are controversial results concerning these IRES elements because the
viral mRNA is naturally capped. These IRES elements exhibit different structural
features and also have a different requirement of factors than the IRES of HCV or
picornavirus. It appears that the activity of HIV-1 5′UTR IRES tolerates point
mutations, but it is strictly dependent on specific host factors, and its activity is
linked to the cell cycle phase [10, 46]. On the other hand, and in contrast to the vast
majority of viral IRES elements, the HIV-1 gag and HIV-2 gag IRES elements are
positioned downstream of the start codon. Hence, a back-scanning mechanism was
proposed for both HIV-1 gag and HIV-2 gag IRES elements [11, 47].
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Further increasing the IRES diversity, the activity of a few viral IRES elements
depends on specific single-stranded regions. For instance, the activity of the IRES
placed upstream of the coat protein ORF of the crucifer-infecting tobamovirus
(CrTMV) was mapped to A-rich regions [48] Conversely, U-rich single-stranded
regions determine the function of the IRES located at the 5′ end of the
Rhopalosiphum padi virus RNA [49]. Also, an unstructured region determines the
function of the Halastavi arva virus, a positive strand RNA virus with a dicistronic
genome [50]. In the latter, initiation of translation involves direct attachment of the
43S preinitiation complexes immediately downstream of the initiation codon; then,
43S complexes undergo a retrograde scanning dependent on eIF1 and eIF1A.

Due to the observation that viral IRES elements confer resistance to inhibitory
conditions for cap-dependent translation, the IRES field has attracted research
interests not only in the translation field, but also in other areas of RNA biology
impacting on cell proliferation, differentiation, stress response, development, etc.,
leading to the discovery of a significant number of mRNAs able to be translated
using a cap-independent mechanism under cellular stress. Hence, these RNA
regions were designated as IRES elements. In line with the observations made on
distinct types of viral IRES elements, structural and functional studies carried out in
a few cellular IRES elements [51–54] suggest that these elements are defined by
their local RNA structure flexibility, depending upon short sequence motifs and
trans-acting factors for their function. The diversity of sequences and structures
mediating cap-independent translation issued many caveats in the translation field,
mainly due to the lack of appropriately controls in published data. Notably, and in
spite of the controversy on some of these studies, recently published evidence
supports distinct types of cap-independent translation mechanisms; the unantici-
pated diversity of translation initiation mechanisms suggests that various sorts of
RNA regions governing distinct cap-independent mechanisms might have been
erroneously designated as IRES elements.

3 Diversity of IRES-Ribosome Interactions: Insights
for Evolutionarily Traits?

As mentioned earlier, IRES elements can recruit the ribosomal subunits directly,
e.g., by direct contact with the 40S ribosomal subunit or, indirectly, by using
functional bridges, generally eIFs and RNA-binding proteins, to capture the ribo-
some. Physical association of the IGR or the HCV IRES elements and the 40S
ribosomal subunit has been shown by different experimental approaches [26, 55].
Evidence for direct interaction between the ribosomal RNA and the IRES element
has been reported in studies of the HCV IRES element, the 9-nt element of the GTX
mRNA 5′UTR (encoding a murine homeodomain transcription factor expressed
specifically in glial cells of the brain and germ cells of testis) or the G-quadruplex of
the vascular endothelial growth factor (VEGF) mRNA [56–58]. Several studies of
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the HCV IRES reveal the dynamic nature of the RNA in recruiting the translation
machinery; the HCV IRES contacts the backbone and bases of the CCC triplet in
the 18S rRNA, inducing a rearrangement of 18S rRNA structure in the vicinity of
the conserved nucleotide G1639 [59]. Conversely, formation of a kissing complex
between the loop IIId of the HCV IRES and the 18S rRNA was also observed in
binary complexes [60]. More recently, short sequences complementary to the 18S
rRNA have been found in mRNAs selected in a high-throughput screening among a
library of several thousand oligonucleotides (210 nt long) cloned in a lentiviral
bicistronic plasmid between mRFP and eGFP reporters translated by a cap-
independent mechanism in H1299 cells [61].

A different manner used by many IRES elements to recruit the ribosomal sub-
units relies on the involvement of proteins, both eIFs and RNA-binding proteins
(RBPs). These factors serve as functional bridges between the IRES element on one
side and the ribosomal subunit on the other, as exemplified by picornavirus IRES
elements. As mentioned earlier, picornavirus IRES elements are rather heteroge-
neous, and thus they are classified into five types. The RNA structure of enterovirus
IRES element (the representative member of type I) is organized in five domains,
designated II to VI [32]. The involvement of these domains in IRES activity was
demonstrated by mutational studies, and their interaction with host factors modu-
lating internal initiation of translation was shown by RNA protein-binding analysis.
For instance, domain IV harbors a C-rich loop that provides the binding site for the
polyr(C)-binding protein PCBP2, while domain V provides the binding site for the
polypyrimidine tract-binding protein (PTB) [62].

The RNA structure of type II IRES (represented by encephalomyocarditis virus
(EMCV) and FMDV) is also arranged in five domains designated 2–5, or H to L,
respectively [63, 64]. Domain 2 contains a conserved pyrimidine tract that provides
a binding site for the PTB protein [65]. Domain 3 is a self-folding cruciform
structure [66, 67]; the basal region of this domain consists of a long stem inter-
rupted with bulges that includes several non-canonical base pairs and a helical
structure essential for IRES activity. Domain 4 is organized into two hairpin loops,
which contain the binding site for eIF4G, an essential factor for these IRES ele-
ments [34, 68, 69]. Domain 5 consists of a short hairpin followed by a
single-stranded stretch of nucleotides on its 3′ end including a conserved pyrimidine
tract; this domain provides the binding site for eIF4B, PTB and other RNA-binding
proteins [70–73]. Notably, a construct that harbors domain 4 and 5 (hence, able to
interact with eIF4G, eIF3, eIF4B, PTB and several other proteins) is not sufficient to
promote IRES-dependent protein synthesis [74]. The partial recovery of IRES
activity observed upon coexpression of two defective IRES elements classified as
type I and type II, each one having a defect on a different domain [75, 76],
suggested functional complementation. These data show that although there is a
distribution of functions in each domain, the entire element is required for full IRES
function.

It is well established that eIFs and auxiliary RBPs stimulate 48S complex for-
mation in reconstitution assays with picornavirus IRES elements [33, 77–79].
Interestingly, picornaviruses classified as type I and type II IRES have two
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polypyrimidine tracts placed at each end of the IRES region such that PTB binds to
the IRES constraining the RNA structure in a unique orientation [80], possibly
facilitating protein synthesis. Beyond PTB, multiple RBPs involved in distinct
RNA processes have been identified by mass spectrometry analysis of
affinity-purified factors associated with viral IRES elements. Most of these factors
interact with multiple targets and show promiscuous binding to RNA. These
characteristics represent an obstacle to elucidate whether the proteins recognizing
distinct IRES elements reflect, or not, common evolutionary traits.

With the exception of short pyrimidine tracts, distinctive RNA motifs are lacking
in cellular IRES elements [81, 82]. It is worth noting that the observation that
artificial constructs containing (CCU)(n) motifs function as internal ribosome entry
segments in the presence of PTB [83] led to suggest that PTB (or its interacting
protein partners) could provide a bridge between the IRES and the ribosome, and
thus it could be a general IRES transacting factor (ITAF). In support of this pro-
posal, PTB stimulates translation driven by IRES elements placed in cellular
mRNAs encoding proteins controlling cell growth, as well as factors involved in
apoptosis, nutrient deprivation or cell proliferation [84, 85]. Nevertheless, this is not
always the case, as there are examples where PTB inhibits translation [86].

On the other hand, the roles of 3′-poly(A) tail of the mRNA and the poly(A)-
binding protein (PABP) in internal initiation vary depending on the type of IRES
and the biological characteristics of the system [87–89]. In the case of the A-rich
CrTMV IRES, mutations in the internal polypurine tract decrease both the IRES
activity and binding of PABP. Furthermore, enhancement of IRES function in the
presence of 3′-poly(A) and the absence of 5′-cap suggests a crosstalk among PABP,
the CrTMV IRES and the 3′-poly(A) tail [90].

4 Lack of a Universal Motif Across IRES Elements:
Evolutionary Perspectives

The evolutionary origin of IRES elements remains elusive. Nevertheless, the
observation that IRES elements have been described not only in RNA viruses
infecting animal cells, but also in cellular RNAs from mammals, insects, plants,
parasites and yeast encoding proteins synthesized upon stress or related to cell
survival [91] suggests that these elements may have an ancient origin. Indeed,
current data support two different evolutionary origins of IRES elements. Early
studies on the mechanism of action of IRES elements suggested similarities with
prokaryote-like mechanisms [24]. In agreement with this hypothesis, the study of
the insulin-like growth factor 1 receptor (IGF1R) IRES proposed a direct interaction
with the 18S rRNA modulated by a polymorphic poly(U) loop, presumably oper-
ating as a Shine-Dalgarno-like (SD-like) site [92].

The possibility that some IRES elements could arise by divergent evolution from
the prokaryote SD-like translation initiation regulatory element has gained support
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by the discovery of a large number of short sequences that have the property of
being complementary to the rRNA and behave as putative IRES elements [61].
Additionally, a work on land plant chloroplast RNAs described an operon that
harbors two cistrons separated by a spacer region. The secondary structure of this
intercistronic spacer consists of a loop projecting the SD-like site and a stem that
interacts with the adjacent coding region and sequesters the start codon, suggesting
that translation of the second cistron is regulated by a cis-acting mechanism
comparable to prokaryotes [93]. Bicistronic RNAs are rarely found in eukaryotic
organisms, but there are some examples in both plant and animal cells. Two
examples are the WDR53-CesA8A transcript of the domestic apple, which contains
a spliced intergenic sequence predicted to fold into a hairpin structure [94], and
the colinear transcripts GPR40-GPR41 (G protein-coupled receptors activated by
long or short chain fatty acids, respectively), which is expressed in pancreatic beta
cells [95].

Given the great diversity of IRES elements, it is also conceivable that some type
of IRES elements could have arisen by convergent evolution. Possible events
resulting in the generation of novel functional IRES elements could be the assembly
of discrete RNA modules derived from different molecules, presumably by RNA
recombination, integrative events or RNA ligation of small fragments. These
events, although infrequent, could eventually generate a regulatory structural motif
with new functions, unrelated to that displayed by the RNA molecule, which
harbors the combined RNA modules. In support of this possibility, there is proven
evidence that nature uses thermodynamically stable modular motifs from natural
RNA molecules to generate complex programmable structures [96]. In agreement
with this, RNA molecules have unique structural attributes, which include the
ability to self-assemble in a controlled manner through the arrangement of structural
building blocks, as shown in riboswitches, ribozymes or ribosomal RNAs, among
other RNA molecules.

An example of a modular structural motif that is found in various RNAs, yet
performing different functions, is the tRNA-like motif. This motif is found in the 3′
UTR of plant viral RNAs promoting translation and replication of the viral RNA
[97, 98]. Indeed, tRNA structure mimicry, experimentally shown in the case of the
dicistrovirus IGR (see Sect. 2), was proposed as a candidate for a universal IRES
motif. In favor of this proposal, the results of RNase P cleavage assays (a
structure-dependent enzyme that recognizes and processes the tRNA precursor)
suggested the presence of tRNA-like motifs in a few viral IRES elements, including
the IGR, the HCV, and the EMCV and FMDV IRES elements [99–101]. This
proposal has received direct support by near-atomic resolution structures only in the
case of the discistrovirus IGR. Thus, the results obtained from other IRES elements
could suggest that the regions of tRNA mimicry are remnants from an ancestor
molecule, presumably unrelated to their function. Along this line, RNA molecules
could arise by fusion, followed by gradual addition and evolutionary selection,
from ancestral modules. Yet, as it occurs in proteins, domains representative of
known folds whose similarity is indicative of a common descent can occur in non-
homologous domains.
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5 Prediction of IRES-Like Motifs in Genomes

Prediction of potential IRES elements genome wide remains a challenging task
because currently known IRES elements lack conservation of primary sequence and
RNA secondary structure. To our knowledge, a tool capable of using sequence and
structure information, and superimposing inferences about the evolutionary
behavior of individual residues, is not available for RNA molecules. In spite of this,
and given that the RNA structure plays a fundamental role in most viral
IRES-dependent translations [102], it is plausible that similar RNA motifs can be
found in genomes, expanding gene regulatory elements and also providing hints
about their evolutionary history.

In addition to the stress response, cap-independent translation also can occur
during physiological cellular processes (for example, mitosis and apoptosis).
Hence, it is unlikely that viruses developed the IRES-dependent translation initia-
tion mechanism and remained solely used by viral RNAs. It should be noted that
research in viruses has been the first step to discover critical post-transcriptional
events. To name a few, studies on reovirus mRNAs led to the identification of
mRNA capping, splicing was first reported in adenovirus, and polyadenylation was
described in vaccinia virus. Viruses usually have small genomes and thus depend
on the host cell to carry out most of the viral replication steps. This feature ensures
that virus genomes evolved to increase their replication potential in the infected
host. This evolutionary plasticity makes viruses an invaluable system to identify
new mechanisms used not only by viruses but also by the host cell. Hence,
regardless of the lack of a universal conserved structural motif unique to all viral
IRES elements, a better understanding of the structural organization and function of
a specific IRES domain (or subdomain) can help to predict IRES-like motifs in
cellular genomes.

Functional annotation of short ORFs using non-conventional translation initia-
tion, as well as noncoding RNAs, remains a current task of great biological
importance. Evidence for the existence of non-annotated, yet translated short ORFs
(<100 aa) is supported by experimental data derived from the ribosome profiling
and mass spectrometry analysis [103]. The periodicity of ribosome movement on
the mRNA defines actively translated ORFs by ribosome footprinting in eukary-
otes, which are also supported by computational prediction of small ORFs from
codon conservation patterns. Additionally, short peptides, which have emerged as
important regulators of development and physiology, result from translation initi-
ation events at non-canonical initiation codons. Hence, regulatory mechanisms
different from the conventional cap-dependent scanning must be involved in their
translation initiation. While we are not implying that internal initiation will solely
be driven by IRES elements, it may occur that at least some of these short ORFs
may be using IRES-like mechanisms to initiate translation. Moreover, the rapid
advance in the sequencing methodologies has led to the discovery of novel RNA
forms, such as the long noncoding RNAs (lncRNAs) and the circular RNAs
(circRNAs). Increasing evidence supports that some of these RNAs encode short
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peptides although they do not match the criteria of the cap-dependent initiation
mechanism. The function of such molecules as well as the mechanism used to
initiate their synthesis remains to be explored.

Attempts to explore the presence of putative IRES elements in genome-wide
approaches have made use of in vitro selection strategies [104]. This cell-free
method is based on the mRNA display of genomic fragments (about 150 nucleo-
tides long), selection for initiation of translation and high-throughput deep
sequencing. When translated in vitro, the tagged RNA sequences that mediate
cap-independent initiation of translation become covalently linked to a peptide
affinity tag encoded in the coding sequence. Formation of a 3′ -puromycin chemical
bond between newly translated peptides and their encoding mRNA occurs via the
natural peptidyl transferase activity of the ribosome, which recognizes puromycin
as a tyrosyl-tRNA analog. This method reported several thousand translation-
enhancing elements (TEEs) in the human genome associated with genes involved in
signal transduction, cell communication and neurological system development
pathways. Surprisingly, many of these RNAs harbor TEEs in intronic sequences
flanked by regions that are conserved among species.

A radically different approach to search for putative IRES elements takes
advantage of sequence comparative analysis using gene finder algorithms. Using as
reference the cap-independent A-rich RNA sequences of yeast [105], a bioinfor-
matic method based on a support vector machine was developed for the prediction
of putative IRES elements using the 5′-UTR sequences of fungi [106]. Surprisingly,
this method predicted over 6000 putative IRES elements. Although this attempt to
develop informatic tools to identify potential IRES elements rendered promising
results, no functional studies were reported for any of the identified RNAs.

The use of conserved structural motifs present in viral IRES elements would be
advantageous for searching for regions putatively folding as IRES-like subdomains
in genome sequences. Indeed, the relationship between RNA structure and bio-
logical function is generally inferred from the conservation of structural motifs.
Although high-resolution structures of picornavirus IRES elements are still lacking,
there is extensive information regarding the secondary structure of picornavirus
IRES elements. For instance, several motifs are conserved in type II IRES elements
[107]. Notably, some of them are placed in domain 3, a region that determines a
three-dimensional folding of the IRES [108]. The apical region of this domain
harbors conserved motifs involved in the structural organization of the IRES
molecule, such as the GNRA (N stands for any nucleotide and R for purine) motif,
which adopts a tetraloop conformation in several picornavirus IRES elements [66,
109–111]. Computational modeling of this domain generated a three-dimensional
RNA structure that integrates experimental evidence for tertiary contacts between
distant residues of the secondary structure [112]. This model also indicated that not
only the motifs exposed on loops, but also the sequence of the junctions is con-
served in natural isolates, implying that the secondary structure is evolutionary
constrained to deliver its function.
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Given the unusual combination of motifs that constrains domain 3 of the
FMDV IRES [19, 113], it was hypothesized that a search for RNA sequences with
the capacity to adopt an IRES-like subdomain fold could identify RNA regions
potentially promoting IRES activity, undetectable by other approaches. The RNA
inverse folding approach allows searching for sequences that are predicted to adopt
an RNA structure similar to conserved RNA motifs. Indeed, several RNA
sequences were predicted to adopt an IRES-like subdomain following application
of computational filters and biological insight to prioritize the hits returned by
RNAiFold [114]. More importantly, one of these sequences was proven to confer
weak but positive internal initiation [115]. The weak activity of this region is not
surprising, since viral IRES elements are active as an entity and not as short
fragments or even individual domains. Despite the low level of activity of the
selected candidate, the RNA inverse folding approach opens new avenues to search
for other structurally conserved motifs present in well-characterized IRES elements.
Future studies aimed to explore the presence of structural subdomains of other
IRES elements, such as the dicistrovirus tRNA motif, may help to uncover new
IRES-like motifs in eukaryotic genomes.

6 Concluding Remarks

A common property of many IRES elements is their RNA flexibility, which
increases in correlation with the requirements of factors to assemble competent
translation initiation complexes. The question that remains open is whether the lack
of a universal structural motif in IRES elements indicates no common evolutionary
traits in these regulatory elements. Even IRES elements from genetically distant
viral RNAs lack overall conserved features. RNA flexibility, hence plasticity, is
inherent to relative disordered regions of the RNA structure. In this regard, it is well
established that many interactions are mediated by sequence motifs in the regula-
tory regions of genes and in the intrinsically disordered regions of proteins [116].
On the other hand, regulatory modules have a plasticity that facilitates a rapid
acquisition, resulting in large networks that may respond in a coordinated manner to
changes in the cell state. These elements, which are present in DNA and RNA, and
proteins, suggest that coregulation and motif-driven regulatory programs are
mechanisms that emerge from the use of dynamic modules. Thus, a hypothesis that
accommodates the diversity of IRES elements should take into account that most of
them exploit RNA structure flexibility, and therefore plasticity, as the core func-
tional element.
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