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Preface

Ever since the structure of the DNA double helix was unveiled more than 60 years

ago, every step in the central dogma of life has undergone major scientific scrutiny.

As the key components and mechanistic insights into the central dogma have been

elucidated, each discovery has greatly impacted our understanding of the basic

operational principles of living organisms. In the flow from gene to protein,

decoding genetic information with appropriate rate and fidelity is critical to sus-

taining the vitality of living organisms. Aminoacyl-tRNA synthetases covalently

attach amino acids to the ends of tRNAs, thereby forming the first bridge between

nucleic acid and protein worlds. The discovery of tRNA synthetase activity Berg

and Ofengand (1958) and Schweet et al. (1958) stimulated major efforts to under-

stand the common catalytic activities of these enzymes, including the chemical

mechanism of aminoacylation, the architectures of the enzymes and their active

sites, substrate recognition, and molecular evolution and proofreading mechanisms.

These subjects have formed the fundamental basis for tRNA synthetase research for

the last 50 years. In the first three chapters of this volume, Perona, Ibba, Guo, and

Yang et al. discuss the past, present, and future of these issues.

As genomic and structural information on different tRNA synthetases from

diverse species has accumulated, some unique structural features of eukaryotic

tRNA synthetases have been revealed. Relative to their bacterial counterparts,

most eukaryotic enzymes were found to have additional unique domains at their

extremities or even inserted into their conserved catalytic domains. The structural

differences between bacterial and eukaryotic tRNA synthetases distinguished this

family of enzymes from the normal evolutionary differences commonly found in

other protein families. The eukaryote-specific structural features have provided

unique capabilities to form diverse functional protein complexes and have opened

new avenues for research. The functional implications for novel protein–protein

interactions and complexes mediated by eukarytotic tRNA synthetases are

reviewed in the chapter by Han et al.

Sophisticated cell biology studies also revealed a surprising biology for mam-

malian tRNA synthetases in extracellular space. Although the presence of several

different tRNA synthetases or their antibodies in blood has been detected in
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autoimmune patients, these early observations were considered to be the result of

cell necrosis, and the etiology of tRNA synthetases and their autoantibodies in

extracellular locations was not well understood. Recent studies have demonstrated

diverse physiological implications of mammalian tRNA synthetases in the extra-

cellular milieu, implying that these proteins are likely to result from controlled

secretion processes. The number of examples of secreted tRNA synthetases with

distinct activities has increased in recent years. Although information on their

detailed functions and corresponding receptors is still limited, the emergence of

this new family of extracellular signal mediators that is distinct from the more

typical cytokines and hormones is of great interest. In this volume, the current state-

of-the-art on the secretion and functional implications of human tRNA synthetases

in extracellular space is reviewed by Park et al.

Genetic and biochemical studies have uncovered other unexpected roles of

tRNA synthetases. As these enzymes are essential for protein synthesis and are

thus considered “housekeepers,” the involvement of these enzymes in the expres-

sion of their own or other genes was not well anticipated. Surprisingly, several

different tRNA synthetases regulate gene expression at the levels of transcription,

splicing, and translation via non-catalytic and unique mechanisms. Some recent

findings related to these novel functions are addressed by Fox and Martinis in this

volume. While tRNA synthetases can achieve the regulation of gene expression

primarily through their versatile molecular interactions, some of these enzymes can

also regulate gene expression through the generation of intriguing small molecules,

diadenosine polyphosphates, which are emerging as novel second messengers. This

second catalytic activity and its functional implications are addressed by Razin and

Nechushtan.

The functional diversity of human tRNA synthetases is also associated with

various diseases. For instance, some tRNA synthetases and their autoantibodies are

associated with autoimmune diseases such as polymyositis and dermatomyositis,

and there is even a link to some cancers. In addition, mutations in tRNA synthetases

are strongly implicated in Charcot-Marie-Tooth neuropathy, an inherited disorder

of the peripheral nervous system, although the molecular etiology is not yet clearly

understood. Unlike other housekeeping genes, variation in transcription and copy

numbers of tRNA synthetase genes has been observed in many types of cancer. In

addition, many tRNA synthetases appear to interact with factors that are known to

play critical roles in the process of tumorigenesis. The pathological association of

tRNA synthetases with cancer is relatively new and this emerging topic is addressed

by Kwon et al. in this volume.

Eukaryotes have another set of tRNA synthetases that carry out protein synthesis

in mitochondria. Since mitochondria serve as the power plants of the cell, their

malfunction can lead to critical cellular and organismal defects. Interestingly,

similar to their cytoplasmic counterparts, many mitochondrial tRNA synthetases

are associated with human diseases. In their chapter, Florentz and Sizzler address

the biogenesis of mitochondrial tRNA synthetases, their connections to the mito-

chondrial translational machinery and respiratory complexes, and pathological

implications for mitochondrial disorders.
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Since the aminoacylation reaction is essential for cell viability and proliferation,

the inhibition of the catalytic activities of tRNA synthetases has been explored for

therapeutic purposes. Moreover, specific synthetases and their cognate tRNAs are

packaged into retroviruses including human immunodeficiency virus, and in this

context the tRNAs perform a completely different function related to priming of

reverse transcription. Thus, the novel role of synthetases and tRNAs in retroviruses

and the structural distinction between human and bacterial or fungal tRNA synthe-

tases have provided a basis for the development of anti-infective agents. The

application of naturally occurring or synthetic compounds that can inhibit the

interactions and catalytic activities of different tRNA synthetases and their poten-

tial use as anti-infective agents are reviewed by Musier-Forsyth et al.

Since aminoacyl-tRNA synthetases define the genetic code, they can be used as

tools to expand or modify the linkage between amino acids and codons that has

naturally evolved. Although reprogramming of the genetic code can be achieved by

engineering the specificity of these enzymes for alternate amino acids or tRNAs, a

totally different approach that exploits catalytic RNAs has also proved to be useful.

An artificially selected ribozyme, named flexizyme, can mediate the covalent

linkage of amino acids to the acceptor ends of tRNAs without substrate discrimina-

tion. Although this RNA surrogate of tRNA synthetase does not yet work in vivo, it

can reprogram the natural genetic code when combined with non-natural amino

acids in an appropriate in vitro translation system. This emerging technology is

introduced in this volume by Suga et al.

Translation of the genetic code is the central process of life involving the largest

number of cellular components, and research in the area of translation typically

generates over 20,000 publications annually. Aminoacyl-tRNA synthetases, central

players in translation, were discovered more than half a century ago, and it has been

assumed that by now all major discoveries related to these enzymes have been

uncovered. However, based on the novel biology, chemistry, and medical relevance

that have recently been unveiled, it is clear that a renaissance of tRNA synthetase

research is underway. During the course of evolution, tRNA synthetases have

adopted signal- or metabolite-sensing and novel molecular interaction capabilities.

Equipped with new functional domains, they behave as “molecular transformers,”

changing their structure and function as needed. In particular, efforts to understand

the new functions hidden within higher eukaryotic tRNA synthetases are in high

gear. While the annual number of publications on tRNA synthetases has varied only

slightly over the last decades, research articles on human tRNA synthetases have

increased and make up about 50% of the total synthetase-related publications. This

trend is expected to continue and indeed soar in the next decade. In this volume, we

have selected topics that reflect the recent excitement in tRNA synthetases and

emerging research areas.

The name “aminoacyl-tRNA synthetase” was coined by the Paul Berg group in

1958. In this volume, the authors use different abbreviations to indicate aminoacyl-

tRNA synthetases including “aaRS” and “ARS.” To indicate specific enzymes, the

three-letter or single-letter symbol for an amino acid is followed by RS. For

instance, glycyl-tRNA synthetase is abbreviated as GlyRS or GRS. The genes
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encoding each tRNA synthetase are usually indicated by the single letter amino acid

code plus ARS. For example, the gene encoding glycyl-tRNA synthetase is indi-

cated as GARS. To indicate mitochondrial genes, the authors usually append the

number “2” at the end (e.g., GARS2).
The non-canonical activities of eukaryotic tRNA synthetases used to be consid-

ered as the coincidental products of divergent evolution and were believed to be

functionally less significant than their canonical catalytic activities. However, as

more pathophysiological functions and structures of eukaryotic and human

aminoacyl-tRNA synthetases are revealed, it seems increasingly clear that the

non-catalytic regulatory activities of these proteins were systematically acquired

to meet the demand of complex higher eukaryotic systems, rather than by random

chance during evolution. Thus, aminoacyl-tRNA synthetases appear to form a

unique “functionome” working widely throughout diverse cell signaling pathways

to maintain system homeostasis. The functionome of aminoacyl-tRNA synthetases

is distinguished from other known groups of specific protein networks in a few key

respects. First, it is universal with its presence in all locations of cells, including

extracellular space. Second, it is constitutively expressed and present at relatively

high amounts. Third, its localization and function seem to be primarily controlled

by post-translational modification rather than by transcription, although its expres-

sion can also be regulated by the latter. Fourth, it can sense cellular nutrition such as

amino acid levels and energy status to coordinate protein synthesis with other

regulatory processes. Fifth, while all tRNA synthetases work together for protein

synthesis, each one works idiosyncratically and with a distinct mechanism to

maintain system homeostasis. With these characteristics, tRNA synthetases can

respond rapidly to many different types of stimuli and stresses to prevent system

disturbance. In this regard, aminoacyl-tRNA synthetases in higher eukaryotes can

be considered “guardians for system homeostasis.” This volume provides many

perspectives on the new biology, chemistry, and medicine derived from these

fascinating polyfunctional enzymes and I sincerely thank all the authors for their

contributions.

Seoul, Korea Sunghoon Kim
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Synthetic and Editing Mechanisms

of Aminoacyl-tRNA Synthetases

John J. Perona and Ita Gruic-Sovulj

Abstract Aminoacyl-tRNA synthetases (aaRS) ensure the faithful transmission of

genetic information in all living cells. The 24 known aaRS families are divided into

2 structurally distinct classes (class I and class II), each featuring a catalytic domain

with a common fold that binds ATP, amino acid, and the 30-terminus of tRNA. In a

common two-step reaction, each aaRS first uses the energy stored in ATP to

synthesize an activated aminoacyl adenylate intermediate. In the second step, either

the 20- or 30-hydroxyl oxygen atom of the 30-A76 tRNA nucleotide functions as a

nucleophile in synthesis of aminoacyl-tRNA. Ten of the 24 aaRS families are

unable to distinguish cognate from noncognate amino acids in the synthetic

reactions alone. These enzymes possess additional editing activities for hydrolysis

of misactivated amino acids and misacylated tRNAs, with clearance of the latter

species accomplished in spatially separate post-transfer editing domains. A distinct

class of trans-acting proteins that are homologous to class II editing domains also

perform hydrolytic editing of some misacylated tRNAs. Here we review essential

themes in catalysis with a view toward integrating the kinetic, stereochemical, and

structural mechanisms of the enzymes. Although the aaRS have now been the

subject of investigation for many decades, it will be seen that a significant number

of questions regarding fundamental catalytic functioning still remain unresolved.
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1 Introduction

The enduring fascination of the aminoacyl-tRNA synthetases (aaRS) arises from their

central role in mediating information transfer in all cells [1, 2]. In this capacity the

aaRS must be highly selective for both amino acid and tRNA substrates, a substantial

challenge given the presence of many structurally similar noncognate species of each

class (Figs. 1 and 2). Of the two specificities, selection against noncognate tRNAs is

more readily accomplished because of the very large protein-RNA contact interfaces

that are always present in the complexes. Specificity arises from direct protein

readout of base-specific functional groups in the duplex helical and single-stranded

regions, from indirect readout of the sugar-phosphate backbone conformation (in turn

determined by the precise nucleotide sequence), and, in cases where discrimination

against or among class II tRNAs with large variable arms is relevant, from tertiary

shape recognition [3]. From a kinetic point of view, discrimination may occur in

forming the initial encounter complex between enzyme and tRNA, and also in the

first order mutual induced fit rearrangements that occur after binding and en route to a

tertiary conformation in which reactive groups in the active site are properly

aligned [4]. Extrapolating from studies of chemical model systems and well-studied

enzymes [5], it is likely that quite small mispositionings of the tRNA 30-A76 ribose in
the active site suffice to bring about large decreases in the rate of the chemical steps

on the enzyme [6]. This phenomenon may explain the early observation that tRNA

discrimination often occurs more at the level of Vmax than Km [7].

2 J.J. Perona and I. Gruic-Sovulj



The problem of amino acid discrimination is more acute, particularly because of

the difficulty associated with selecting against noncognate amino acids that are

slightly smaller than cognate and that therefore cannot be excluded on steric grounds.

The existence of editing mechanisms in the aaRS was first demonstrated in

Escherichia coli isoleucyl-tRNA synthetase (IleRS), which forms noncognate

valyl adenylate and then catalyzes its hydrolysis to valine and AMP in the presence

of tRNA [8, 9]. IleRS also catalyzes hydrolysis of Val-tRNAIle. Other early

examples were the hydrolytic clearance of threonine, α-aminobutyric acid, and

homocysteine by valyl-tRNA synthetase (ValRS) [10, 11], of homocysteine by

methionyl-tRNA synthetase (MetRS) [12, 13], of cysteine by IleRS [12, 13], and of

glycine and serine by alanyl-tRNA synthetase (AlaRS) [14]. There are now

ten known aaRS that catalyze various types of hydrolytic editing reactions

against noncognate amino acids, including those not functioning in coded protein

synthesis [2]. Particularly noteworthy are cases such as AlaRS and phenylalanyl-

tRNA synthetase (PheRS), where larger noncognate amino acids (Ser and Tyr,

respectively) are not sterically excluded by the synthetic domains, thus demanding

hydrolytic editing [14, 15]. Enzyme architectures of aaRS carrying out post-transfer

editing are generally larger and more complex because of the presence of the

additional editing domain and the need for conformational flexibility to move the

tRNA between synthetic and editing sites [16].

The discrimination by aaRS against amino acids and tRNAs are often considered

separately, but it is crucial to recognize that the enzyme architectures have

differentiated to render substrate binding interdependent [6, 17]. This was clearly

demonstrated by studies in the E. coli glutaminyl-tRNA synthetase (GlnRS) sys-

tem, which showed that mutation of tRNA identity nucleotides alters Km for

glutamine [18]. Later studies showed that tRNAGln binding affinity is substantially

decreased when noncognate glutamate occupies the amino acid binding site [19].

Further work involving protein engineering of the GlnRS amino acid pocket

provided additional support for the notion that tRNAGln and GlnRS sequences

have coevolved in the context of the amino acid specificity for glutamine, and

suggested that tRNA identity elements may function to assist in amino acid as well

as in tRNA selection [20, 21]. However, the enzyme and RNA determinants

responsible for this substrate interdependence remain unknown [1]. This unresolved

question gets to the heart of the coding problem and raises once again the issue of

how RNA may actively participate in its own aminoacylation [22]. Crosstalk

between amino acid and tRNA binding sites is likely to be common to all aaRS.

Crucial elements of aaRS protein structure that mediate the allosteric signaling,

often over quite long distances, remain unknown and may hold the key to successful

protein engineering of the coding apparatus.

The intention of this review is to provide an integrated description of the synthetic

and editing reactions of the aaRS, considering the stereochemical mechanisms, the

kinetic pathways, and the structural underpinnings as revealed primarily by X-ray

crystallography of enzymes and enzyme-ligand complexes. This information forms a

crucial foundation upon which to build our understanding of the many noncanonical

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 3



functions that are now becoming known, particularly in the more complex eukary-

otic systems. Some of these new functions further implicate the enzymes in human

diseases such as cancers, immune system malfunctions, and neurodegeneration,

thus providing considerable new impetus for ongoing studies of both biology and

mechanism [23, 24].

2 Aminoacyl-tRNA Synthesis

2.1 Enzyme Structures and Overview of the Aminoacylation
Reaction

Class I and class II aaRS comprise 11 and 13 families, respectively, and these are

distinguished by a number of structural and functional characteristics (Table 1) [1].

The catalytic domains of all class I aaRS adopt a dinucleotide or Rossmann fold

(RF) [25, 26], located at or near the N-terminus and featuring a five-stranded

parallel β-sheet connected by α-helices. There is pseudo twofold symmetry with

ATP and amino acid binding on opposite sides of the symmetry axis (Fig. 1). In all

class I aaRS the RF is split by an inserted domain (connective peptide I (CPI)),

which is greatly enlarged in IleRS, ValRS and leucyl-tRNA synthetase (LeuRS) to

incorporate a distinct catalytic site for post-transfer editing hydrolysis of

misacylated tRNA (Fig. 1) [2, 27]. The carboxyl-terminal domains of most class I

aaRS bind the tRNA anticodon region, but their structures are in general divergent,

even within subclasses. Most class I aaRS are monomers, and bind tRNA across a

large portion of the enzyme surface from the anticodon stem-loop region to the

active site (Table 1, Fig. 1) [28]. In these enzymes the RF binds the acceptor stem of

the tRNA from the minor groove side, and the 30-end of the tRNA adopts a hairpin

structure to bind in the active site. In the dimeric TyrRS and TrpRS, tRNA binds

across the subunits, and the CP1 domain forms the dimer interface [29].

In contrast, the common catalytic domain found in all 13 class II aaRS families is

organized instead as a seven-stranded β-sheet flanked by α-helices (Fig. 1) [30, 31].
As in class I aaRS, this common domain binds and properly juxtaposes amino acid,

ATP, and the 30-terminus of tRNA for the catalytic reactions (Fig. 2). Most class II

aaRS are homodimers, although examples of monomeric and α4 and (αβ)2 tetra-

meric quaternary organizations are also known (Table 1) [32–38]. Subclass IIA and

subclass IIB aaRS possess subclass-specific anticodon binding domains, which

occupy a similar position in the tertiary architecture even though located in distinct

parts of the primary structures. Subclass IIC is the most heterogeneous of the three

subclasses; these enzymes also possess a variety of additional idiosyncratic

domains. The structural diversity of class II aaRS is further evident in the variety

of tertiary folds found for the post-transfer editing domains in threonyl-tRNA

synthetase (ThrRS), prolyl-tRNA synthetase (ProRS), PheRS, and AlaRS [2]. For

ThrRS, ProRS, and PheRS, the synthetic and editing domains are positioned to

enable translocation of the tRNA 30-arm without tRNA release [39–43]. However,
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Fig. 1 Crystal structures of aaRS possessing both aminoacylation and post-transfer editing

activities. The tRNA in each case is depicted with a yellow backbone; a tRNA cocrystal is not

yet available for AlaRS while the tRNA bound to ProRS is not depicted because it is bound only

through the anticodon. The synthetic domains of all enzymes are shown in dark blue and the

editing domains are depicted in magenta. The structure of the editing domain, and the relative

positions of the synthetic and editing domains are conserved in most class I IleRS, ValRS, and

LeuRS. However, these characteristics are idiosyncratic in the class II enzymes ProRS, ThrRS,

PheRS, and AlaRS. Peripheral domains involved in oligomer formation, tRNA selectivity, and

other functions are depicted in green. Structures are drawn from the following PDB entries: IleRS;

1FFY, ValRS; 1IVS, LeuRS; 2BYT, ProRS; 2J3L, ThrRS; 1QF6, PheRS; 2IY5, AlaRS; 2ZZG
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there are indications that AlaRS may bind tRNA differently because the relative

position of editing and aminoacylation domains in this enzyme is unusual [44, 45].

With the possible exception of AlaRS, all class II aaRS adopt a common mode of

tRNA binding in which the major groove of the acceptor stem duplex is oriented

Fig. 2 (a) Kinetic pathway of aminoacyl-tRNA synthesis. Binding of amino acid and ATP is

random for both class I and class II enzymes. (b) Stereochemical mechanism of aminoacylation

showing formation of the aminoacyl adenylate intermediate (upper right) and aminoacyl-tRNA

(bottom right). The tRNA nucleophile in the second step is the oxygen atom from one of the two

ribose hydroxyl groups of the 30-A76 nucleotide. The identity of the hydroxyl group (20 or 30) is
generally correlated with the structural class to which an aaRS belongs
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toward the catalytic domain. This is the basis for a key class-specific distinction, as

the monomeric class I enzymes approach the acceptor stem from the minor groove

side (Fig. 1) [30]. Interestingly, the dimeric class I enzymes, tyrosyl-tRNA synthe-

tase (TyrRS) and tryptophanyl-tRNA synthetase (TrpRS), exhibit a class II tRNA

Table 1 Classification of aminoacyl-tRNA synthetasesa

Class I 4˚ Structureb Editing Class II 4˚ Structureb Editing

Subclass IA Subclass IIA

MetRS α,α2 Yes (Hcy)c SerRS α2 Yes (Thr, Cys, SerHX)c

LeuRS α Yes (Nva, Ile, γhL,
δhL, γhI, δhI Met)

ProRS α2 Yes (Ala, Cys, 4hP)

IleRS α Yes (Val, Cys) ThrRS α2 Yes (Ser)

ValRS α Yes (Thr, Abu) GlyRSd α2 No

HisRS α2 No

Subclass IB

CysRS α,α2 No Subclass IIB

GlnRS α No AspRS α2 No

GluRS α No AsnRS α2 No

LysRSe α2 Yes (Orn, Hcy, Hse)c

Subclass IC

TyrRS α No Subclass IIC

TrpRS α2 No PheRS (αβ)2,α Yes (Tyr, Ile)

GlyRSd (αβ)2 No

Subclass ID AlaRS α2,α Yes (Ser, Gly)

ArgRS α2 No SepRSf α4 No

PylRSg α2 No

Subclass IE

LysRSe α No
aSubclassifications are based on phylogenies constructed from multiple structural alignments

[229]. The identities of the most important amino acids edited are indicated in parentheses.

Abbreviations for nonstandard amino acids are: Hcy homocysteine, Nva norvaline, 4hP
4-hydroxyproline, SerHX serine hydroxamate, Orn ornithine, Hse homoserine, γhL
γ-hydroxyleucine, δhL δ-hydroxyleucine, γhI γ-hydroxyisoleucine, δhI δ-hydroxyisoleucine,
Abu α-aminobutyrate
bFor MetRS, CysRS, PheRS, and AlaRS, distinct quaternary structures are found for enzymes in

different organisms or subcellular localizations [1]
cFor MetRS, SerRS, and class II LysRS, the editing activity is limited to pre-transfer hydrolysis of

noncognate aminoacyl adenylates within the synthetic active site [12, 163, 173]
dGlyRS is polyphyletic – present as two forms in distinct classes that do not directly share a

common ancestor of that specificity [229]
eLysRS is the only aaRS that violates the class rule, as enzymes possessing class I or class II

architectures are known in distinct organisms [230]. A few methanogens possess both LysRS

enzymes
fSepRS designates phosphoseryl-tRNA synthetase. This enzyme is found in a small subset of

archaea, and aminoacylates tRNACys with phosphoserine (Sep). A companion enzyme, SepCysS,

converts Sep-tRNACys to Cys-tRNACys to enable cysteine coding [231]
gPylRS designates pyrrolysyl-tRNA synthetase. This enzyme is found only in a subset of

methanogens and in some bacteria. It aminoacylates a specific tRNA of unusual tertiary structure,

tRNAPyl, to enable pyrrolysine incorporation into proteins in response to UAG codons [232–235]
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binding mode [29]. Beyond the many differences in detail with respect to how rate

enhancement is provided, there are several other general mechanistic distinctions of

importance between the classes. First, all class I aaRS, including TyrRS and TrpRS,

catalyze aminoacylation directly to the 20-OH of tRNA-A76, while class II

enzymes, with the exception of PheRS, catalyze aminoacylation directly to the

30-OH (Fig. 2). Thus, the initial site of aminoacylation is generally, but not strictly,

correlated with an overall orientation of tRNA binding in which the enzyme

associates primarily with the minor groove (class I) or the major groove (class II)

of the tRNA acceptor stem. Second, class I aaRS are generally rate-limited by

release of the aminoacyl-tRNA product (GluRSND and IleRS are exceptions)

[46–49], while class II aaRS are rate-limited by an earlier step associated with

formation of aminoacyl-tRNA on the enzyme (see discussion below) [50]. Yet a

third class-specific distinction involves the precise identity of the attacking oxygen

atom in synthesis of the aminoacyl adenylate [51].

All aaRS are thought to follow the two-step mechanism demonstrated explicitly

for IleRS and TyrRS [49]:

ATPþ aa ! aa-AMPþ PPi

aa-AMPþ tRNAaa ! aa-tRNAaa þ AMP

In the first step, one α-carboxylate oxygen of the amino acid attacks the

α-phosphorus of Mg-ATP, forming the mixed anhydride linkage in the aminoacyl

adenylate (aa-AMP) with release of pyrophosphate (Fig. 2). In the second step,

either the 20- or 30-hydroxyl group of the cis-diol at the 30-terminal A76 nucleotide

of tRNA attacks the carbonyl carbon of the adenylate, forming aminoacyl-tRNA

with release of AMP. The order of ATP and amino acid binding has been found to

be random in those aaRS (both class I and class II) where the question has been

investigated by steady-state kinetics (Fig. 2) [32]. However, GlnRS, glutamyl-

tRNA synthetase (GluRS), arginyl-tRNA synthetase (ArgRS), and class I lysyl-

tRNA synthetase (LysRS-I) are unable to catalyze aminoacyl adenylate formation

in the absence of tRNA [52–55]. While binding of ATP and/or amino acid may be

possible without tRNA in these enzymes, productive juxtaposition of the reactive

moieties does not occur [56]. Thus, these four aaRS are obligate ribonucleoprotein

enzymes with the catalytic activity residing primarily in the protein subunit [57].

Early studies of several class I aaRS by analysis of kinetic isotope effects

showed that amino acid activation occurs by in-line attack of an amino acid

carboxylate oxygen atom on the electrophilic α-phosphorus of ATP, consistent

with structural analyses of both class I and class II enzymes [26, 58, 59]. However,

the precise nature of the transition state; that is, whether it more closely resembles a

pentacoordinate structure or a metaphosphate, remains unresolved [32]. Recently,

computational studies on a large number of class I and class II enzymes suggested

that the syn oxygen atom of the amino acid carboxylate attacks the α-phosphorus in
class I aaRS, while the anti oxygen is the equivalent attacking nucleophile in class

II aaRS (syn vs. anti carboxylates adopt different conformations with respect to the

α-NH3
+ group of the amino acid) [51]. This distinction is related to differences in
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the relative binding orientations of amino acid and ATP in class I and class II active

sites (Fig. 3). The stereochemistry of the second tRNA aminoacylation step is

conserved in all aaRS with the exception of the identity of the attacking nucleophile

(20-OH vs 30-OH; Fig. 2).
The two-step aminoacylation reaction is thermodynamically driven by hydrolysis

of the pyrophosphate product by inorganic pyrophosphatase, so that formation of the

aminoacyl-tRNA bond demands cleavage of two high-energy phosphoanhydride

bonds. Over evolutionary time, the rate of the two-step reaction has been optimized

via selective pressure for equivalent transition-state stabilization for each step, so

that the activation energies of the two steps are about equal [60, 61]. For TyrRS,

correlating the conservation of active site residues with their known roles in

stimulating catalysis of each reaction step suggested that, in the evolutionary

development of the enzyme, stabilization of the transition state for amino acid

activation preceded that for tRNA transfer [62]. Thus, primordial protein-based

aaRS may have been specialized for aminoacyl adenylate formation only, with

tRNA aminoacylation performed by an RNA catalyst. This is consistent with

proposed substrate-assisted mechanisms for tRNA aminoacylation in contemporary

aaRS (see below) [58, 63], and with the finding that minimal enzymes (so-called

urzymes) consisting solely of portions of class I and class II aaRS catalytic domains

are capable of amino acid activation [64–66].

2.2 Aminoacylation by Class I Aminoacyl-tRNA Synthetases

The RF active site domain of class I aaRS possess two conserved sequence motifs,

HIGH and KMSKS. The HIGH sequence is found at the amino-terminal end of the

first α-helix in the first half of the Rossmann fold, while KMSKS is located in a loop

immediately following the second half of the Rossmann fold (Fig. 3). Only the

glycine residue of HIGH is strictly conserved; the backbone at this position adopts a

conformation that allows stacking with the adenine ring of ATP, and the strict

conservation can be explained by the likely disruption of productive binding that

would likely be caused by any β-substituent. The isoleucine residue contributes to
internal hydrophobic packing while the histidines form direct and water-mediated

hydrogen bonds with the ATP phosphates. Hydrogen-bonding of the enzyme with

Watson–Crick moieties of the adenine ring rationalizes the specificity against GTP

as high-energy cofactor. The lysine residues of KMSKS, particularly the more

highly conserved second lysine of this sequence, make interactions with the ATP

phosphates (Fig. 3).

Structures of ATP-bound class I aaRS are available for GlnRS, GluRS, TyrRS,

and TrpRS [28, 29, 56, 67–69], but not for members of subclasses IA, ID, or IE

(Table 1). By contrast, structures of amino acid substrates bound to class I aaRS are

available for all of the enzymes, except that the binary complex structure of lysine

bound to class I LysRS likely represents a nonproductive complex given that this

enzyme requires tRNA to catalyze lysyl adenylate formation [1, 70]. Except for the
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Fig. 3 (a) Structure of E. coliGlnRS bound to tRNAGln and the glutaminyl adenylate analog 50-O-
[N-(L-glutaminyl)sulfamoyl]adenosine (QSI) (PDB 1QTQ) [72]. In QSI the phosphorus is

replaced with sulfur and the bridging oxygen substituted by an amine. QSI is depicted in pink.
The position and interaction of class I motif residues from HIGH (H40; H43) and KMSKS (K270

represents the second Lys) are shown. Hydrogen bonds are shown as blue dotted lines. The red
dotted line depicts the modeled position of 20-OH attack on the carbonyl carbon of the mixed

anhydride of Gln-AMP. The hairpinned tRNA 30-end, a characteristic of class I monomers, is

shown in orange at right with 30-A76 in yellow. (b) Active site of B. stearothermophilus TrpRS
bound to Mg-ATP (PDB 1 M83). The green sphere represents the position of Mg2+ binding to all

three ATP phosphates (dotted blue lines). Interactions of Asn18 (representing the position of the

usually conserved second histidine of the HIGH motif) and of both lysines and second serine of the

KMSKS motif with the ATP are also indicated (dotted magenta lines)
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four enzymes requiring tRNA for amino acid activation, the amino acid pocket

generally appears to be preformed, although MetRS is an exception as formation of

the methionine binding site is induced by methionine binding [71]. The binding site

for the amino acid features a conserved aspartate or glutamate residue that makes a

salt bridge with the α-NH3
+ group, which in most of the enzymes emanates from the

second β-strand in the first half of the Rossmann fold (Fig. 3).

For the nonediting class I aaRS, specificity for the amino acid is in most

cases easily rationalized based on hydrogen-bonding electrostatic and salt-bridge

interactions with the cognate R-group as seen in cocrystal structures [1]. The sole

exception is GlnRS, as X-ray structures show that the side-chain amide makes only

ambiguous hydrogen bonds with a tyrosine side chain and with water molecules in

the pocket [72, 73]. In this case amino acid specificity may rely on a conserved

arginine residue functioning as a negative determinant against glutamate binding,

and on a hydrogen-bonding interaction of the glutamine substrate side-chain amide

with the ATP ribose. This is the only known example among the aaRS of a distal

hydrogen-bonding interaction between ATP and the side chain of the amino acid,

and it is not formed in the noncognate complex with glutamate [73, 74]. Amino acid

specificity determinants in GlnRS are broadly delocalized as demonstrated by the

finding that extensive mutagenesis in the second half of the Rossmann fold is

necessary to convert the selectivity to glutamate [20, 21].

In four cases, cocrystal structures of class I aaRS bound to tRNA and other

substrates or analogs reveal a conformation likely to be productive for aminoacylation.

These enzymes are GlnRS, GluRS, ArgRS, and LeuRS [16, 58, 67, 75]. For the other

seven class I enzymes, either a tRNA cocrystal is not available or the tRNA 30-end is
not oriented into the synthetic active site [1]. In the catalytically productive cocrystal

structures, the HIGH and KMSKS motifs are spatially adjacent and make a number

of interactions with each other (Fig. 3), explaining their simultaneous conservation

even thoughmany of the enzymes deviate from the canonical sequences. An overview

of the tRNA binding interfaces in aaRS and the coupling of tRNA recognition to

catalysis has recently appeared [1].

ATP binding stabilizes the structure of the active site in at least the subclass IC

aaRS comprising TyrRS and TrpRS (Table 1), which from the standpoint of catalytic

mechanism are the best-studied enzymes in either class. The most important confor-

mational change that is induced by ATP binding is the reorientation of the mobile

KMSKS loop, which moves approximately 8 Å toward the active site to make

interactions that are specific to the transition state for aminoacyl adenylate formation

[76, 77]. Extensive studies on TyrRS and TrpRS suggest that the KMSKS loop is not

well-ordered in the absence of ligands. At least three distinct conformations of this

loop have been visualized in different class I aaRS cocrystal structures: the closed

catalytically productive conformation and two distinct conformations in which the

loop adopts a more open structure [16, 26, 29, 75, 78, 79]. In TyrRS, a key role of the

loop is to destabilize the ternary TyrRS:ATP:Tyr complex in order to promote

movement toward the transition state, and this occurs at the expense of ATP binding

energy [77]. Further evidence for synergy between ATP and tyrosine binding is

provided by recent thermodynamic analyses, which showed that temperature-

dependent changes in the enthalpy and entropy of ATP binding occur only when
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tyrosine is also bound [80]. This work is consistent with extensive studies of TrpRS,

where experiments involving X-ray crystallography, kinetic measurements, and

molecular dynamics simulations have demonstrated that the binding energy of

ATP is converted into an unfavorable high-energy protein conformation, and the

stored energy is then used to promote catalysis [68, 81, 82]. The TrpRS structural

mechanism also features global induced fit repositioning of domains associated with

three distinct conformational states where the protein is visualized bound to distinct

ligands [81, 83].

Exhaustive mutational analysis of TyrRS has demonstrated that the synthesis of

aminoacyl adenylate is not promoted by either acid–base or covalent catalysis [84].

Instead, rate enhancement derives from use of the enzyme structure to position

precisely the reactive groups of ATP and amino acid, and from selective binding of

the transition state. Another key element in amino acid activation by most or all

class I aaRS is a single magnesium ion that bridges all three ATP phosphates (or

just the β- and γ-phosphates) but which apparently does not make direct interactions

with protein groups (Fig. 3) [26, 58, 68]. In TrpRS, kinetic measurements made

under Mg2+-depleted conditions show that the rate enhancement attributable to

Mg2+ is approximately 105-fold, but a very substantial 109-fold rate enhancement

remains and is attributable to protein alone [85]. Further work on TrpRS involved

measurements of the detailed metal dependencies of Trp-AMP synthesis, analysis

of multimutant cycles, correlation of these data with crystal structures in a variety

of ligand-bound states, and extensive use of constrained and unconstrained molec-

ular dynamics [86–88]. The insights gained are generally relevant to ATP-utilizing

proteins. Mg2+ ion binding on the ATP phosphates is energetically coupled to the

protein conformational changes, with an important role for a distal cluster of

hydrophobic residues (the “D1 switch”) that help mediate the global twisting and

untwisting motions that are central to stabilizing the transition state conformation

[86]. Thus, quite unexpectedly, the basis for rate enhancement by Mg2+ derives not

only from its local active-site contacts but also from its capacity to couple the global

protein conformational change with inducing the transition state structure for

synthesis of Trp-AMP.

With respect to the second step of aminoacylation, it so far appears that the

reaction mechanism first proposed for GlnRS, in which the phosphate of the

aminoacyl adenylate abstracts a proton from the 20-hydroxyl of tRNA-A76, may

be general in class I aaRS (Fig. 4) [16, 58, 89]. This mechanism was deduced on

structural grounds from the geometry of the active site when tRNA and ATP are

bound, and is consistent with evolution from a ribozyme-based system and with the

absence of conserved amino acids among all class I enzymes that are properly

positioned to facilitate acid–base chemistry. The mechanism predicts a concerted

reaction that features a six-membered ring structure in which the proton on the

20-OH moiety of tRNA-A76 is transferred to the phosphate group of the aminoacyl

adenylate. Corroborating evidence for a concerted reaction was provided by kinetic

studies of TyrRS mutants, which showed that catalysis involves relief of strain

induced in the scissile bond of the tyrosyl adenylate intermediate [62, 90]. This

conclusion was reached based on the finding that enzyme side chains His40,
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Gln173, Lys82, Arg86 interacting with either A76 of tRNATyr or the α-NH3
+ group

of tyrosyl adenylate are each important for stabilizing the transition state for

Tyr-tRNATyr formation. Thus, the data are consistent with the notion that scission

of the acylphosphate bond of tyrosyl adenylate and formation of the new bond with

the tRNA 20-O moiety are each present in the transition state. Hence, this transition

state may be synchronous (concerted) as predicted by the GlnRS structure (Figs. 3

and 4), rather than either tight (associative; reflecting greater bond formation in the

transition state) or loose (dissociative; reflecting greater bond cleavage in the

transition state) [91]. The plausibility of this reaction mechanism was also supported

by energy calculations performed on GluRS [92]. An alternative mechanism for

amino acid transfer in E. coliGlnRS invoked Glu34 as a general base [72], but this is

implausible since mutation of this residue later showed that its carboxylate group is

not required in the catalytic steps [89].

The rate-limiting step for most class I aaRS occurs late in the reaction pathway,

after formation of aminoacyl-tRNA on the enzyme. This is evident from the

observation of burst kinetics in pre-steady state reactions [46, 61, 93–95]. The

tight aminoacyl-tRNA product binding by class I aaRS correlates with the ability of

Fig. 4 Proposed mechanisms for transfer of the amino acid portion of the aminoacyl adenylate to

tRNA. (a) Proposed mechanism for class I GlnRS as deduced from the crystal structure of the

E. coli enzyme bound to tRNA and ATP, shown in Fig. 3a [58]. (b) Proposed mechanism for

class II ThrRS based on experimental data and computations [63, 145]
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EF-Tu to form a ternary complex with these enzymes, and the further capacity of this

protein to enhance release of aminoacylated tRNAs [46]. Exceptions to the observa-

tion that a late step is rate-limiting include Bacillus stearothermophilus methionyl-

tRNA synthetase (MetRS) [96], the nondiscriminating GluRS [48], for which the

Glu-tRNAGln product does not bind EF-Tu, and IleRS [49]. The absence of burst

kinetics in IleRS is related to the unusual mechanism of hydrolytic editing exhibited

by this enzyme, as compared with the other class I editing enzymes ValRS and

LeuRS (see below) [97].

For the majority of class I aaRS that do exhibit burst kinetics, it is likely that the

precise step that is rate-limiting is the release of aminoacyl-tRNA. Based on

molecular modeling and molecular dynamics simulations, it appears that dissocia-

tion of aminoacyl-tRNA from GluRS is controlled by deprotonation of the α-amino

group on the amino acid portion of this substrate [92]. Significantly, the proton

acceptor is proposed to be a negatively charged residue (Glu41) that is highly

conserved as aspartate or glutamate in class I aaRS generally, suggesting that this

deprotonation event may be a common feature of many of the enzymes (Fig. 3).

Aminoacylation may provide a trigger by which the proton in the Glu41-NH3
+ ion

pair shifts onto the carboxylate, thus weakening the binding affinity of Glu-tRNAGlu

to GluRS [92].

It is worth noting that, while crystal structures are available for all of the

subclasses, usually bound to either or both of the small molecule substrates and

tRNA [1], detailed mechanistic work involving characterization of the transition

state, particularly for aminoacyl adenylate synthesis, has been primarily carried out

only for the class IC enzymes TyrRS and TrpRS. However, the class IC enzymes

are unique in several respects: they are dimers binding a single tRNA across

subunits, they exhibit complex intersubunit cooperativities, and the orientations

of their amino acid binding sites are distinct as compared with the other class I

aaRS, which are almost all monomers (Table 1) [29, 98, 99]. Hence, mechanistic

conclusions reached based on TyrRS and TrpRS alone may not be fully generaliz-

able across the class I family. In particular, distinct mechanisms for rate enhance-

ment might be of interest to explore in detail for the enzymes possessing a post-

transfer editing domain as well as those that require tRNA for aminoacyl adenylate

formation.

2.3 Aminoacylation by Class II Aminoacyl-tRNA Synthetases

The common catalytic domain of all class II aaRS consists of a seven-stranded

β-sheet flanked by α-helices (Fig. 1), and features three conserved motifs not

present in the class I aaRS [30, 31, 100]. Motif 1 consists of the sequence

+ GΦXXΦXΛPΦΦ, where + is a positively charged residue, Φ is a hydrophobic

residue, Λ is a small amino acid, and X is any amino acid [32, 101]. It forms a long

α-helix followed by a short strand that terminates in a conserved proline

(underlined), and is involved in dimer interface formation in most of the enzymes

[102, 103]. Motifs 2 and 3 consist of the sequences ++ΦΦXΦΛXXFRXEX. . .
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(n ¼ 4–12). . . + ΦXXFXXΦ and ΛXΦGΦGΦGΦERΦΦΦΦΦ, respectively. Both

of these motifs are found directly in the active site in a pair of antiparallel β-strands
connected by a loop, and in a strand-helix substructure, respectively (Fig. 5)

[31, 100]. The very highly conserved arginine and phenylalanine of motif 2, and

the arginine of motif 3 (underlined) play central catalytic roles (see below). In

general, motif 3 binds ATP while motif 2 plays a key role in coupling ATP, amino

acid, and 30-tRNA binding [104]. In its ATP binding function motif 3 may be likened

to the HIGH and KMSKS motifs of class I enzymes, but there is no analogous motif

in class I aaRS that plays the central role attributed to motif 2. Reconstruction of a

possibly ancestral urzyme version of histidyl-tRNA synthetase (HisRS), containing

only polypeptide segments from the active site domain, suggested that conserved

motifs 1 and 2 were presented in a HisRS-type early class II aaRS, and that motif 3 as

well as a HisRS insertion domain did not arise until later [64].

Detailed characterization of the transition state for aminoacyl adenylate and

aminoacyl-tRNA formation, along the lines of the extensive studies on class IC

TyrRS and TrpRS, has yet to be performed for any class II aaRS. Hence, inferences

regarding the catalytic mechanism have relied more on X-ray structures and con-

ventional mutational analysis. ATP binds in a common bent conformation in which

the α-phosphate is positioned over the adenine base, which stacks on the conserved

phenylalanine of motif 2. In the majority of the enzymes the α-phosphate of ATP is

anchored by interactions with the invariant motif 2 arginine and a divalent metal ion

that bridges the α- and β-phosphates [43, 59, 105–110]. Conserved aspartate and

glutamate side chain carboxylates ligate this metal ion. Two additional divalent

Fig. 5 Crystal structure of class II T. thermophilus AspRS bound to tRNAAsp and aspartyl

adenylate (PDB 1C0A) [115]. The aspartyl adenylate is in pink and the tRNA is in orange with

the 30-A76 nucleotide in yellow. Hydrogen bonds with the adenylate are shown as blue dotted
lines. The position and interactions of class II aaRS invariant residues in motif 3 (Arg537) and

motif II (Arg217; Phe229) are shown. The red dotted line depicts the modeled position of 30-OH
attack on the carbonyl carbon of the mixed anhydride of Asp-AMP

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 15



metal ions that bridge β- and γ-phosphates of ATP are also present in many class II

aaRS; these metals help to stabilize the pyrophosphate leaving group. The use of

three metal ions in amino acid activation is a characteristic of many of the class II

aaRS, providing a clear contrast with the single divalent metal ion used in class I

enzymes [34, 111]. The ATP γ-phosphate is also stabilized via contacts with the

conserved motif 2 loop and motif 3 arginine residues.

As in class I aaRS, the amino acid binding sites in class II enzymes are generally

preformed and the specificity for the amino acid readily rationalized by inspection

of cocrystal structures. Amino acid activation proceeds by in-line displacement of

the pyrophosphate leaving group by the incoming nucleophile, with inversion of

configuration at the ATP α-phosphorus [34, 111]. The invariant motif 2 arginine

establishes contacts with both the α-phosphate and the attacking oxygen nucleo-

phile, and also contacts the aminoacyl adenylate intermediate after the first reaction

[43, 103, 107–109, 112–116]. It thus appears that this residue may participate in

anchoring substrates in the reactive conformation and in stabilizing the transition

state in both activation and transfer steps [115]. Based on the positions of the

motif 2 arginine and the divalent metal ions, and on experiments in which the motif

2 arginine was mutated, an important contribution for electrophilic catalysis in

class II aaRS seems clear [50, 101, 105, 106, 108, 116]. The electron-withdrawing

surroundings allow juxtaposition of the negatively charged amino acid carboxylate

in close proximity to the negatively charged α-phosphate, further rendering the

α-phosphorus more electrophilic and thus more susceptible to nucleophilic attack.

The carbonyl oxygen of the amino acid/aa-AMP is often also contacted by an

additional active site residue, which is preferentially glutamine (Fig. 5) [101, 110,

112, 115, 116]. This contact was shown by mutational analysis to be important in

amino acid activation and not in the aminoacyl transfer step [50, 63, 117]. The

extent to which amino acid activation is compromised by mutation at this residue

varies widely in different class II aaRS, however [101, 118].

Given the substantial diversity among the enzymes in the three subclasses, it is

not surprising that many important catalytic interactions are specific to particular

enzymes. The HisRS-specific Arg259 is important to both amino acid activation

and tRNA transfer; the role of this side-chain is also supported by computational

studies [50, 116, 119, 120]. Thus amino acid activation by HisRS is mediated by

two arginines: Arg259 and the conserved motif 2 arginine. In ThrRS, Lys465 is

topologically equivalent to HisRS Arg259, and its presence may compensate for the

absence of a divalent metal ion bound to the α-phosphate in that enzyme [63, 121].

Interestingly, crystal structures of PheRS bound to Phe-AMP or a Phe-AMP analog

did not reveal any divalent metal ions within the active site [113, 122]. In PheRS the

electrophilic role assigned to the metal ions in other class II aaRS may be replaced

by a number of polar residues and water molecules [113]. In all class II aaRS,

however, the conserved motif 2 arginine establishes contact with the α-phosphate in
the ground and presumably transition state of amino acid activation as well.

In addition to the extensive and often idiosyncratic conformational changes

associated with tRNA binding, there are also several specific induced-fit

rearrangements in the active site that are central to the catalytic mechanisms.
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Three distinct loops found in the class II aaRS active sites are involved: the so-called

“flipping loop” located between motifs 1 and 2 in the primary sequence, the motif

2 loop, and a loop structure that is exemplified by the “serine ordering loop” in the

methanogen-type SerRS enzymes [110, 118]. Loops of this latter type change

conformation upon amino acid binding and have been found in a number of the

enzymes [108, 123–125]. The conformational change in the motif 2 loop occurs in

response to ATP or aminoacyl adenylate binding and has been observed in all

class II aaRS so far studied [59, 105–109, 116, 123–126]. In some cases this loop

also adopts an alternate conformation when tRNA is bound [127]. The conforma-

tional changes in the flipping (helical/ordering) loop have been observed in response

to amino acid or tRNA binding, or aminoacyl adenylate formation [106–108, 115,

123–131]. Generally, the flipping loop will close into the active site to form a

catalytically productive conformation, upon binding of both amino acid and ATP,

but there are several exceptions [108, 124]. It has also been suggested that the

flipping loops may be involved in binding the 30-end of the tRNA [63, 124].

In contrast to most class I aaRS, no burst of aa-tRNA or PPi is observed under

pre-steady-state conditions in the class II enzymes, and it appears that the rate-

limiting step in overall aminoacylation is amino acid activation [50, 63, 132, 133].

Interestingly, separate analysis of the activation and transfer steps revealed that

both steps proceed with a rate that is faster than overall aminoacylation [50, 118,

126, 132]. The apparent paradox was resolved by the finding that the presence of

tRNA slows amino acid activation [50, 63, 132].

The cocrystal structures show that the dimeric AspRS, ThrRS and pyrrolysyl-

tRNA synthetase (PylRS) each bind two tRNAs. For the latter two enzymes, the

binding of each tRNA involves amino acids from both subunits, while cross-subunit

binding is not evident in AspRS [30, 134, 135]. Cocrystal structures of the

SerRS–tRNASer complex reveal only one tRNA bound across the two subunits

[136], but solution studies showed that two tRNAs may bind cooperatively under

some conditions [137]. The dimeric nature of most class II aaRS is important to

function: even in AspRS, which does not exhibit cross-subunit tRNA interaction,

mutations in motif 1 at the dimer interface were detrimental [138]. It was further

shown that the reduced catalytic efficiency of bacterial AspRS toward eukaryotic

tRNAAsp has its origin in asymmetric binding: this heterologous cocrystal structure,

the only one available for any aaRS, shows that only one of the two bound tRNAs is

properly oriented in an active site [129].

It is worth noting that asymmetric tRNA binding occurs in cognate tRNA

complexes of ProRS and TrpRS [139, 140], and that half-of-sites reactivity is not

uncommon in dimeric and tetrameric aaRS [98, 141–143]. Hence, asymmetry in

some aaRS–tRNA complexes appears to be a natural feature of their interactions.

Using fluorescently labeled HisRS, it was demonstrated that the enzyme exhibits

100-fold different rates of His-AMP synthesis in each subunit, and that a confor-

mational change may be rate-limiting for the reaction. The asymmetry in the HisRS

dimer appears to be an inherent feature of the enzyme and may arise when

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 17



adenylate formation is monitored in the absence of tRNA, because the tRNA

binding likely plays a role in coupling the activities in the two subunits. The data

are consistent with an alternating site model for the HisRS catalytic cycle, in which

an initial “priming” round of catalysis occurs in which His-AMP is synthesized in

only one subunit [117]. Subsequently, tRNA binding and aminoacylation to the

subunit catalyzing His-AMP formation transmits structural changes, allowing sub-

strate binding and aminoacylation in the opposing subunit. Further efforts will be

required to substantiate this model, but the work represents the most detailed effort

to define the sequence of events in the catalytic cycle of any multimeric aaRS.

For AspRS, ThrRS, and PheRS, sufficient experimental structures are available

to provide confidence that the structural environment in the active site facilitating

proper juxtaposition of the substrates for aminoacyl transfer is understood [1].

Detailed mechanisms have been proposed for the second step of aminoacylation

in AspRS, ThrRS, and HisRS. First, the reaction mechanism proposed for class I

enzymes, in which the phosphate of the aminoacyl adenylate abstracts a proton

from the 20-hydroxyl of tRNA-A76, has been extended to class II as well (Fig. 4)

[58, 101]. The original proposal was made for AspRS based on X-ray structures

(Fig. 5) [101, 115], and the role of the phosphate group was then elegantly

demonstrated by thio substitution experiments on HisRS. A large decrease in

the single-turnover rate for His-tRNAHis formation from the histidyl adenylate

preformed with α(Sp) (α-phosphorothioate-substituted ATP) provided direct evi-

dence for the role of the nonbridging Sp oxygen in aminoacyl transfer [50]. Later,

density functional group calculations on HisRS provided corroborating evidence

for the plausibility of this mechanism [144]. However, there is no consensus that it

necessarily also holds in all other class II aaRS. Indeed, no significant decrease in

the rate of Thr-tRNAThr formation by ThrRS was observed when either Sp or

Rp-ATPαS replaced ATP in the reaction [63]. Therefore, use of a nonbridging

oxygen atom from the phosphate of the aminoacyl adenylate as a general base is

not a universal feature of the aminoacylation reaction.

In ThrRS, a different mechanism was instead proposed in which the vicinal

20-OH on tRNA-A76 promotes catalysis via proton relay [63]. Based on mutagene-

sis, a histidine residue in the active site was proposed to accept the proton, and the

deprotonated 20O in turn would accept a proton from the adjacent 30-OH group to

facilitate attack by the 30-oxygen on Thr-AMP. However, this mechanism was not

supported by later computational studies [145]. Instead, it appears more plausible

that the proton of 30-OH is transferred directly to the unprotonated α-NH2 group of

Thr-AMP (Fig. 4). Further experimental studies are required to test this new

mechanism. Both these proposed mechanisms for ThrRS, as well as the now

well-supported mechanism in which the phosphate of the aminoacyl adenylate

accepts the proton, involve substrate-assisted catalysis. The existence of further

distinct mechanisms also remains possible, since most aaRS of either class have not

been closely investigated with a view toward addressing this question.
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3 Editing Mechanisms in Aminoacyl-tRNA Synthesis

3.1 Biological Rationale

The rationale for the evolution of editing in the aaRS is presumably the survival

advantage associated with a higher proportion of accurately synthesized proteins.

Mistranslation arising from an editing-defective AlaRS in mammalian cells gives

rise to a severe neurodegenerative phenotype, substantiating this view [146]. In

these cells, the basis for disruption of function is triggering of the unfolded protein

response due to elevated levels of misfolded proteins incorporating miscoded

amino acids. The formation and hydrolysis of unfolded proteins due to mistransla-

tion has also been observed in bacteria [147]. However, some cells are capable of

tolerating substantial misincorporation in their proteomes without affecting viabil-

ity. In these cases, the editing mechanisms apparently become important only when

stress conditions such as nutrient limitation are encountered [148]. The loss of

editing function in several naturally occurring aaRS, especially in mitochondrial

enzymes [149, 150], also emphasizes that the requirement for editing depends on

the biological context. Indeed, a capacity for mistranslation may be adaptive under

particular conditions, as demonstrated by the triggering of mismethionylation by

human MetRS when cells are under oxidative stress [151].

3.2 Pathways for Editing Enzymes

Editing by the aaRS occurs within a common overall kinetic pathway (Fig. 6), with

variation among the individual enzymes with respect to which reactions dominate.

All ten editing enzymes (Table 1) are capable of synthesizing aminoacyl adenylate

in the absence of tRNA, and all misactivate one or more noncognate amino acids

at appreciable rates [2]. Editing is usually present when misactivation of the

noncognate amino acid occurs with kcat/Km better than 10�3-fold of the cognate

reaction. After misactivation there are several distinct reactions that together consti-

tute pre-transfer editing. The enzyme may directly hydrolyze the noncognate

aminoacyl adenylate via an inherent catalytic activity, and this reaction may be

either tRNA-independent or tRNA-dependent. Another pre-transfer editing mecha-

nism is selective release into solution where the labile aminoacyl linkage can be

hydrolyzed nonenzymatically. (Fig. 6) [2].

Post-transfer editing occurs after the tRNA is misacylated and provides an

additional opportunity to clear noncognate amino acids. Seven of the ten editing

aaRS possess spatially separate editing domains for hydrolysis of misacylated

tRNA (Table 1) (SerRS, MetRS, and class II LysRS lack such a domain and

catalyze pre-transfer editing only) [27, 39, 41, 43, 152–157]. In this reaction the

30-end of the misacylated tRNA first reorients on the enzyme, dissociating from the

synthetic site and moving to the editing site in the process of translocation. This step
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constitutes a first order conformational change of the enzyme-tRNA complex,

which is conceptually similar to the movement of single-stranded DNA containing

a misincorporated nucleotide into the exonuclease editing active site in DNA

polymerases [158]. After translocation the noncognate aminoacyl linkage is posi-

tioned in the post-transfer editing site, where hydrolysis to generate uncharged

tRNA and amino acid occurs. The tRNA and amino acid then dissociate from the

enzyme. Depending on the relative rates of each first order process, in some cases

dissociation of misacylated tRNAmay instead be a preferred pathway. The released

aminoacyl-tRNA may then still be hydrolyzed either by rebinding to the aaRS or to

a trans-acting editing protein with homology to the editing domain [97, 159, 160].

If neither of these events occurs then the misacylated tRNA is available for binding

to elongation factor and subsequent possible misincorporation of the noncognate

amino acid into protein on the ribosome.

Fig. 6 Overall kinetic scheme for hydrolytic editing by aaRS. The larger lobe of the enzyme

depicted in blue represents the synthetic domain, and the smaller lobe represents the post-transfer

editing domain. The tRNA is depicted in yellow with the bending of the 30-end into the synthetic

site representing the situation in class I aaRS. The aminoacyl-AMP (aa-AMP) intermediate may be

hydrolyzed via pre-transfer editing in three ways (purple arrows): release into solution followed

by nonenzymatic hydrolysis (k2 and k3), tRNA-independent enzymatic hydrolysis (k1), and tRNA-
dependent enzymatic hydrolysis (k5). tRNA-dependent pre-transfer editing competes with

aminoacylation (k4) in the first kinetic partitioning. After aminoacylation, the tRNA may undergo

a first order translocation on the enzyme (k6) followed by post-transfer hydrolysis by the editing

domain of the enzyme (red arrow; k7) and dissociation of products (k11). Alternatively, the
misacylated tRNA may dissociate from the enzyme in the second kinetic partitioning, and may

then rebind to either the aaRS or a free-standing protein (trans factor) for subsequent hydrolysis
(k7 or k10). In principle, dissociation of misacylated tRNA might occur before or after the

translocation step (k80 and k8, respectively). Although initial tRNA binding is shown to the

synthetic domain for simplicity, this is not well-established in any system, and the initial binding

site may differ among the enzymes. Initial binding to the post-transfer editing domain would

require translocation in both directions to complete a synthetic and editing cycle
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As this description indicates, editing pathways on the aaRS include partitioning

steps, so that the choice to follow a particular pathway depends on the relative

magnitudes of rate constants in each direction and, in vivo, possibly on other factors

as well. In addition to the kinetic partitioning between dissociation and hydrolysis

that occurs during post-transfer editing, such partitioning also occurs in the syn-

thetic site, where the noncognate aminoacyl adenylate is either hydrolyzed or its

amino acid portion is transferred to tRNA (Fig. 6) [47, 161]. Significant aaRS class-

specific differences exist within this overall framework as described below.

3.3 Mechanisms of Pre-transfer Editing

The existence of pre-transfer editing was first inferred from early pre-steady state

kinetics experiments on IleRS, in which an observed transient accumulation of

noncognate Val-tRNAIle was much smaller than expected if the sole pathway were

the formation and subsequent hydrolysis of this species [8]. This suggested that

hydrolysis of misactivated Val-AMP could account for the observed editing. It was

also shown that the half-life of Val-AMP in solution is much longer than the rate of

its destruction in these experiments, demonstrating that the proposed reaction is

enzyme-catalyzed. This excluded the so-called “kinetic proofreading” or selective

release mechanism by which a noncognate aminoacyl adenylate is hydrolyzed

nonenzymatically in solution after dissociation from the enzyme (Fig. 6) [12].

Later experiments on class I IleRS, ValRS and LeuRS, and on class II ProRS,

confirmed that selective release is also not significant in these enzymes

[47, 97, 162]. However, SerRS and mitochondrial ThrRS do employ this mechanism

in part to clear Thr-AMP and Ser-AMP, respectively [163–165]. Interestingly,

both the canonical SerRS and a more ancient methanogen-type SerRS misactivate

and subsequently hydrolyze serine hydroxamate (a serine analog in which the

α-carboxylate is replaced by α-hydroxamate) by a tRNA-independent pre-transfer

mechanism [110, 163, 166, 167]. This common feature occurs within a context of

distinct modes of cognate serine recognition in the two enzymes [31, 110]. The

finding of tRNA-independent pre-transfer editing in the methanogen SerRS suggests

that primordial aaRS may have generally employed tRNA-independent editing as an

early proofreading mechanism.

A number of other early studies demonstrated that tRNA-independent

pre-transfer editing, whether by selective release or in an enzyme-catalyzed fash-

ion, occurs in both class I and class II aaRS [12, 14, 155, 161, 162, 168, 169]. How-

ever, it is unclear whether this reaction contributes in a physiologically significant

manner, at least for the enzymes that also possess post-transfer editing domains. In

the class I LeuRS, ValRS and IleRS, for example, quantitative steady-state kinetics

shows that tRNA-independent hydrolysis proceeds with kcat/Km for AMP produc-

tion that represents only 3% of the total editing [47, 97].

SerRS, MetRS, and class II LysRS each lack distinct domains for post-transfer

editing, so all three of these enzymes are limited to pre-transfer reactions localized
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in the synthetic active site. The reaction by SerRS proceeds by simple hydrolysis of

noncognate mixed anhydrides, and so follows the same pre-transfer editing mecha-

nism found in the other editing aaRS. Yeast SerRS activates threonine, cysteine,

and serine hydroxamate; interestingly, the latter amino acid analogue stimulates

tenfold more AMP production than do the others [163]. However, MetRS and

class II LysRS follow distinct pathways. MetRS possesses a tRNA-independent

pathway in which it clears misactivated homocysteine by intramolecular cycliza-

tion to form homocysteine thiolactone [12, 13, 170]. Crystal structures of MetRS

suggest that homocysteine is excluded from aminoacylation because it fails to

induce induced-fit rearrangements upon binding to MetRS, as occurs for cognate

methionine binding [171]. Class II LysRS misactivates homoserine and ornithine,

and edits these in tRNA-independent pathways via cyclization to a lactone and

lactam, respectively [172–174]. Interestingly, the class I and class II LysRS

enzymes (Table 1) have diverged in their amino acid recognition properties; the

class I enzyme does not misactivate noncognate amino acids at a sufficiently high

level to require an editing mechanism.

When editing aaRS function with their cognate amino acids, the molar ratio of

ATP consumed (or AMP produced) to aminoacyl-tRNA formed is very nearly 1:1.

In contrast, the noncognate amino acid triggers editing pathways resulting in

significant elevation of this ratio [9, 161, 175]. For example, in E. coli LeuRS the

rate of norvaline (Nva)-dependent AMP formation is 100-fold greater than that of

Nva-tRNALeu synthesis [97]. In these editing reactions performed in the presence of

tRNA, distinguishing tRNA-dependent pre-transfer editing from post-transfer

editing is challenging because both processes consume excess ATP and generate

excess AMP. The only approach so far developed for separating these reactions

exploits the use of point mutations or larger deletions in the post-transfer editing

domains, which disable this activity [47, 162, 176, 177]. However, such approaches

must be employed cautiously because the extensive conformational changes of the

protein, which occur concomitantly with translocation of the tRNA 30-acceptor arm
between the synthetic and editing domains, may readily generate pleiotropic effects

for any mutation in either active site. The recent cocrystal structures of LeuRS

bound to tRNA in both synthetic and editing conformations reveal that portions

of the CP1 post-transfer editing domain extend directly into the synthetic active

site [16]. This observation makes the conformational coupling between synthetic

and editing site domains explicitly apparent.

The best approach for elucidating tRNA-dependent pre-transfer editing was

developed by combining assays to measure aa-AMP synthesis and hydrolysis

with the use of single turnover kinetics to monitor the aminoacyl transfer step,

employing both WT enzymes and enzyme mutants that are disabled in post-transfer

editing [47, 57, 97, 161, 162]. Direct measurement of pre-transfer editing is possible

by using α-32P ATP, which permits independent quantitation of 32P-labeled

aa-AMP and AMP by thin-layer chromatography [57, 162]. An independent assay

for post-transfer hydrolysis [178], based on direct mixing of enzyme with

misacylated tRNA, allows confirmation that excess AMP production in mutated

enzymes indeed arises entirely from hydrolysis of aa-AMP. Comparison of AMP
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formation rates in tRNA-independent and tRNA-dependent reactions by enzymes

disabled in post-transfer editing provides estimates of the extent to which tRNA

may enhance pre-transfer editing.

In class I editing aaRS, the application of these approaches showed that tRNA-

dependent pre-transfer editing is significant in IleRS, but not in LeuRS or ValRS

[47, 97]. For the latter enzymes, point mutants in the common structurally homolo-

gous CP1 editing domain that fully disable post-transfer editing of norvaline and

threonine, respectively, also abolished all tRNA-dependent editing as measured by

the lack of 32P-AMP accumulation above levels observed in the tRNA-independent

assay and/or tRNA aminoacylation. In contrast, the analogous disabling point

mutant in the IleRS post-transfer editing site still permitted robust tRNA-dependent

editing. kcat for tRNA-dependent pre-transfer editing in IleRS is approximately

tenfold higher than for the tRNA-independent reaction [47].

A kinetic partitioning model for class I aaRS editing was then developed based

on the observation that the rates of aminoacyl transfer to tRNA (ktrans) in IleRS,

ValRS, and LeuRS are inversely related to the amount of tRNA-dependent

pre-transfer editing observed in the CP1 editing domain mutants disabled in post-

transfer editing. In ValRS and LeuRS, ktrans is high and the tRNA-A76 20-OH
nucleophile outcompetes water for attack on the noncognate aminoacyl adenylate.

However, ktrans in IleRS is 100-fold lower and is similar in magnitude to kcat
for tRNA-dependent production of 32P-AMP in the same post-transfer editing-

defective mutant. Therefore, synthetic site enzyme–catalyzed tRNA-enhanced

pre-transfer editing occurs in IleRS because water can compete effectively with

tRNA for attack. ktrans in IleRS is anomalously low as compared to most other aaRS

for which its magnitude has been determined, but the structural basis for this

remains unknown.

The essential determination is the comparison between the rates of aa-AMP

synthesis and hydrolysis, with that of aminoacyl transfer in the synthetic site. In

LeuRS, deletion of the entire CP1 domain produced an active enzyme capable of

tRNA-dependent pre-transfer editing, a finding apparently at odds with the conclu-

sion reached based on the use of a point mutant in the post-transfer editing domain

[97, 176]. However, these studies are easily reconciled if the rate of aminoacyl

transfer in the deletion enzyme is reduced, as seems plausible given the structural

interdigitation of the editing and synthetic domains [16].

Studies on class II aaRS are consistent with the kinetic partitioning model and

with the notion that pre-transfer editing is a synthetic site activity. In ThrRS,

pre-transfer editing was enhanced in a designed mutant with a lowered rate of

aminoacyl transfer, providing an independent observation that the rates of these

reactions are inversely related [161]. ThrRS and ProRS exhibit robust pre-transfer

editing of serine and alanine, respectively, in the absence of tRNA, and enzyme

homologs in both systems that naturally lack editing domains are also capable of

this activity [161, 162, 179, 180]. As in LeuRS [176], deletion of the post-transfer

editing domain in ThrRS also preserves pre-transfer editing [161]. These

observations each support a synthetic site-based activity. However, there is little

evidence to suggest that pre-transfer editing contributes substantially when tRNA is
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present for any class II enzyme that possesses a separate post-transfer editing

domain [14, 155, 157, 161, 162, 181]. Therefore, among all editing aaRS,

IleRS may be unique with respect to this property [8, 47]. Further detailed

structure–function studies of IleRS are needed to understand how tRNA enhance-

ment of pre-transfer editing functions.

An earlier model for tRNA-dependent pre-transfer editing, developed for editing

of valine by IleRS, invoked a complex mechanism by which noncognate aminoacyl

adenylates are shuttled to the CP1 domain editing site, so that this active site would

catalyze both pre-transfer and post-transfer editing [182–185]. However, some data

supporting this model could not be reproduced using more quantitative approaches

[47], and the intramolecular tunnel that would be required for sequestering the

labile Val-AMP in its journey to the CP1 domain has not been found in any tRNA

cocrystal structures [16, 152, 186]. Further, while the isolated CP1 domain readily

catalyzes post-transfer editing, no pre-transfer activity associated with this domain

has been reported [187, 188]. Therefore, this channeling model is not well-

supported by the experimental evidence.

Interestingly, naturally occurring editing enzymes that have lost the capacity for

post-transfer editing (for example, by deletion of the domain housing this activity)

did not develop more efficient active site-based pre-transfer editing, but instead

appear to have evolved a greater level of specificity in amino acid activation [148,

150, 162, 189, 190]. Optimization of a pre-transfer hydrolytic activity within the

synthetic active site may be challenging, since the synthetic reaction will compete.

This may account in part for why only IleRS retains tRNA-dependent pre-transfer

editing. There are practical ramifications to this question in the engineering of aaRS

to accept unnatural amino acids (UAAs), since pre-transfer editing of an activated

amino acid may limit the efficiency of incorporation. Such editing may be present

in an engineered GluRS enzyme that possesses an enhanced ATPase function [191].

3.4 Mechanisms of Post-transfer Editing

After synthesis of noncognate aminoacyl-tRNA in the synthetic active site, two

general models have been proposed for post-transfer editing (Fig. 6). First, the

misacylated tRNAmay dissociate from the enzyme and then rebind in the dedicated

editing domain [97, 159]. Alternatively, a first order rearrangement of the enzyme-

tRNA complex may occur to shuttle the 30 acceptor end between sites [16, 97]. The
location of post-transfer editing on the enzymes is not in doubt since several of the

proposed editing domains of both class I and class II editing aaRS can indepen-

dently catalyze the reaction as isolated proteins [187, 192]. Point mutants that

selectively disable post-transfer editing have also been constructed in all of the

editing enzymes, providing further evidence of the positions of the editing active

sites and offering clues to the chemical mechanism of catalysis [2].
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The three class I enzymes that catalyze post-transfer editing each possess a

common mixed α/β domain (CP1) inserted into the Rossmann fold (Fig. 1, Table 1)

[27]. In mitochondrial and bacterial LeuRS, the precise position of CP1 insertion

differs as compared with IleRS, ValRS, and archaeal/eukaryotic LeuRS, but the

spatial separation of the synthetic and editing active sites is approximately 30–40 Å

in all the enzymes [78, 152, 153, 193]. In contrast, the class II aaRS editing domains

are idiosyncratic to each enzyme in both their structures and positions along the

primary sequence (Fig. 1). In ThrRS, PheRS, and ProRS, the relative positions of the

synthetic and editing domains suggest that first order conformational rearrangement

to translocate the tRNA between sites is a plausible mechanism, as is also the case

for the class I enzymes [39, 40, 43, 131]. However, AlaRS may be distinct because

crystal structures of the enzyme reveal a unique architecture that does not suggest a

straightforward structural mechanism by which the flexible end of the acceptor arm

can rearrange to move between the two active sites [44, 45]. It is possible then that

AlaRS may rely primarily or entirely on the dissociation–reassociation pathway.

The experimental evidence in favor of the translocation model has primarily

rested on comparisons of editing enzyme structures when bound in distinct liganded

states ([2]. The best example is E. coli LeuRS, which represents the first case in

which cocrystal structures bound to the full tRNA are available in both synthetic and

editing conformations for the same enzyme [16]. Comparison of these structures

provides the basis for a detailed translocation model, in which a key role is played by

a 60-residue LeuRS-specific domain that follows the second half of the Rossmann

fold. This domain binds the distal tRNA anticodon arm only in the editing complex

(Fig. 7). In the synthetic mode, the domain reorients toward the synthetic active site

by about 20 Å to interact with several newly ordered loops near the substrate binding

cleft. Detailed kinetic studies of E. coli LeuRS provided functional evidence for a

separable translocation step and allowed estimation of a first order rate constant of

about 80 s�1, some fourfold slower than the rate of post-transfer editing hydrolysis in

the editing active site [97]. The translocation step was not directly monitored in

LeuRS (or any other editing aaRS), but mutational analysis has nonetheless allowed

insight into the identity of structural determinants that may control the conforma-

tional transitions [194]. Experiments employing an editing site-directed inhibitor of

LeuRS suggested that tRNA may bind first to the editing domain [195], implying

that the full catalytic cycle involves translocation in both directions. This provoca-

tive suggestion awaits further experimental verification.

Evidence for the dissociation and rebinding model was provided by experiments

on PheRS, which showed that the editing site can compete with elongation factor

for binding to misacylated Tyr-tRNAPhe [159]. This pathway may be adopted by

other class II aaRS since, in general, product release is not rate-limiting in these

enzymes [46]. Dissociation and rebinding is a kinetically competent pathway for

class I editing aaRS as shown by studies on a mutant of E. coli LeuRS, but this
mechanism does not contribute significantly in the wild-type enzyme [97]. This is

consistent with slow product release as the rate-limiting step in class I enzymes.

These data are consistent with the discovery of free-standing post-transfer editing
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proteins that correspond to a number of class II editing domains but not to the

common CP1 editing domain of class I aaRS (see below).

Details of the substrate specificity and catalytic mechanisms in the editing

domains are emerging from crystal structures and mutational analysis [2]. Atomic

level depictions of the active sites, including the solvent structure, have been

provided by high resolution structures of separately expressed editing domains

and homologous free-standing proteins (see below) [154, 196–203]. Analogs of

the 30-A76 nucleotide have been cocrystallized with these domains and with the

intact enzymes to afford a view of the substrate complexes, from which insights into

the stereochemistry of hydrolysis are becoming known [154, 186, 204].

The classic view of post-transfer editing is the “double sieve” mechanism [8],

which envisions selectivity based on steric constraints. Amino acids smaller than

the cognate substrate but still able to bind adequately in the synthetic site are

misacylated, while amino acids larger than cognate are excluded. Then the second

sieve or editing site possesses an architecture allowing binding of smaller

noncognate amino acids but not the cognate amino acid. This mechanism was

proposed based on editing of valine by IleRS [8], and still provides an essentially

accurate view. Discrimination against smaller hydrophobic amino acids by LeuRS

appears to also be well-described by this scheme. For both of these class I enzymes,

crystal structures have identified the amino acids involved in binding the hydro-

phobic side chains of the noncognate amino acid in the editing site [204, 205].

In LeuRS, mutation of a key interacting threonine residue to smaller amino acids

Fig. 7 Structures of the E. coli LeuRS–tRNALeu complex in editing mode bound to a

benzoxaborole analog (left) and in synthetic mode (right) with the tRNA 30-end bound in the

synthetic active site (green) next to the Leu-AMS analog (dark blue) [142]. The LeuRS-specific
domain is in magenta. In the editing complex at left, the tRNA 30-end extends to bind in the post-

transfer editing domain (CP1 domain depicted in light blue at top), and the LeuRS-specific domain

interacts with the tRNA anticodon arm. In the synthetic complex (right), the tRNA 30-end is bound
in the synthetic Rossmann fold domain in a hairpinned conformation (right). The LeuRS-specific
domain no longer binds the anticodon arm but instead is reoriented to interact with portions of the

protein structure that form the active site. Several surface loops shown in magenta also become

ordered when tRNA binds in the synthetic site
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allows for hydrolysis of cognate Leu-tRNALeu, providing a clear demonstration

of the double sieve in operation [206]. Wild-type LeuRS discriminates against

norvaline by 103-fold at the deacylation step, providing a quantitative measure of

the specificity that is intrinsic to the post-transfer editing domain [97].

Hydrolysis of Thr-tRNAVal by ValRS does not follow this classic mechanism,

because the cognate and noncognate amino acids are roughly isosteric and of

different chemical character. In this case the editing active site plays a more active

discriminatory role that includes specific conformational rearrangements [201].

Hydrogen bonds made by the threonine hydroxyl group to several conserved

aspartates in the binding site also appear important to specificity [153].

The mechanisms of substrate specificity by class II aaRS are more idiosyncratic.

ThrRS is able to exclude valine from the synthetic site based on a key role for a zinc

ion in binding the side-chain hydroxyl group [112, 134]. Serine is not excluded, and

is cleared by post-transfer editing. In archaeal ThrRS, cognate threonine is excluded

by a structural mechanism involving rearrangement of an invariant Tyr-Lys dipep-

tide in the N2 editing domain, which causes mispositioning of the catalytic water

molecule [207]. In ProRS, the INS editing domain discriminates against cognate

proline by steric exclusion [41, 208]. Cysteine is also excluded on steric grounds

despite the poor discrimination against this amino acid in the synthetic site [189],

accounting for the role of the free-standing Ybak enzyme in clearing Cys-tRNAPro

(see below) [160, 209, 210]. Interestingly, ProRS enzymes from archaea and higher

eukaryotes do not possess the INS editing domain, and may rely instead on better

accuracy in amino acid activation [189, 190].

In addition to Gly-tRNAAla, AlaRS activates serine and transfers it to tRNAAla

at significant rates [157], and PheRS rapidly catalyzes Tyr-tRNAPhe formation

[155, 181], even though it might be thought that these larger and more polar

amino acids should be readily excluded from the synthetic pathways. It is thus

apparent that the synthetic active sites of these two editing aaRS are not optimized

for amino acid discrimination. Crystal structures of PheRS and AlaRS bound to

these noncognate amino acids have revealed how the synthetic active sites accom-

modate the additional substrate hydroxyl groups by hydrogen-bonding, and that the

overall orientations of cognate and noncognate substrates are similar [114, 156]. An

inherent capacity for some structural plasticity in the PheRS and AlaRS binding

pockets, although small, is apparently sufficient to permit misacylation of larger

noncognate substrates at rates sufficient to require editing. Since the cognate amino

acids of PheRS and AlaRS are smaller than noncognate, the post-transfer editing

active sites in these enzymes again must rely on mechanisms other than steric

exclusion. The PheRS editing domain makes hydrogen bonding interactions with

the hydroxyl group of tyrosine to distinguish this substrate [156], while the editing

domain of AlaRS uses a hydrophilic environment and likely a zinc-dependent

mechanism to bind serine [45, 197, 211].

The detailed stereochemical mechanism of post-transfer editing is perhaps best

described for E. coli ThrRS. Crystal structures of the enzyme bound to post-transfer

editing substrate analogs suggested that hydrolysis is accomplished by general base

catalysis (Fig. 8) [186]. A conserved histidine residue in the active site deprotonates
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the nucleophilic water molecule, and a lysine residue participates in water-mediated

stabilization of the departing O30 anion. The mechanism is corroborated by sharp

decreases measured in the catalytic rate upon mutation of either of these amino

acids [212]. Interestingly, this mechanism is not conserved in the distinct

archaebacterial ThrRS editing domain, which possesses structural homology to

D-aminoacyl-tRNA deacylases [213–215]. In this case a substrate-assisted mecha-

nism was instead proposed in which the 20-OH group of A76 plays a role in

activating the water nucleophile [199]. Similar substrate-assisted mechanisms

based in part on computational studies have been proposed for ProRS, PheRS,

and LeuRS [208, 216, 217].

Fig. 8 (a) Structure of the post-transfer editing domain of class I T. thermophilus LeuRS bound to

the post-transfer editing substrate analog 20-(L-norvalyl)amino-2-deoxyadenosine (PDB code

1OBC). The conserved Asp347 implicated in the hydrolytic mechanism is at left. (b) Structure
of a portion of the post-transfer editing domain of class II ThrRS bound to the post-transfer editing

substrate analog serine 30-aminoadenosine (PDB code 1TKY). (c) Schematic description of the

proposed stereochemical mechanism of post-transfer editing hydrolysis in ThrRS, based on the

crystal structure depicted in panel (b)
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3.5 Trans Editing Factors

Free-standing editing proteins have been discovered that catalyze post-transfer

hydrolysis of misacylated tRNA after its dissociation from the aaRS (Fig. 6). In

all cases these proteins are homologs of the editing domains of class II aaRS, and

constitute a third sieve in the editing process [160]. The finding that product release

is rate-limiting for class I editing enzymes, and that class II enzymes are instead

rate-limited by an early step in the pathway, helps to rationalize why trans editing
generally does not occur in class I systems [46, 97, 159]. However, TyrRS can

misacylate tRNATyr with D-tyrosine [218–220], and the D-Tyr-tRNATyr deacylase

functions as a trans editing protein to clear this species. Interestingly, this enzyme is

structurally related to the editing domain of archaeal ThrRS, which hydrolyzes

Ser-tRNAThr either as a component of the full-length ThrRS or as a free-standing

protein [199, 214]. The free-standing tRNAThr editing domain is found only in a

subset of archaea; in bacteria and eukaryotes, editing of serine by ThrRS is carried

out by an unrelated editing domain found at the N-terminus of the enzyme [39].

Free-standing editing domains are more widespread in the proline and alanine

systems. A free-standing homolog of the ProRS editing domain (INS), known as

Ybak, is dedicated to Cys-tRNAPro hydrolysis. This reaction cannot be performed by

the INS domain found in cis as part of the ProRS enzyme, which is instead specific to

post-transfer editing of Ala-tRNAPro [160, 189, 209, 221, 222]. Formation of a ternary

complex between YbaK, ProRS, and Cys-tRNAPro has been inferred from chemical

cross-linking, and it appears that YbaK thus acts in collaboration with ProRS prior to

release of misacylated tRNAPro into solution [221]. A second subclass of INS domain

paralogs (PrdX proteins) is specific for Ala-tRNAPro hydrolysis. The presence of a

PrdX free-standing protein in a particular organism is correlated with the absence of

an editing domain in the corresponding ProRS enzyme [210, 222]. Ybak functions by

substrate-assisted deacylation involving a cyclization pathway that relies on the

thiol group of the misacylated cysteine [223, 224]. This mechanism is distinct

from the proposed substrate-assisted mechanism for alanine editing by the INS

domain [224, 225].

The AlaX proteins are free-standing homologs of the AlaRS editing domain and

are conserved in all three domains of life [210]. They are classified into several

subtypes and are devoted to the hydrolysis of tRNAAla misacylated with serine or

glycine [226]. Some AlaX proteins display specific activity toward Ser-tRNAAla

only [197], suggesting that Ser-tRNAAla and not Gly-tRNAAla is the preferred

substrate [37, 114, 227]. This notion is supported by the finding that AlaX is able

to rescue a bacterial cell from serine toxicity [228]. The need for Ser-tRNAAla

editing arises because the particular design of the AlaRS synthetic site does not

allow for serine discrimination on steric grounds [114]. Interestingly, one subgroup

of the AlaX proteins possesses homology to the C-terminal C-Ala domain of

full-length AlaRS [227].

The finding of the trans acting domains allows editing to be conceptualized as a

“triple sieve” involving the synthetic active site, the cis-acting post-transfer editing
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domain, and the trans-acting domain. As we have seen, each of these protein

domains possesses inherent hydrolytic editing activity at a distinct position along

the overall pathway (Fig. 6). Taken together, the complexity of editing mechanisms

that have evolved surely reflects the adaptive value associated with the capacity of

the cell to maintain a level of protein synthesis fidelity that is appropriate in a

particular organism, cellular compartment, or condition of environmental stress.

The impact of editing on cellular physiology is clearly of great significance, and

additional ramifications of the process no doubt await discovery in other biological

settings.

Acknowledgments We thank Nevena Cvetesic and Andrew Hadd for assistance with figures.

This work was supported by the National Institutes of Health (GM63713 and 1RO3TW008024)

and by the Croatian Science Foundation (grant 09.01/293). I.G.S. thanks the Adris foundation for

support.

References

1. Perona JJ, Hadd A (2012) Structural diversity and protein engineering of the aminoacyl-

tRNA synthetases. Biochemistry 51:8705–8729

2. Yadavalli SS, Ibba M (2012) Quality control in aminoacyl-tRNA synthesis its role in

translational fidelity. Adv Protein Chem Struct Biol 86:1–43

3. Perona JJ, Hou YM (2007) Indirect readout of tRNA for aminoacylation. Biochemistry

46:10419–10432

4. Post CB, Ray WJ Jr (1995) Reexamination of induced fit as a determinant of substrate

specificity in enzymatic reactions. Biochemistry 34:15881–15885

5. Bruice TC (2002) A view at the millennium: the efficiency of enzymatic catalysis. Acc Chem

Res 35:139–148

6. Ibba M, Sever S, Praetorius-Ibba M, Soll D (1999) Transfer RNA identity contributes to

transition state stabilization during aminoacyl-tRNA synthesis. Nucleic Acids Res

27:3631–3637

7. Ebel JP, Giege R, Bonnet J, Kern D, Befort N, Bollack C, Fasiolo F, Gangloff J, Dirheimer G

(1973) Factors determining the specificity of the tRNA aminoacylation reaction.

Non-absolute specificity of tRNA-aminoacyl-tRNA synthetase recognition and particular

importance of the maximal velocity. Biochimie 55:547–557

8. Fersht AR (1977) Editing mechanisms in protein synthesis. Rejection of valine by the

isoleucyl-tRNA synthetase. Biochemistry 16:1025–1030

9. Baldwin AN, Berg P (1966) Transfer ribonucleic acid-induced hydrolysis of valyladenylate

bound to isoleucyl ribonucleic acid synthetase. J Biol Chem 241:839–845

10. Fersht AR, Kaethner MM (1976) Enzyme hyperspecificity. Rejection of threonine by the

valyl-tRNA synthetase by misacylation and hydrolytic editing. Biochemistry 15:3342–3346

11. Jakubowski H (1978) Valyl-tRNA synthetase from yellow lupin seeds. Instability of enzyme-

bound noncognate adenylates versus cognate adenylate. FEBS Lett 95:235–238

12. Jakubowski H, Fersht AR (1981) Alternative pathways for editing non-cognate amino acids

by aminoacyl-tRNA synthetases. Nucleic Acids Res 9:3105–3117

13. Fersht AR, Dingwall C (1979) An editing mechanism for the methionyl-tRNA synthetase in

the selection of amino acids in protein synthesis. Biochemistry 18:1250–1256

30 J.J. Perona and I. Gruic-Sovulj



14. Tsui WC, Fersht AR (1981) Probing the principles of amino acid selection using the alanyl-

tRNA synthetase from Escherichia coli. Nucleic Acids Res 9:4627–4637
15. Ibba M, Kast P, Hennecke H (1994) Substrate specificity is determined by amino acid binding

pocket size in Escherichia coli phenylalanyl-tRNA synthetase. Biochemistry 33:7107–7112

16. Palencia A, Crepin T, Vu MT, Lincecum TL Jr, Martinis SA, Cusack S (2012) Structural

dynamics of the aminoacylation and proofreading functional cycle of bacterial leucyl-tRNA

synthetase. Nat Struct Mol Biol 19:677–684

17. Gruic-Sovulj I, Landeka I, Soll D, Weygand-Durasevic I (2002) tRNA-dependent amino acid

discrimination by yeast seryl-tRNA synthetase. Eur J Biochem 269:5271–5279

18. Ibba M, Hong KW, Sherman JM, Sever S, Soll D (1996) Interactions between tRNA identity

nucleotides and their recognition sites in glutaminyl-tRNA synthetase determine the cognate

amino acid affinity of the enzyme. Proc Natl Acad Sci USA 93:6953–6958

19. Uter NT, Gruic-Sovulj I, Perona JJ (2005) Amino acid-dependent transfer RNA affinity in a

class I aminoacyl-tRNA synthetase. J Biol Chem 280:23966–23977

20. Bullock TL, Rodriguez-Hernandez A, Corigliano EM, Perona JJ (2008) A rationally

engineered misacylating aminoacyl-tRNA synthetase. Proc Natl Acad Sci USA

105:7428–7433

21. Rodriguez-Hernandez A, Bhaskaran H, Hadd A, Perona JJ (2010) Synthesis of Glu-tRNA

(Gln) by engineered and natural aminoacyl-tRNA synthetases. Biochemistry 49:6727–6736

22. de Duve C (1988) Transfer RNAs: the second genetic code. Nature 333:117–118

23. Park SG, Schimmel P, Kim S (2008) Aminoacyl tRNA synthetases and their connections to

disease. Proc Natl Acad Sci USA 105:11043–11049

24. Guo M, Yang XL, Schimmel P (2010) New functions of aminoacyl-tRNA synthetases

beyond translation. Nat Rev Mol Cell Biol 11:668–674

25. Irwin MJ, Nyborg J, Reid BR, Blow DM (1976) The crystal structure of tyrosyl-transfer RNA

synthetase at 2–7 A resolution. J Mol Biol 105:577–586

26. Brick P, Bhat TN, Blow DM (1989) Structure of tyrosyl-tRNA synthetase refined at 2.3 A

resolution. Interaction of the enzyme with the tyrosyl adenylate intermediate. J Mol Biol

208:83–98

27. Schmidt E, Schimmel P (1995) Residues in a class I tRNA synthetase which determine

selectivity of amino acid recognition in the context of tRNA. Biochemistry 34:11204–11210

28. Rould MA, Perona JJ, Soll D, Steitz TA (1989) Structure of E. coli glutaminyl-tRNA

synthetase complexed with tRNA(Gln) and ATP at 2.8 A resolution. Science 246:1135–1142

29. Yaremchuk A, Kriklivyi I, Tukalo M, Cusack S (2002) Class I tyrosyl-tRNA synthetase has a

class II mode of cognate tRNA recognition. EMBO J 21:3829–3840

30. Ruff M, Krishnaswamy S, Boeglin M, Poterszman A, Mitschler A, Podjarny A, Rees B,

Thierry JC, Moras D (1991) Class II aminoacyl transfer RNA synthetases: crystal structure of

yeast aspartyl-tRNA synthetase complexed with tRNA(Asp). Science 252:1682–1689

31. Cusack S, Berthet-Colominas C, Hartlein M, Nassar N, Leberman R (1990) A second class of

synthetase structure revealed by X-ray analysis of Escherichia coli seryl-tRNA synthetase at

2.5 A. Nature 347:249–255

32. First EA (2005) Catalysis of the tRNA aminoacylation reaction. In: Michael Ibba CFaSC (ed)

The aminoacyl-tRNA synthetases. Georgetown: Landes Bioscience/Eurekah.com, pp 328–352

33. Ibba M, Soll D (2000) Aminoacyl-tRNA synthesis. Annu Rev Biochem 69:617–650

34. Arnez JG, Moras D (1997) Structural and functional considerations of the aminoacylation

reaction. Trends Biochem Sci 22:211–216

35. Cusack S (1995) Eleven down and nine to go. Nat Struct Biol 2:824–831

36. Cusack S (1997) Aminoacyl-tRNA synthetases. Curr Opin Struct Biol 7:881–889

37. Guo M, Schimmel P (2012) Structural analyses clarify the complex control of mistranslation

by tRNA synthetases. Curr Opin Struct Biol 22:119–126

38. Tang SN, Huang JF (2005) Evolution of different oligomeric glycyl-tRNA synthetases. FEBS

Lett 579:1441–1445

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 31



39. Dock-Bregeon A, Sankaranarayanan R, Romby P, Caillet J, SpringerM, Rees B, Francklyn CS,

Ehresmann C, Moras D (2000) Transfer RNA-mediated editing in threonyl-tRNA synthetase.

The class II solution to the double discrimination problem. Cell 103:877–884

40. Cusack S, Yaremchuk A, Krikliviy I, Tukalo M (1998) tRNA(Pro) anticodon recognition by

Thermus thermophilus prolyl-tRNA synthetase. Structure 6:101–108

41. Wong FC, Beuning PJ, Nagan M, Shiba K, Musier-Forsyth K (2002) Functional role of the

prokaryotic proline-tRNA synthetase insertion domain in amino acid editing. Biochemistry

41:7108–7115

42. Goldgur Y, Mosyak L, Reshetnikova L, Ankilova V, Lavrik O, Khodyreva S, Safro M (1997)

The crystal structure of phenylalanyl-tRNA synthetase from Thermus thermophilus
complexed with cognate tRNAPhe. Structure 5:59–68

43. Crepin T, Yaremchuk A, Tukalo M, Cusack S (2006) Structures of two bacterial prolyl-tRNA

synthetases with and without a cis-editing domain. Structure 14:1511–1525

44. Naganuma M, Sekine S, Fukunaga R, Yokoyama S (2009) Unique protein architecture of

alanyl-tRNA synthetase for aminoacylation, editing, and dimerization. Proc Natl Acad Sci

USA 106:8489–8494

45. Sokabe M, Ose T, Nakamura A, Tokunaga K, Nureki O, Yao M, Tanaka I (2009) The

structure of alanyl-tRNA synthetase with editing domain. Proc Natl Acad Sci USA

106:11028–11033

46. Zhang CM, Perona JJ, Ryu K, Francklyn C, Hou YM (2006) Distinct kinetic mechanisms of

the two classes of aminoacyl-tRNA synthetases. J Mol Biol 361:300–311

47. Dulic M, Cvetesic N, Perona JJ, Gruic-Sovulj I (2010) Partitioning of tRNA-dependent

editing between pre- and post-transfer pathways in class I aminoacyl-tRNA synthetases. J

Biol Chem 285:23799–23809

48. Bhaskaran H, Perona JJ (2011) Two-step aminoacylation of tRNA without channeling in

archaea. J Mol Biol 411:854–869

49. Fersht AR, Kaethner MM (1976) Mechanism of aminoacylation of tRNA. Proof of the

aminoacyl adenylate pathway for the isoleucyl- and tyrosyl-tRNA synthetases from

Escherichia coli K12. Biochemistry 15:818–823

50. Guth E, Connolly SH, Bovee M, Francklyn CS (2005) A substrate-assisted concerted mecha-

nism for aminoacylation by a class II aminoacyl-tRNA synthetase. Biochemistry

44:3785–3794

51. Banik SD, Nandi N (2012) Mechanism of the activation step of the aminoacylation reaction:

a significant difference between class I and class II synthetases. J Biomol Struct Dyn

30:701–715

52. Ibba M, Losey HC, Kawarabayasi Y, Kikuchi H, Bunjun S, Soll D (1999) Substrate

recognition by class I lysyl-tRNA synthetases: a molecular basis for gene displacement.

Proc Natl Acad Sci USA 96:418–423

53. Kern D, Lapointe J (1979) Glutamyl transfer ribonucleic acid synthetase of Escherichia coli.
Study of the interactions with its substrates. Biochemistry 18:5809–5818

54. Mehler AH, Mitra SK (1967) The activation of arginyl transfer ribonucleic acid synthetase by

transfer ribonucleic acid. J Biol Chem 242:5495–5499

55. Ravel JM, Wang SF, Heinemeyer C, Shive W (1965) Glutamyl and glutaminyl ribonucleic

acid synthetases of Escherichia coli W. Separation, properties, and stimulation of adenosine

triphosphate-pyrophosphate exchange by acceptor ribonucleic acid. J Biol Chem

240:432–438

56. Sekine S, Nureki O, Dubois DY, Bernier S, Chenevert R, Lapointe J, Vassylyev DG,

Yokoyama S (2003) ATP binding by glutamyl-tRNA synthetase is switched to the productive

mode by tRNA binding. EMBO J 22:676–688

57. Gruic-Sovulj I, Uter N, Bullock T, Perona JJ (2005) tRNA-dependent aminoacyl-adenylate

hydrolysis by a nonediting class I aminoacyl-tRNA synthetase. J Biol Chem 280:23978–23986

58. Perona JJ, Rould MA, Steitz TA (1993) Structural basis for transfer RNA aminoacylation by

Escherichia coli glutaminyl-tRNA synthetase. Biochemistry 32:8758–8771

32 J.J. Perona and I. Gruic-Sovulj



59. Desogus G, Todone F, Brick P, Onesti S (2000) Active site of lysyl-tRNA synthetase:

structural studies of the adenylation reaction. Biochemistry 39:8418–8425

60. Avis JM, Fersht AR (1993) Use of binding energy in catalysis: optimization of rate in a

multistep reaction. Biochemistry 32:5321–5326

61. Avis JM, Day AG, Garcia GA, Fersht AR (1993) Reaction of modified and unmodified tRNA

(Tyr) substrates with tyrosyl-tRNA synthetase (Bacillus stearothermophilus). Biochemistry

32:5312–5320

62. Xin Y, Li W, Dwyer DS, First EA (2000) Correlating amino acid conservation with function

in tyrosyl-tRNA synthetase. J Mol Biol 303:287–298

63. Minajigi A, Francklyn CS (2008) RNA-assisted catalysis in a protein enzyme: the

20-hydroxyl of tRNA(Thr) A76 promotes aminoacylation by threonyl-tRNA synthetase.

Proc Natl Acad Sci USA 105:17748–17753

64. Li L, Weinreb V, Francklyn C, Carter CW Jr (2011) Histidyl-tRNA synthetase urzymes: class

I and II aminoacyl tRNA synthetase urzymes have comparable catalytic activities for cognate

amino acid activation. J Biol Chem 286:10387–10395

65. Pham Y, Kuhlman B, Butterfoss GL, Hu H, Weinreb V, Carter CW Jr (2010) Tryptophanyl-

tRNA synthetase urzyme: a model to recapitulate molecular evolution and investigate

intramolecular complementation. J Biol Chem 285:38590–38601

66. Pham Y, Li L, Kim A, Erdogan O, Weinreb V, Butterfoss GL, Kuhlman B, Carter CW Jr

(2007) A minimal TrpRS catalytic domain supports sense/antisense ancestry of class I and II

aminoacyl-tRNA synthetases. Mol Cell 25:851–862

67. Sekine S, Shichiri M, Bernier S, Chenevert R, Lapointe J, Yokoyama S (2006) Structural

bases of transfer RNA-dependent amino acid recognition and activation by glutamyl-tRNA

synthetase. Structure 14:1791–1799

68. Retailleau P, Huang X, Yin Y, Hu M, Weinreb V, Vachette P, Vonrhein C, Bricogne G,

Roversi P, Ilyin V, Carter CW Jr (2003) Interconversion of ATP binding and conformational

free energies by tryptophanyl-tRNA synthetase: structures of ATP bound to open and closed,

pre-transition-state conformations. J Mol Biol 325:39–63

69. Shen N, Zhou M, Yang B, Yu Y, Dong X, Ding J (2008) Catalytic mechanism of the

tryptophan activation reaction revealed by crystal structures of human tryptophanyl-tRNA

synthetase in different enzymatic states. Nucleic Acids Res 36:1288–1299

70. Terada T, Nureki O, Ishitani R, Ambrogelly A, Ibba M, Soll D, Yokoyama S (2002)

Functional convergence of two lysyl-tRNA synthetases with unrelated topologies. Nat Struct

Biol 9:257–262

71. Schmitt E, Tanrikulu IC, Yoo TH, Panvert M, Tirrell DA, Mechulam Y (2009) Switching

from an induced-fit to a lock-and-key mechanism in an aminoacyl-tRNA synthetase with

modified specificity. J Mol Biol 394:843–851

72. Rath VL, Silvian LF, Beijer B, Sproat BS, Steitz TA (1998) How glutaminyl-tRNA synthe-

tase selects glutamine. Structure 6:439–449

73. Bullock TL, Uter N, Nissan TA, Perona JJ (2003) Amino acid discrimination by a class I

aminoacyl-tRNA synthetase specified by negative determinants. J Mol Biol 328:395–408

74. Corigliano EM, Perona JJ (2009) Architectural underpinnings of the genetic code for

glutamine. Biochemistry 48:676–687

75. Konno M, Sumida T, Uchikawa E, Mori Y, Yanagisawa T, Sekine S, Yokoyama S (2009)

Modeling of tRNA-assisted mechanism of Arg activation based on a structure of Arg-tRNA

synthetase, tRNA, and an ATP analog (ANP). FEBS J 276:4763–4779

76. Fersht AR (1987) Dissection of the structure and activity of the tyrosyl-tRNA synthetase by

site-directed mutagenesis. Biochemistry 26:8031–8037

77. First EA, Fersht AR (1993) Mutational and kinetic analysis of a mobile loop in tyrosyl-tRNA

synthetase. Biochemistry 32:13658–13663

78. Cusack S, Yaremchuk A, Tukalo M (2000) The 2 A crystal structure of leucyl-tRNA

synthetase and its complex with a leucyl-adenylate analogue. EMBO J 19:2351–2361

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 33



79. Kobayashi T, Takimura T, Sekine R, Kelly VP, Kamata K, Sakamoto K, Nishimura S,

Yokoyama S (2005) Structural snapshots of the KMSKS loop rearrangement for amino

acid activation by bacterial tyrosyl-tRNA synthetase. J Mol Biol 346:105–117

80. Sharma G, First EA (2009) Thermodynamic analysis reveals a temperature-dependent change

in the catalytic mechanism of bacillus stearothermophilus tyrosyl-tRNA synthetase. J Biol

Chem 284:4179–4190

81. Kapustina M, Carter CW Jr (2006) Computational studies of tryptophanyl-tRNA synthetase:

activation of ATP by induced-fit. J Mol Biol 362:1159–1180

82. Retailleau P, Weinreb V, Hu M, Carter CW Jr (2007) Crystal structure of tryptophanyl-tRNA

synthetase complexed with adenosine-50 tetraphosphate: evidence for distributed use of

catalytic binding energy in amino acid activation by class I aminoacyl-tRNA synthetases.

J Mol Biol 369:108–128

83. Laowanapiban P, Kapustina M, Vonrhein C, Delarue M, Koehl P, Carter CW Jr (2009)

Independent saturation of three TrpRS subsites generates a partially assembled state similar

to those observed in molecular simulations. Proc Natl Acad Sci USA 106:1790–1795

84. Leatherbarrow RJ, Fersht AR, Winter G (1985) Transition-state stabilization in the mecha-

nism of tyrosyl-tRNA synthetase revealed by protein engineering. Proc Natl Acad Sci USA

82:7840–7844

85. Weinreb V, Carter CW Jr (2008) Mg2+-free Bacillus stearothermophilus tryptophanyl-tRNA
synthetase retains a major fraction of the overall rate enhancement for tryptophan activation.

J Am Chem Soc 130:1488–1494

86. Weinreb V, Li L, Carter CW Jr (2012) A master switch couples Mg(2)(+)-assisted catalysis to

domain motion in B. stearothermophilus tryptophanyl-tRNA Synthetase. Structure

20:128–138

87. Weinreb V, Li L, Campbell CL, Kaguni LS, Carter CW Jr (2009) Mg2+-assisted catalysis by

B. stearothermophilus TrpRS is promoted by allosteric effects. Structure 17:952–964

88. Cammer S, Carter CW Jr (2010) Six Rossmannoid folds, including the class I aminoacyl-

tRNA synthetases, share a partial core with the anti-codon-binding domain of a class II

aminoacyl-tRNA synthetase. Bioinformatics 26:709–714

89. Uter NT, Perona JJ (2006) Active-site assembly in glutaminyl-tRNA synthetase by tRNA-

mediated induced fit. Biochemistry 45:6858–6865

90. Xin Y, Li W, First EA (2000) Stabilization of the transition state for the transfer of tyrosine to

tRNA(Tyr) by tyrosyl-tRNA synthetase. J Mol Biol 303:299–310

91. Lassila JK, Zalatan JG, Herschlag D (2011) Biological phosphoryl-transfer reactions: under-

standing mechanism and catalysis. Annu Rev Biochem 80:669–702

92. Black Pyrkosz A, Eargle J, Sethi A, Luthey-Schulten Z (2010) Exit strategies for charged

tRNA from GluRS. J Mol Biol 397:1350–1371

93. Uter NT, Perona JJ (2004) Long-range intramolecular signaling in a tRNA synthetase

complex revealed by pre-steady-state kinetics. Proc Natl Acad Sci USA 101:14396–14401

94. Fersht AR, Gangloff J, Dirheimer G (1978) Reaction pathway and rate-determining step in

the aminoacylation of tRNAArg catalyzed by the arginyl-tRNA synthetase from yeast.

Biochemistry 17:3740–3746

95. Liu C, Sanders JM, Pascal JM, Hou YM (2012) Adaptation to tRNA acceptor stem structure

by flexible adjustment in the catalytic domain of class I tRNA synthetases. RNA 18:213–221

96. Mulvey RS, Fersht AR (1978) Mechanism of aminoacylation of transfer RNA. A pre-steady-

state analysis of the reaction pathway catalyzed by the methionyl-tRNA synthetase of

Bacillus stearothermophilus. Biochemistry 17:5591–5597

97. Cvetesic N, Perona JJ, Gruic-Sovulj I (2012) Kinetic partitioning between synthetic and

editing pathways in class I aminoacyl-tRNA synthetases occurs at both pre-transfer and post-

transfer hydrolytic steps. J Biol Chem 287:25381–25394

98. Ward WH, Fersht AR (1988) Tyrosyl-tRNA synthetase acts as an asymmetric dimer in

charging tRNA. A rationale for half-of-the-sites activity. Biochemistry 27:5525–5530

34 J.J. Perona and I. Gruic-Sovulj



99. Doublie S, Bricogne G, Gilmore C, Carter CW Jr (1995) Tryptophanyl-tRNA synthetase

crystal structure reveals an unexpected homology to tyrosyl-tRNA synthetase. Structure

3:17–31

100. Eriani G, Delarue M, Poch O, Gangloff J, Moras D (1990) Partition of tRNA synthetases into

two classes based on mutually exclusive sets of sequence motifs. Nature 347:203–206

101. Cavarelli J, Eriani G, Rees B, Ruff M, Boeglin M, Mitschler A, Martin F, Gangloff J,

Thierry JC, Moras D (1994) The active site of yeast aspartyl-tRNA synthetase: structural

and functional aspects of the aminoacylation reaction. EMBO J 13:327–337

102. Dignam JD, Guo J, Griffith WP, Garbett NC, Holloway A, Mueser T (2011) Allosteric

interaction of nucleotides and tRNA(ala) with E. coli alanyl-tRNA synthetase. Biochemistry

50:9886–9900

103. Cusack S (1993) Sequence, structure and evolutionary relationships between class

2 aminoacyl-tRNA synthetases: an update. Biochimie 75:1077–1081

104. Cavarelli J, Rees B, Ruff M, Thierry JC, Moras D (1993) Yeast tRNA(Asp) recognition by its

cognate class II aminoacyl-tRNA synthetase. Nature 362:181–184

105. Belrhali H, Yaremchuk A, Tukalo M, Berthet-Colominas C, Rasmussen B, Bosecke P,

Diat O, Cusack S (1995) The structural basis for seryl-adenylate and Ap4A synthesis by

seryl-tRNA synthetase. Structure 3:341–352

106. Berthet-Colominas C, Seignovert L, Hartlein M, Grotli M, Cusack S, Leberman R (1998) The

crystal structure of asparaginyl-tRNA synthetase from Thermus thermophilus and its

complexes with ATP and asparaginyl-adenylate: the mechanism of discrimination between

asparagine and aspartic acid. EMBO J 17:2947–2960

107. Schmitt E, Moulinier L, Fujiwara S, Imanaka T, Thierry JC, Moras D (1998) Crystal structure

of aspartyl-tRNA synthetase from Pyrococcus kodakaraensis KOD: archaeon specificity and

catalytic mechanism of adenylate formation. EMBO J 17:5227–5237

108. Arnez JG, Dock-Bregeon AC, Moras D (1999) Glycyl-tRNA synthetase uses a negatively

charged pit for specific recognition and activation of glycine. J Mol Biol 286:1449–1459

109. Swairjo MA, Schimmel PR (2005) Breaking sieve for steric exclusion of a noncognate amino

acid from active site of a tRNA synthetase. Proc Natl Acad Sci USA 102:988–993

110. Bilokapic S, Maier T, Ahel D, Gruic-Sovulj I, Soll D, Weygand-Durasevic I, Ban N (2006)

Structure of the unusual seryl-tRNA synthetase reveals a distinct zinc-dependent mode of

substrate recognition. EMBO J 25:2498–2509

111. Arnez JG, Sankaranarayanan R, Dock-Bregeon AC, Francklyn CS, Moras D (2000)

Aminoacylation at the atomic level in class IIa aminoacyl-tRNA synthetases. J Biomol Struct

Dyn 17:23–27

112. Sankaranarayanan R, Dock-Bregeon AC, Rees B, Bovee M, Caillet J, Romby P,

Francklyn CS, Moras D (2000) Zinc ion mediated amino acid discrimination by threonyl-

tRNA synthetase. Nat Struct Biol 7:461–465

113. Fishman R, Ankilova V, Moor N, Safro M (2001) Structure at 2.6 A resolution of

phenylalanyl-tRNA synthetase complexed with phenylalanyl-adenylate in the presence of

manganese. Acta Crystallogr D Biol Crystallogr 57:1534–1544

114. Guo M, Chong YE, Shapiro R, Beebe K, Yang XL, Schimmel P (2009) Paradox of mistrans-

lation of serine for alanine caused by AlaRS recognition dilemma. Nature 462:808–812

115. Eiler S, Dock-Bregeon A, Moulinier L, Thierry JC, Moras D (1999) Synthesis of aspartyl-

tRNA(Asp) in Escherichia coli – a snapshot of the second step. EMBO J 18:6532–6541

116. Arnez JG, Augustine JG, Moras D, Francklyn CS (1997) The first step of aminoacylation at

the atomic level in histidyl-tRNA synthetase. Proc Natl Acad Sci USA 94:7144–7149

117. Guth EC, Francklyn CS (2007) Kinetic discrimination of tRNA identity by the conserved

motif 2 loop of a class II aminoacyl-tRNA synthetase. Mol Cell 25:531–542

118. Dulic M, Pozar J, Bilokapic S, Weygand-Durasevic I, Gruic-Sovulj I (2011) An idiosyncratic

serine ordering loop in methanogen seryl-tRNA synthetases guides substrates through seryl-

tRNASer formation. Biochimie 93:1761–1769

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 35



119. Arnez JG, Harris DC, Mitschler A, Rees B, Francklyn CS, Moras D (1995) Crystal structure

of histidyl-tRNA synthetase from Escherichia coli complexed with histidyl-adenylate.

EMBO J 14:4143–4155

120. Banik SD, Nandi N (2010) Aminoacylation reaction in the histidyl-tRNA synthetase: fidelity

mechanism of the activation step. J Phys Chem B 114:2301–2311

121. Ng JD, Sauter C, Lorber B, Kirkland N, Arnez J, Giege R (2002) Comparative analysis of

space-grown and earth-grown crystals of an aminoacyl-tRNA synthetase: space-grown

crystals are more useful for structural determination. Acta Crystallogr D Biol Crystallogr

58:645–652

122. Reshetnikova L, Moor N, Lavrik O, Vassylyev DG (1999) Crystal structures of phenylalanyl-

tRNA synthetase complexed with phenylalanine and a phenylalanyl-adenylate analogue.

J Mol Biol 287:555–568

123. Torres-Larios A, Sankaranarayanan R, Rees B, Dock-Bregeon AC, Moras D (2003) Confor-

mational movements and cooperativity upon amino acid, ATP and tRNA binding in threonyl-

tRNA synthetase. J Mol Biol 331:201–211

124. Yaremchuk A, Tukalo M, Grotli M, Cusack S (2001) A succession of substrate induced

conformational changes ensures the amino acid specificity of Thermus thermophilus prolyl-
tRNA synthetase: comparison with histidyl-tRNA synthetase. J Mol Biol 309:989–1002

125. Yanagisawa T, Ishii R, Fukunaga R, Kobayashi T, Sakamoto K, Yokoyama S (2008) Crystal-

lographic studies on multiple conformational states of active-site loops in pyrrolysyl-tRNA

synthetase. J Mol Biol 378:634–652

126. Bovee ML, Pierce MA, Francklyn CS (2003) Induced fit and kinetic mechanism of adenylation

catalyzed by Escherichia coli threonyl-tRNA synthetase. Biochemistry 42:15102–15113

127. Cusack S, Yaremchuk A, Tukalo M (1996) The crystal structure of the ternary complex of

T. thermophilus seryl-tRNA synthetase with tRNA(Ser) and a seryl-adenylate analogue

reveals a conformational switch in the active site. EMBO J 15:2834–2842

128. Qiu X, Janson CA, Blackburn MN, Chhohan IK, Hibbs M, Abdel-Meguid SS (1999)

Cooperative structural dynamics and a novel fidelity mechanism in histidyl-tRNA synthetase.

Biochemistry 38:12296–12304

129. Moulinier L, Eiler S, Eriani G, Gangloff J, Thierry JC, Gabriel K, McClain WH, Moras D

(2001) The structure of an AspRS-tRNA(Asp) complex reveals a tRNA-dependent control

mechanism. EMBO J 20:5290–5301

130. Onesti S, Desogus G, Brevet A, Chen J, Plateau P, Blanquet S, Brick P (2000) Structural

studies of lysyl-tRNA synthetase: conformational changes induced by substrate binding.

Biochemistry 39:12853–12861

131. Moor N, Kotik-Kogan O, Tworowski D, Sukhanova M, Safro M (2006) The crystal structure

of the ternary complex of phenylalanyl-tRNA synthetase with tRNAPhe and a phenylalanyl-

adenylate analogue reveals a conformational switch of the CCA end. Biochemistry

45:10572–10583

132. Dibbelt L, Pachmann U, Zachau HG (1980) Serine activation is the rate limiting step of

tRNASer aminoacylation by yeast seryl tRNA synthetase. Nucleic Acids Res 8:4021–4039

133. Dibbelt L, Zachau HG (1981) On the rate limiting step of yeast tRNAPhe aminoacylation.

FEBS Lett 129:173–176

134. Sankaranarayanan R, Dock-Bregeon AC, Romby P, Caillet J, Springer M, Rees B,

Ehresmann C, Ehresmann B, Moras D (1999) The structure of threonyl-tRNA synthetase-

tRNA(Thr) complex enlightens its repressor activity and reveals an essential zinc ion in the

active site. Cell 97:371–381

135. Nozawa K, O’Donoghue P, Gundllapalli S, Araiso Y, Ishitani R, Umehara T, Soll D,

Nureki O (2009) Pyrrolysyl-tRNA synthetase-tRNA(Pyl) structure reveals the molecular

basis of orthogonality. Nature 457:1163–1167

136. Biou V, Yaremchuk A, Tukalo M, Cusack S (1994) The 2.9 A crystal structure of

T. thermophilus seryl-tRNA synthetase complexed with tRNA(Ser). Science 263:1404–1410

36 J.J. Perona and I. Gruic-Sovulj



137. Borel F, Vincent C, Leberman R, Hartlein M (1994) Seryl-tRNA synthetase from Escherichia
coli: implication of its N-terminal domain in aminoacylation activity and specificity. Nucleic

Acids Res 22:2963–2969

138. Eriani G, Cavarelli J, Martin F, Dirheimer G, Moras D, Gangloff J (1993) Role of dimeriza-

tion in yeast aspartyl-tRNA synthetase and importance of the class II invariant proline. Proc

Natl Acad Sci USA 90:10816–10820

139. Yaremchuk A, Cusack S, Tukalo M (2000) Crystal structure of a eukaryote/archaeon-like

protyl-tRNA synthetase and its complex with tRNAPro(CGG). EMBO J 19:4745–4758

140. Yang XL, Otero FJ, Ewalt KL, Liu J, Swairjo MA, Kohrer C, RajBhandary UL, Skene RJ,

McRee DE, Schimmel P (2006) Two conformations of a crystalline human tRNA synthetase-

tRNA complex: implications for protein synthesis. EMBO J 25:2919–2929

141. Hauenstein SI, Hou YM, Perona JJ (2008) The homotetrameric phosphoseryl-tRNA synthetase

fromMethanosarcina mazei exhibits half-of-the-sites activity. J Biol Chem 283:21997–22006

142. Ambrogelly A, Kamtekar S, Stathopoulos C, Kennedy D, Soll D (2005) Asymmetric behav-

ior of archaeal prolyl-tRNA synthetase. FEBS Lett 579:6017–6022

143. Coleman DE, Carter CW Jr (1984) Crystals of Bacillus stearothermophilus tryptophanyl-

tRNA synthetase containing enzymatically formed acyl transfer product tryptophanyl-ATP,

an active site maker for the 30 CCA terminus of tryptophanyl-tRNATrp. Biochemistry

23:381–385

144. Liu H, Gauld JW (2008) Substrate-assisted catalysis in the aminoacyl transfer mechanism of

histidyl-tRNA synthetase: a density functional theory study. J Phys Chem B 112:16874–16882

145. Huang W, Bushnell EA, Francklyn CS, Gauld JW (2011) The alpha-amino group of the

threonine substrate as the general base during tRNA aminoacylation: a new version of

substrate-assisted catalysis predicted by hybrid DFT. J Phys Chem A 115:13050–13060

146. Lee JW, Beebe K, Nangle LA, Jang J, Longo-Guess CM, Cook SA, Davisson MT,

Sundberg JP, Schimmel P, Ackerman SL (2006) Editing-defective tRNA synthetase causes

protein misfolding and neurodegeneration. Nature 443:50–55

147. Ruan B, Palioura S, Sabina J, Marvin-Guy L, Kochhar S, Larossa RA, Soll D (2008) Quality

control despite mistranslation caused by an ambiguous genetic code. Proc Natl Acad Sci USA

105:16502–16507

148. Reynolds NM, Ling J, Roy H, Banerjee R, Repasky SE, Hamel P, Ibba M (2010) Cell-specific

differences in the requirements for translation quality control. Proc Natl Acad Sci USA

107:4063–4068

149. Roy H, Ling J, Alfonzo J, Ibba M (2005) Loss of editing activity during the evolution of

mitochondrial phenylalanyl-tRNA synthetase. J Biol Chem 280:38186–38192

150. Lue SW, Kelley SO (2005) An aminoacyl-tRNA synthetase with a defunct editing site.

Biochemistry 44:3010–3016

151. Netzer N, Goodenbour JM, David A, Dittmar KA, Jones RB, Schneider JR, Boone D,

Eves EM, Rosner MR, Gibbs JS, Embry A, Dolan B, Das S, Hickman HD, Berglund P,

Bennink JR, Yewdell JW, Pan T (2009) Innate immune and chemically triggered oxidative

stress modifies translational fidelity. Nature 462:522–526

152. Silvian LF, Wang J, Steitz TA (1999) Insights into editing from an ile-tRNA synthetase

structure with tRNAile and mupirocin. Science 285:1074–1077

153. Fukai S, Nureki O, Sekine S, Shimada A, Tao J, Vassylyev DG, Yokoyama S (2000)

Structural basis for double-sieve discrimination of L-valine from L-isoleucine and

L-threonine by the complex of tRNA(Val) and valyl-tRNA synthetase. Cell 103:793–803

154. Lincecum TL Jr, Tukalo M, Yaremchuk A, Mursinna RS, Williams AM, Sproat BS, Van Den

Eynde W, Link A, Van Calenbergh S, Grotli M, Martinis SA, Cusack S (2003) Structural and

mechanistic basis of pre- and posttransfer editing by leucyl-tRNA synthetase. Mol Cell

11:951–963

155. Roy H, Ling J, Irnov M, Ibba M (2004) Post-transfer editing in vitro and in vivo by the beta

subunit of phenylalanyl-tRNA synthetase. EMBO J 23:4639–4648

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 37



156. Kotik-Kogan O, Moor N, Tworowski D, Safro M (2005) Structural basis for discrimination of

L-phenylalanine from L-tyrosine by phenylalanyl-tRNA synthetase. Structure 13:1799–1807

157. Beebe K, Ribas De Pouplana L, Schimmel P (2003) Elucidation of tRNA-dependent editing

by a class II tRNA synthetase and significance for cell viability. EMBO J 22:668–675

158. Francklyn CS (2008) DNA polymerases and aminoacyl-tRNA synthetases: shared

mechanisms for ensuring the fidelity of gene expression. Biochemistry 47:11695–11703

159. Ling J, So BR, Yadavalli SS, Roy H, Shoji S, Fredrick K, Musier-Forsyth K, Ibba M (2009)

Resampling and editing of mischarged tRNA prior to translation elongation. Mol Cell

33:654–660

160. An S, Musier-Forsyth K (2004) Trans-editing of Cys-tRNAPro by Haemophilus influenzae

YbaK protein. J Biol Chem 279:42359–42362

161. Minajigi A, Francklyn CS (2010) Aminoacyl transfer rate dictates choice of editing pathway

in threonyl-tRNA synthetase. J Biol Chem 285:23810–23817

162. Splan KE, Ignatov ME, Musier-Forsyth K (2008) Transfer RNA modulates the editing

mechanism used by class II prolyl-tRNA synthetase. J Biol Chem 283:7128–7134

163. Gruic-Sovulj I, Rokov-Plavec J, Weygand-Durasevic I (2007) Hydrolysis of non-cognate

aminoacyl-adenylates by a class II aminoacyl-tRNA synthetase lacking an editing domain.

FEBS Lett 581:5110–5114

164. Ling J, Peterson KM, Simonovic I, Soll D, Simonovic M (2012) The mechanism of

pre-transfer editing in yeast mitochondrial threonyl-tRNA synthetase. J Biol Chem

287:28518–28525

165. Rokov-Plavec J, Lesjak S, Gruic-Sovulj I, Mocibob M, Dulic M, Weygand-Durasevic I

(2013) Substrate recognition and fidelity of maize seryl-tRNA synthetases. Arch Biochem

Biophys 529:122–130

166. Gruic-Sovulj I, Dulic M, Weygand-Durasevic I (2011) Pre-transfer editing of serine

hydroxamate within the active site of methanogenic-type seryl-tRNA synthetase. Croat

Chim Acta 84:179–184

167. Gruic-Sovulj I, Dulic M, Cvetesic N, Majsec K, Weygand-Durasevic I (2010) Efficiently

activated serine analog is not transferred to yeast tRNA(Ser). Croat Chim Acta 83:163–169

168. Jakubowski H (1980) Valyl-tRNA synthetase form yellow lupin seeds: hydrolysis of the

enzyme-bound noncognate aminoacyl adenylate as a possible mechanism of increasing

specificity of the aminoacyl-tRNA synthetase. Biochemistry 19:5071–5078

169. Zhu B, Yao P, Tan M, Eriani G, Wang ED (2009) tRNA-independent pretransfer editing by

class I leucyl-tRNA synthetase. J Biol Chem 284:3418–3424

170. Jakubowski H (1991) Proofreading in vivo: editing of homocysteine by methionyl-tRNA

synthetase in the yeast Saccharomyces cerevisiae. EMBO J 10:593–598

171. Serre L, Verdon G, Choinowski T, Hervouet N, Risler JL, Zelwer C (2001) How methionyl-

tRNA synthetase creates its amino acid recognition pocket upon L-methionine binding. J Mol

Biol 306:863–876

172. Jakubowski H (1999) Misacylation of tRNALys with noncognate amino acids by lysyl-tRNA

synthetase. Biochemistry 38:8088–8093

173. Jakubowski H (1997) Aminoacyl thioester chemistry of class II aminoacyl-tRNA

synthetases. Biochemistry 36:11077–11085

174. Levengood J, Ataide SF, Roy H, Ibba M (2004) Divergence in noncognate amino acid

recognition between class I and class II lysyl-tRNA synthetases. J Biol Chem 279:17707–17714

175. Hopfield JJ, Yamane T, Yue V, Coutts SM (1976) Direct experimental evidence for kinetic

proofreading in amino acylation of tRNAIle. Proc Natl Acad Sci USA 73:1164–1168

176. Boniecki MT, Vu MT, Betha AK, Martinis SA (2008) CP1-dependent partitioning of

pretransfer and posttransfer editing in leucyl-tRNA synthetase. Proc Natl Acad Sci USA

105:19223–19228

177. Williams AM, Martinis SA (2006) Mutational unmasking of a tRNA-dependent pathway for

preventing genetic code ambiguity. Proc Natl Acad Sci USA 103:3586–3591

38 J.J. Perona and I. Gruic-Sovulj



178. Eldred EW, Schimmel PR (1972) Rapid deacylation by isoleucyl transfer ribonucleic acid

synthetase of isoleucine-specific transfer ribonucleic acid aminoacylated with valine. J Biol

Chem 247:2961–2964

179. Hati S, Ziervogel B, Sternjohn J, Wong FC, Nagan MC, Rosen AE, Siliciano PG,

Chihade JW, Musier-Forsyth K (2006) Pre-transfer editing by class II prolyl-tRNA synthe-

tase: role of aminoacylation active site in “selective release” of noncognate amino acids.

J Biol Chem 281:27862–27872

180. Ling J, Peterson KM, Simonovic I, Cho C, Soll D, Simonovic M (2012) Yeast mitochondrial

threonyl-tRNA synthetase recognizes tRNA isoacceptors by distinct mechanisms and

promotes CUN codon reassignment. Proc Natl Acad Sci USA 109:3281–3286

181. Lin SX, Baltzinger M, Remy P (1984) Fast kinetic study of yeast phenylalanyl-tRNA

synthetase: role of tRNAPhe in the discrimination between tyrosine and phenylalanine.

Biochemistry 23:4109–4116

182. Nomanbhoy TK, Hendrickson TL, Schimmel P (1999) Transfer RNA-dependent transloca-

tion of misactivated amino acids to prevent errors in protein synthesis. Mol Cell 4:519–528

183. Farrow MA, Schimmel P (2001) Editing by a tRNA synthetase: DNA aptamer-induced

translocation and hydrolysis of a misactivated amino acid. Biochemistry 40:4478–4483

184. Hendrickson TL, Nomanbhoy TK, de Crecy-Lagard V, Fukai S, Nureki O, Yokoyama S,

Schimmel P (2002) Mutational separation of two pathways for editing by a class I tRNA

synthetase. Mol Cell 9:353–362

185. Bishop AC, Nomanbhoy TK, Schimmel P (2002) Blocking site-to-site translocation of a

misactivated amino acid by mutation of a class I tRNA synthetase. Proc Natl Acad Sci USA

99:585–590

186. Dock-Bregeon AC, Rees B, Torres-Larios A, Bey G, Caillet J, Moras D (2004) Achieving

error-free translation; the mechanism of proofreading of threonyl-tRNA synthetase at atomic

resolution. Mol Cell 16:375–386

187. Lin L, Hale SP, Schimmel P (1996) Aminoacylation error correction. Nature 384:33–34

188. Betha AK, Williams AM, Martinis SA (2007) Isolated CP1 domain of Escherichia coli
leucyl-tRNA synthetase is dependent on flanking hinge motifs for amino acid editing activity.

Biochemistry 46:6258–6267

189. Beuning PJ, Musier-Forsyth K (2001) Species-specific differences in amino acid editing by

class II prolyl-tRNA synthetase. J Biol Chem 276:30779–30785

190. SternJohn J, Hati S, Siliciano PG, Musier-Forsyth K (2007) Restoring species-specific

posttransfer editing activity to a synthetase with a defunct editing domain. Proc Natl Acad

Sci USA 104:2127–2132

191. Guo LT, Helgadottir S, Soll D, Ling J (2012) Rational design and directed evolution of a

bacterial-type glutaminyl-tRNA synthetase precursor. Nucleic Acids Res 40:7967–7974

192. Wong FC, Beuning PJ, Silvers C, Musier-Forsyth K (2003) An isolated class II aminoacyl-

tRNA synthetase insertion domain is functional in amino acid editing. J Biol Chem

278:52857–52864

193. Nureki O, Vassylyev DG, Tateno M, Shimada A, Nakama T, Fukai S, Konno M,

Hendrickson TL, Schimmel P, Yokoyama S (1998) Enzyme structure with two catalytic

sites for double-sieve selection of substrate. Science 280:578–582

194. Mascarenhas AP, Martinis SA (2009) A glycine hinge for tRNA-dependent translocation of

editing substrates to prevent errors by leucyl-tRNA synthetase. FEBS Lett 583:3443–3447

195. Rock FL, Mao W, Yaremchuk A, Tukalo M, Crepin T, Zhou H, Zhang YK, Hernandez V,

Akama T, Baker SJ, Plattner JJ, Shapiro L, Martinis SA, Benkovic SJ, Cusack S, Alley MR

(2007) An antifungal agent inhibits an aminoacyl-tRNA synthetase by trapping tRNA in the

editing site. Science 316:1759–1761

196. Fukunaga R, Yokoyama S (2007) Structure of the AlaX-M trans-editing enzyme from

Pyrococcus horikoshii. Acta Crystallogr D Biol Crystallogr 63:390–400

197. Sokabe M, Okada A, Yao M, Nakashima T, Tanaka I (2005) Molecular basis of alanine

discrimination in editing site. Proc Natl Acad Sci USA 102:11669–11674

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 39



198. Sasaki HM, Sekine S, Sengoku T, Fukunaga R, Hattori M, Utsunomiya Y, Kuroishi C,

Kuramitsu S, Shirouzu M, Yokoyama S (2006) Structural and mutational studies of the

amino acid-editing domain from archaeal/eukaryal phenylalanyl-tRNA synthetase. Proc

Natl Acad Sci USA 103:14744–14749

199. Hussain T, Kruparani SP, Pal B, Dock-Bregeon AC, Dwivedi S, Shekar MR, Sureshbabu K,

Sankaranarayanan R (2006) Post-transfer editing mechanism of a D-aminoacyl-tRNA

deacylase-like domain in threonyl-tRNA synthetase from archaea. EMBO J 25:4152–4162

200. Murayama K, Kato-Murayama M, Katsura K, Uchikubo-Kamo T, Yamaguchi-Hirafuji M,

Kawazoe M, Akasaka R, Hanawa-Suetsugu K, Hori-Takemoto C, Terada T, Shirouzu M,

Yokoyama S (2005) Structure of a putative trans-editing enzyme for prolyl-tRNA synthetase

from Aeropyrum pernix K1 at 1.7 A resolution. Acta Crystallogr Sect F Struct Biol Cryst

Commun 61:26–29

201. Fukunaga R, Yokoyama S (2005) Structural basis for non-cognate amino acid discrimination

by the valyl-tRNA synthetase editing domain. J Biol Chem 280:29937–29945

202. Fukunaga R, Fukai S, Ishitani R, Nureki O, Yokoyama S (2004) Crystal structures of the CP1

domain from Thermus thermophilus isoleucyl-tRNA synthetase and its complex with

L-valine. J Biol Chem 279:8396–8402

203. Seiradake E, MaoW, Hernandez V, Baker SJ, Plattner JJ, Alley MR, Cusack S (2009) Crystal

structures of the human and fungal cytosolic leucyl-tRNA synthetase editing domains: a

structural basis for the rational design of antifungal benzoxaboroles. J Mol Biol 390:196–207

204. Fukunaga R, Yokoyama S (2006) Structural basis for substrate recognition by the editing

domain of isoleucyl-tRNA synthetase. J Mol Biol 359:901–912

205. Liu Y, Liao J, Zhu B, Wang ED, Ding J (2006) Crystal structures of the editing domain of

Escherichia coli leucyl-tRNA synthetase and its complexes with Met and Ile reveal a lock-

and-key mechanism for amino acid discrimination. Biochem J 394:399–407

206. Mursinna RS, Lincecum TL Jr, Martinis SA (2001) A conserved threonine within

Escherichia coli leucyl-tRNA synthetase prevents hydrolytic editing of leucyl-tRNALeu.

Biochemistry 40:5376–5381

207. Hussain T, Kamarthapu V, Kruparani SP, Deshmukh MV, Sankaranarayanan R (2010)

Mechanistic insights into cognate substrate discrimination during proofreading in translation.

Proc Natl Acad Sci USA 107:22117–22121

208. Kumar S, Das M, Hadad CM, Musier-Forsyth K (2012) Substrate specificity of bacterial

prolyl-tRNA synthetase editing domain is controlled by a tunable hydrophobic pocket. J Biol

Chem 287:3175–3184

209. Ahel I, Stathopoulos C, Ambrogelly A, Sauerwald A, Toogood H, Hartsch T, Soll D (2002)

Cysteine activation is an inherent in vitro property of prolyl-tRNA synthetases. J Biol Chem

277:34743–34748

210. Ahel I, Korencic D, Ibba M, Soll D (2003) Trans-editing of mischarged tRNAs. Proc Natl

Acad Sci USA 100:15422–15427

211. Pasman Z, Robey-Bond S, Mirando AC, Smith GJ, Lague A, Francklyn CS (2011) Substrate

specificity and catalysis by the editing active site of alanyl-tRNA synthetase from

Escherichia coli. Biochemistry 50:1474–1482

212. Waas WF, Schimmel P (2007) Evidence that tRNA synthetase-directed proton transfer stops

mistranslation. Biochemistry 46:12062–12070

213. Beebe K, Merriman E, Ribas De Pouplana L, Schimmel P (2004) A domain for editing by an

archaebacterial tRNA synthetase. Proc Natl Acad Sci USA 101:5958–5963

214. Korencic D, Ahel I, Schelert J, Sacher M, Ruan B, Stathopoulos C, Blum P, Ibba M, Soll D

(2004) A freestanding proofreading domain is required for protein synthesis quality control in

archaea. Proc Natl Acad Sci USA 101:10260–10265

215. Dwivedi S, Kruparani SP, Sankaranarayanan R (2005) A D-amino acid editing module

coupled to the translational apparatus in archaea. Nat Struct Mol Biol 12:556–557

216. Hagiwara Y, Field MJ, Nureki O, Tateno M (2010) Editing mechanism of aminoacyl-tRNA

synthetases operates by a hybrid ribozyme/protein catalyst. J Am Chem Soc 132:2751–2758

40 J.J. Perona and I. Gruic-Sovulj



217. Ling J, Roy H, Ibba M (2007) Mechanism of tRNA-dependent editing in translational quality

control. Proc Natl Acad Sci USA 104:72–77

218. Sheoran A, Sharma G, First EA (2008) Activation of D-tyrosine by Bacillus stearother-
mophilus tyrosyl-tRNA synthetase: 1. Pre-steady-state kinetic analysis reveals the mechanis-

tic basis for the recognition of D-tyrosine. J Biol Chem 283:12960–12970

219. Sheoran A, First EA (2008) Activation of D-tyrosine by Bacillus stearothermophilus tyrosyl-
tRNA synthetase: 2. Cooperative binding of ATP is limited to the initial turnover of the

enzyme. J Biol Chem 283:12971–12980

220. Calendar R, Berg P (1967) D-Tyrosyl RNA: formation, hydrolysis and utilization for protein

synthesis. J Mol Biol 26:39–54

221. An S, Musier-Forsyth K (2005) Cys-tRNA(Pro) editing byHaemophilus influenzae YbaK via

a novel synthetase.YbaK.tRNA ternary complex. J Biol Chem 280:34465–34472

222. Ruan B, Soll D (2005) The bacterial YbaK protein is a Cys-tRNAPro and Cys-tRNA Cys

deacylase. J Biol Chem 280:25887–25891

223. So BR, An S, Kumar S, Das M, Turner DA, Hadad CM, Musier-Forsyth K (2011) Substrate-

mediated fidelity mechanism ensures accurate decoding of proline codons. J Biol Chem

286:31810–31820

224. Kumar S, Das M, Hadad CM, Musier-Forsyth K (2013) Aminoacyl-tRNA substrate and

enzyme backbone atoms contribute to translational quality control by YbaK. J Phys Chem B

117:4521–4527

225. Sanford B, Cao B, Johnson JM, Zimmerman K, Strom AM, Mueller RM, Bhattacharyya S,

Musier-Forsyth K, Hati S (2012) Role of coupled dynamics in the catalytic activity of

prokaryotic-like prolyl-tRNA synthetases. Biochemistry 51:2146–2156

226. Beebe K, Mock M, Merriman E, Schimmel P (2008) Distinct domains of tRNA synthetase

recognize the same base pair. Nature 451:90–93

227. Guo M, Chong YE, Beebe K, Shapiro R, Yang XL, Schimmel P (2009) The C-Ala domain

brings together editing and aminoacylation functions on one tRNA. Science 325:744–747

228. Chong YE, Yang XL, Schimmel P (2008) Natural homolog of tRNA synthetase editing

domain rescues conditional lethality caused by mistranslation. J Biol Chem 283:30073–30078

229. O’Donoghue P, Luthey-Schulten Z (2003) On the evolution of structure in aminoacyl-tRNA

synthetases. Microbiol Mol Biol Rev 67:550–573

230. IbbaM,Morgan S, CurnowAW, Pridmore DR, Vothknecht UC, GardnerW, LinW,Woese CR,

Soll D (1997) A euryarchaeal lysyl-tRNA synthetase: resemblance to class I synthetases.

Science 278:1119–1122

231. Sauerwald A, Zhu W, Major TA, Roy H, Palioura S, Jahn D, Whitman WB, Yates JR 3rd,

Ibba M, Soll D (2005) RNA-dependent cysteine biosynthesis in archaea. Science

307:1969–1972

232. Hao B, GongW, Ferguson TK, James CM, Krzycki JA, ChanMK (2002) A newUAG-encoded

residue in the structure of a methanogen methyltransferase. Science 296:1462–1466

233. Srinivasan G, James CM, Krzycki JA (2002) Pyrrolysine encoded by UAG in archaea:

charging of a UAG-decoding specialized tRNA. Science 296:1459–1462

234. Polycarpo C, Ambrogelly A, Berube A, Winbush SM, McCloskey JA, Crain PF, Wood JL,

Soll D (2004) An aminoacyl-tRNA synthetase that specifically activates pyrrolysine. Proc

Natl Acad Sci USA 101:12450–12454

235. Blight SK, Larue RC, Mahapatra A, Longstaff DG, Chang E, Zhao G, Kang PT, Green-

Church KB, Chan MK, Krzycki JA (2004) Direct charging of tRNA(CUA) with pyrrolysine

in vitro and in vivo. Nature 431:333–335

Synthetic and Editing Mechanisms of Aminoacyl-tRNA Synthetases 41



Top Curr Chem (2014) 344: 43–88
DOI: 10.1007/128_2013_423
# Springer-Verlag Berlin Heidelberg 2013
Published online: 12 March 2013

Emergence and Evolution

Tammy J. Bullwinkle and Michael Ibba

Abstract The aminoacyl-tRNA synthetases (aaRSs) are essential components of

the protein synthesis machinery responsible for defining the genetic code by pairing

the correct amino acids to their cognate tRNAs. The aaRSs are an ancient enzyme

family believed to have origins that may predate the last common ancestor and as

such they provide insights into the evolution and development of the extant genetic

code. Although the aaRSs have long been viewed as a highly conserved group of

enzymes, findings within the last couple of decades have started to demonstrate

how diverse and versatile these enzymes really are. Beyond their central role in

translation, aaRSs and their numerous homologs have evolved a wide array of

alternative functions both inside and outside translation. Current understanding of

the emergence of the aaRSs, and their subsequent evolution into a functionally

diverse enzyme family, are discussed in this chapter.

Keywords aaRS �Amino acid �Aminoacyl-tRNA synthetase � Enzyme specificity �
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1 Introduction

Aminoacyl-tRNA synthetases bridge the transition from RNA to protein during

translation by correctly pairing a particular tRNA with its cognate amino acid to be

incorporated into a growing peptide chain by the ribosome. How aaRSs contributed

to the transition from an RNA-only world to one involving protein synthesis has

been the subject of considerable conjecture. Polypeptide formation programmed by

a genetic code likely existed early in evolution and the earliest process of translation

arose at a time when functions that predate present-day proteins were being

performed by other, protein-free systems. Similar to the largely RNA directed

functions of the ribosome, there is a general consensus that aminoacyl-tRNA

synthesis may have begun as a process catalyzed by RNA [1–3]. Many parts of

the ribosome and its factors resemble mini RNA helices, which could have served

as substrates for many of the aaRSs [4–8]. Aminoacyl-minihelices can be used by

contemporary ribosomes, providing a link between a strictly RNA world and one

involving protein synthesis [9]. It is also thought that the early genetic code was

comparatively simple, perhaps consisting of only a few amino acids, and the first

aaRS functionalities possibly emerged as an early part of the primordial protein

synthesis machinery. As the protein code became more complex the synthetases,

along with tRNAs, separated from the early ribosome leading to a precursor more

similar to the contemporary protein synthesis machinery [10].

Present day aminoacyl-tRNA synthetase enzymes are universally required for

protein synthesis in all organisms and show a high degree of evolutionary conser-

vation. AaRSs have undergone extensive horizontal gene transfer, particularly

during early evolution, and such events have been identified across all taxonomic

levels and are well supported by phylogenic evidence [11]. Synthetases apparently

emerged before the tree of life evolved into three domains, during the time of the

last universal common ancestor (LUCA), as can be seen by the universal distribu-

tion of aaRSs across all branches of life. Additionally, aaRS phylogenies provide

evidence that each family of synthetase was present in LUCA [12]. Ancient

emergence of aaRSs as well as early and abundant gene transfer events led to

deep lineages and low sequence similarity between modern synthetase homologs

[13]. Additionally, the evolution of the synthetase enzyme family has included gene

duplications and the subsequent emergence of numerous paralogs with new

functions (Sect. 5).
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Several studies suggest a correlation between how the aaRSs are evolutionarily

related to each other and the overall amino acid order or structure of the genetic

code. It is not generally believed that the evolution of the aaRS family is responsible

for shaping the genetic code, but rather is somewhat converged with the evolution

of the code as both are driven by similar properties of the corresponding amino

acids [12, 13]. The evolution of the universal genetic code for the 20 canonical

amino acids likely occurred early in the history of life and appears to predate the

emergence or distinction between class I and class II aaRSs, as the aaRSs had

already evolved amino acid specificities by the time of the LUCA. This order of

events further suggests that the extant aaRS aminoacylation machinery may have

somehow displaced an ancient, now extinct, aminoacylation process [11, 14].

The contemporary aminoacyl-tRNA synthetase enzymes are modular in structure

and contain a core catalytic domain responsible for ATP dependent aminoacyl-

adenylate formation and subsequent ester bond ligation of the activated amino acid

onto the 30 ribose of tRNA. In addition to the core catalytic domain, each enzyme

contains a variety of other modules that function primarily to maintain translational

accuracy via substrate and tRNA binding and recognition as well as proofreading of

misacylated products. In some instances other domains appended to synthetases are

responsible for activities outside of tRNA charging including transcriptional and

translational regulation, DNA replication, and cell signaling (Sects. 4 and 5). This

chapter will focus on the conventional classification of this large enzyme family, as

well the emergence of non-canonical aaRSs, alternative pathways for tRNA

aminoacylation and aaRS homologs and paralogs that function both in and apart

from tRNA aminoacylation. How further adaptive evolution has allowed for wide-

spread adjustments to the core functions of aaRSs providing selective advantages

specific to different organisms and their environments will also be discussed.

2 The Aminoacyl-tRNA Synthetase Class System

AaRSs are grouped into two unrelated structural classes based on the conserved

architecture of the catalytic core domains of the enzymes [15, 16]. This classification

is independent of other appended domains, with roughly half the aaRSs in each of the

two classes (Table 1). The categorization of synthetases into one of two classes is

almost completely universal across all three domains. In other words, the synthetase

class assignment for a particular cognate amino acid is the same regardless of the

origin of the enzyme. There is one recently discovered exception, LysRS,1 which is

found in both classes (Sect. 3.1). Although the two aaRSs classes are evolutionarily

and structurally very different from each other, the overall chemistry of the tRNA

1Specific aminoacyl-tRNA synthetases are denoted by their three-letter amino acid designation,

e.g., LysRS for lysyl-tRNA synthetase. Lysine tRNA or tRNALys denote uncharged tRNA specific

for lysine; lysyl-tRNA or Lys-tRNA denote tRNA aminoacylated with lysine.
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aminoacylation reaction is similar in both (Fig. 1). The existence of two entirely

unrelated classes of synthetases provides a strong example of convergence, with two

independent structural solutions evolving to achieve the same enzymatic goal;

efficient aminoacylation of tRNA [17]. It has also been suggested that the existence

of two independent aaRS classes is indicative of multiple origins of protein synthesis

where each used its own set of amino acids and then the two systems fused, or

possibly competed, to form eventually one translation process [11].

A docking study of aaRSs on the tRNA acceptor stem found that subclasses of

synthetases within each of the two major classes correlate to each other with respect

to amino acid specificity [18]. Because two synthetases from the two different classes

normally bind the tRNA acceptor stem from opposite sides, it is possible to model the

simultaneous docking of two aaRSs onto a single tRNA. Upon doing this, the authors

found specific class I/class II aaRS pairs that could be docked without creating major

steric clashes and this pairing occurs because the position of the active site in relation

to the tRNA acceptor stem varies for aaRSs within each subclass. For each pair of

class I and II aaRSs that were co-docked, the corresponding amino acids had similar

structural and steric characteristics. From these results, the authors propose the

possibility that ancestral aaRSs with the same amino acid specificities evolved into

two separate enzymes with different class architectures, but the same amino acid

substrates. LysRS provides a modern example of this, where the amino acid

substrates are exactly the same for two enzymes of different aaRS classes [19, 20].

In most cases, however, the aaRS pairs have evolved divergent amino acid

specificities and new codons designated to distinguish similar amino acids from

each other [18].

Fig. 1 Two-step aminoacylation reaction by aaRSs. In the first step of the reaction, nucleophilic

attack by the α-carboxylate carbon of the amino acid on the α-phosphate of ATP leads to the

formation of an enzyme-bound aminoacyl-adenylate and pyrophosphate release. The second step of

catalysis involves transfer of the aminoacyl-adenylate to tRNA. Nucleophilic attack by either the

20 or 30 OH of A76 of the tRNA (depending on class) on the α-carbonyl carbon of the aminoacyl-

adenylate and subsequent release of AMP drives the tRNA transfer step of the reaction
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2.1 Class I aaRS

The catalytic domains of class I synthetases are structurally very similar to each

other and contain a conserved Rossmann fold domain. This conserved domain is

responsible for nucleotide binding and contains two conserved sequences, “HIGH”

and “KMSKS” located near the α-phosphate of the bound ATP (Fig. 2) [21]. Also

unique to the class I synthetases is the attachment of the activated amino acid at the

20 OH of tRNA. Class I aaRSs bind the tRNA acceptor helix on the minor groove

side and, although many of the synthetases in class I are capable of aminioacylating

both the 20 and 30 OH of their respective tRNA, the 20 OH is a much more efficient

target for catalysis [22, 23]. Release of the aminoacyl-tRNA is rate limiting for

many members of this class of synthetase [24–26]. It should be noted that the

Fig. 2 Active site domains of

(a) class I aminoacyl-tRNA

synthetase, e.g., GlnRS, and

(b) class II aminoacyl-tRNA

synthetase, e.g., AspRS.

Shown are ATP and the

acceptor ends of cognate

tRNAs (red). The locations of
the characteristic motifs are

indicated: in (a), MSK (dark
blue), HIGH (red): in (b),

motif 1 (red), motif 2 (light
blue), and motif 3 (dark blue)
(reprinted from [17],

Copyright 1997, with

permission from Elsevier

Science)
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analysis of subclass grouping of both class I and class II synthetases can vary

slightly based on the structures and sequences available for phylogenic comparison

[18, 21, 27, 28].

There are three class I synthetase subclasses. Subclass Ia contains synthetases

whose cognate amino acids have hydrophobic aliphatic groups or are sulfur

containing. This group shares a well conserved overall structure, including a

common tRNA stem-contact fold (SC-fold), an α-helical anticodon binding

domain, and a connective peptide I (CPI) domain which is a globular insertion

domain located between two parts of the nucleotide binding fold. The CPI domain

is attributed to the post-transfer editing function, or proofreading, of misacylated

tRNAs in three of the class Ia synthetases, LeuRS, IleRS, and ValRS [29–31]

reviewed in [32]. Phylogenetic reconstruction supports previous theories that

these three closely related synthetases, which are all cognate for aliphatic amino

acids and charge tRNAs that decode NUN codons, arose from a common ancestor

which was unable to discriminate between Leu, Ile, and Val [13, 33].

Subclass Ib includes ArgRS, GluRS, GlnRS, and an atypical class I LysRS, all of

which recognize cognate charged amino acids. Interestingly these four synthetases

are the only exceptions to the distinct two-step reaction, as they all require cognate

tRNA binding before catalysis of the pyrophosphate exchange reaction occurs

[34–36]. GlnRS likely evolved from GluRS and both are involved in the formation

of Gln-tRNA either directly or indirectly depending on the particular organism or

organelle (discussed below). GluRS in eukaryotes is more closely related to GlnRS

than it is to GluRS in bacteria, suggesting GlnRS emerged from a gene duplication

of an ancestral eukaryl GluRS that was then transferred to bacteria [37] reviewed

in [38].

The third subclass, Ic, contains the structurally similar TrpRS and TyrRS, both of

which have cognate aromatic amino acid substrates. The subclass 1c enzymes are both

dimers, in contrast to all other class I synthetases that function as monomers. Based on

early sequence comparisons that showed TrpRS and TyrRS from eukaryotes and

Archaea were more similar to each other than compared to their counterparts in

eubacteria, it was proposed that Trp and Tyr were added more recently to the genetic

code with their cognate synthetases diverging after the three domains of life had split

[39]. More recent analyses, however, have shown that TrpRS and TyrRS form two

monophyletic groups, more in line with other synthetase evolutionary groupings and

supporting a much earlier gene duplication event [40, 41].

2.2 Class II aaRS

Class II synthetases tend to work as multimers, as most are homodimers while some

forms of PheRS, AlaRS, and the bacterial form of GlyRS function act as tetramers.

Class II aaRSs are much less conserved than class I and have a structurally distinct

catalytic core that is made up of a characteristic seven-stranded antiparallel β-sheet
surrounded by a number of α-helices (Fig. 2) [21]. There are three loosely

conserved sequence motifs (1,2,3) found in class II synthetases; motif 1 is found
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at the dimer interface while motifs 2 and 3 participate in substrate binding in the

catalytic site. In contrast to class I, class II aaRSs bind the acceptor helix of the

tRNA from the major groove side and generally attach the activated amino acid to

the 30 OH of tRNA. The only exception to this last point is PheRS which, like a class

I synthetase, aminoacylates the 20 OH of tRNA.

Subclasses of class II aaRS are defined by differences in primary sequence,

subunit organization (dimer, heterodimer, etc.), and location and composition of the

anticodon-binding domain. HisRS, ProRS, SerRS, and ThrRS are usually grouped

as subclass IIa synthetases. These enzymes have the canonical class II catalytic site

and are grouped together due to the similarity in the sequences of their C-termini.

With the exception of SerRS, the synthetases within this group have similar

C-terminal tRNA anticodon binding domains, which contain an α/β fold responsible

for recognizing determinants in the tRNA anticodon loop [16]. Interestingly, this

domain is also found in the archaeal/eukaryotic type GlyRS (see below).

Subclass IIb is composed of three synthetases, AspRS, AsnRS, and LysRS, that

share several regions of sequence and structural homology indicating these

enzymes all originated from a common ancestor. The structural organization of

the subclass IIb is highly conserved, in particular the presence of an oligonucleotide

binding (OB) fold containing an N-terminal extension that acts as an anticodon-

binding module, which contacts tRNA on the minor groove side of its anticodon

stem [42–44]. The anticodon stem loops of the cognate tRNAs of the class IIb

synthetases all have a conserved central uracil base which makes two contacts with

the aaRS [16].

The class IIc synthetases AlaRS, GlyRS, PheRS, PylRS, and SepRS only contain

class II motifs 2 and 3 and have less well conserved amino acid and tRNA binding

elements than other class II aaRSs. The members of this aaRS subclass mostly exist

as tetrameric structures, as opposed to dimers like the other two class II subgroups

[45]. There are some exceptions to this such as mitochondrial PheRS, which is a

monomer lacking the β-subunit and editing domain [46]. Two forms of GlyRS

exist, a homodimer found in archaea, eukaryotes, and some bacteria and a

heterotetramer found only in bacteria (see Table 1). The two forms of GlyRS are

unrelated in both sequence and structure and the heterotetramer form is not closely

related to any of the other class II aaRS [16]. The distribution of GlyRS types in

different bacteria does not correlate with the evolutionary emergence of these

bacteria [47]. GlyRS is a clear example of a synthetase that does not follow the

rule of one conserved aaRS across all domains for each amino acid [11].

2.3 Examples of Where aaRSs Are Missing
from Particular Genomes

Not all organisms have a full set of 20 canonical aaRSs to synthesize aa-tRNA from

all 20 canonical amino acids. Initial analyses of complete archaeal genomes

revealed missing open reading frames encoding several synthetases, complicating
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the understanding of tRNA aminoacylation at that time [149, 150]. Subsequent

studies showed that previously unknown aaRSs and indirect aminoacylation

pathways are prevalent in archaea and bacteria. The indirect aminoacylation

pathways involve a non-discriminating (ND) synthetase with expanded specificity

to form a mischarged canonical amino acid-tRNA pair, which is then further

modified by RNA dependent enzymes, changing the tRNA-bound amino acid.

2.3.1 AsnRS and GlnRS

The aaRSs most often missing from certain organisms are those for the direct

aminoacylation of Asn-tRNAAsn and Gln-tRNAGln. There is no known GlnRS

encoded in any sequenced archaeal genome, and most bacterial genomes and

eukaryotic organelles also lack GlnRS. Additionally, many archaea and prokaryotes

do not contain an AsnRS [28]. For organisms lacking these aaRSs, Glu-tRNAGln or

Asp-tRNAAsn is first formed by ND-GluRS or ND-AspRS, respectively. The

mischarged tRNA species is then amidated by the appropriate amidotransferase

(AdT), requiring ATP as well as an amide source (Fig. 3) [151–153]. Structural and

biochemical data suggest aminoacylation and amidation enzymes are able to form a

complex known as the transamidosome, which provides channeling of substrates

[154–157]. A more recent study has now shown that formation of a transamidosome

is not essential in all cases as rapid kinetic channeling of intermediates can still

occur without direct protein association [158].

Two different, but related, tRNA-dependent AdTs exist, GatCAB and GatDE.

The presence of a particular form and its activity in vivo varies depending on the

domain of life as well as whether one or both GlnRS and AsnRS are missing [151],

reviewed in [159]. For example, the GatCAB AdT functions both as a Glu-AdT and

Asp-AdT, while GatDE functions strictly as a Glu-AdT. GatCAB is found in both

bacteria and archaea, but only archaea lacking AsnRS. GatDE is found only in

Archaea. Recently it was shown that a unique situation exists in yeast where the

Fig. 3 Direct aminoacylation vs the transamidation pathway for Asn-tRNAAsn formation. In species

that encode AsnRS, Asn-tRNAAsn formation occurs directly (top). Transamidation (bottom) involves
Asp-tRNAAsn formation using a non-discriminating AspRS (ND-AspRS). Asp-tRNAAsn is then

converted to Asn-tRNAAsn with an amidotransferase (Adt). Indirect aminoacylation of Gln-tRNAGln

occurs similarly, using ND-GluRS and Glu-AdT
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cytoplasmic GluRS is imported into the mitochondria and functions there as the

ND-GluRS that generates mitochondrial Glu-tRNAGln [160]. This charged tRNA

substrate is then converted to Gln-tRNAGln using a novel trimeric Adt, GatFAB.

The transamidation pathways likely evolved by the adoption of Asn and Gln

biosynthesis pathways by the aminoacyl-tRNA formation machinery [161].

For example, the GatD domain of the Archaeal Glu-AdT originates from an

asparaginase, and the GatA domain of the multi-domain AdT is related to amidases

responsible for amide bond cleavage [153, 159]. GlnRS and AsnRS were not

present in LUCA, and therefore it is likely that Gln-tRNAGln and Asn-tRNAAsn

were first formed by indirect pathways. Where these synthetases do appear, the

phylogenies lack any typical patterns, further supporting their recent origin [11, 28].

The fact that so many organisms have not acquired the appropriate aaRS for amide

amino acids and have lost the corresponding Adts may reflect the essential role of

amidotransferase enzymes in metabolism. For example, Gln is a major source of

amides for many biosynthetic pathways. Also, most bacteria that have acquired

AsnRS still have an indirect Asn-tRNA formation pathway, which is used as the

only source of Asn biosynthesis in these organisms [162, 163].

2.3.2 Formylmethionyl-tRNA

Another example of an aaRS “missing” from genomes involves a unique aa-tRNA

that is needed to initiate protein synthesis in bacteria, mitochondria, and

chloroplasts. This tRNA, formylmethionyl-tRNAfMet, is aminoacylated indirectly

as there are no genes encoding an fMetRS known to date. First, aminoacylation of

initiator tRNAfMet with methionine by methionyl-tRNA synthetase (MetRS) occurs

followed by formylation of the methionine moiety by methionyl-tRNA

transformylase [164, 165]. The initiator tRNA contains sequence elements and

modifications that distinguish it from elongator tRNAMet and helps it evade binding

to elongation factors and instead bind directly to the ribosomal P site with the help

of initiation factors (reviewed in [166]). In Trypanosoma bruceimitochondria Met-

tRNAMet is imported from the cytoplasm and a fraction is then formylated and used

for translation initiation [167]. The formyl modification of methionine is important

for the initiator tRNA to function in translation, as it is specifically recognized by

bacterial initiation factor 2 (IF2), ensuring the appropriate tRNA is in place for

initiation [168].

2.3.3 Selenocysteine-tRNA

The amino acid selenocysteine (Sec) is found in all three domains of life, but not in all

organisms, and was the first discovered outside of the original 20 amino acids

encoded by the universal genetic code. However, no SecRS or enzyme able to

aminoacylate directly tRNASec with Sec has been identified. Selenocysteine is similar

to cysteine, the difference being the thiol group is replaced by a selenium-containing
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selenol moiety. Selenol has a lower redox potential and a lower pKa than a thiol group

and is ionized and more reactive at physiological pH. Proteins that contain Sec are

often enzymes involved in redox reactions and these Sec residues are most often

found within the active site [169]. Sec is formed from serine after tRNA charging and

before polypeptide insertion. SerRS first aminoacylates tRNASec with serine (Ser)

and Ser-tRNASec is then converted to Sec-tRNASec by the enzymes selenocysteine

synthase (SelA) in bacteria and O-phosphoseryl-tRNA kinase (PSTK) followed by

Sep-tRNA:Sec-tRNA synthase (SepSecS) in eukaryotes and Archaea (Fig. 4) [170,

171]. Similar to tRNASer, tRNASec species contain particularly long variable arms,

a conserved structure of these tRNAs needed for SerRS recognition (reviewed

in [172]). However, the structure of tRNASec is sufficiently different that

aminoacylation of this tRNA is less efficient than that of the cognate tRNASer [173,

174]. Incorporation of Sec into the growing peptide occurs at particular stop codons

(UGA), which are identified by a nearby cis element – a stem-loop structure in the

mRNA (bacteria) or a structure in the 30 untranslated region (archaea and eukaryotes)
[175–177]. An additional RNA binding protein is needed to recognize the cis element

in the RNA to signal the translational machinery for proper encoding of Sec. Unique

elongation factors (SelB in bacteria and eEFSec in eukaryotes) replace the function of

EF-Tu and deliver Sec-tRNASec to the ribosome. The details of these unique

mechanisms of ribosomal decoding in archaea and eukaryotes are still under investi-

gation [178, 179]. The fact that the incorporation of selenocysteine into proteins

required the development of an alternative route, rather than addition of a new

synthetase and a simple change to the existing code, supports the notion that the

contemporary genetic code and existing amino acid set are difficult to change as they

are to some extent constrained by amino acid metabolism [180].

2.3.4 CysRS

In several methanogenic archaea, including M. jannaschii and M. thermoauto-
trophicum, CysRS is not present and the mechanism of Cys-tRNACys formation

in these organisms was initially unclear [181]. Initial biochemical studies suggested

that Cys-tRNACys was formed in these organisms by a prolyl-tRNA synthetase

Fig. 4 Indirect Sec-tRNASec formation. SerRS first aminoacylates tRNASec with serine (Ser) and

then Ser-tRNASec is converted to Sec-tRNASec by the enzymes selenocysteine synthase (SelA) in

bacteria and O-phosphoseryl-tRNA kinase (PSTK) followed by Sep-tRNA:Sec-tRNA synthase

(SepSecS) in eukaryotes and Archaea. Both of these enzymes are dependent on a selenium donor

and pyridoxal phosphate (PLP). PSTK also requires ATP
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(ProRS) with a dual specificity for both Pro and Cys [182]. However, it was

subsequently shown that the absent CysRS is actually replaced by the activity of

O-phosphoseryl-tRNA synthetase (SepRS), a newly discovered synthetase which

will be discussed below. This synthetase forms Sep-tRNACys, which is then

converted to Cys-tRNACys by Sep-tRNA:Cys-tRNA synthase (SepCysS) [183].

The mechanism for Cys-tRNACys synthesis is similar to Sec-tRNASec synthesis in

archaea. Sep-tRNA is the intermediate in both pathways and serves as a substrate

for either SepSecS or SepCysS, and the two enzymes share many similarities [159].

Additionally, it has been proposed from phylogenetic studies that the indirect

pathways for Cys-tRNACys formation and Sec incorporation in bacteria, Archaea,

and eukaryotes were all present at the time of LUCA [171, 184].

3 Non-canonical Aminoacyl-tRNA Synthetases

In addition to the 20 well-characterized canonical aaRSs, there exist several

recently discovered enzymes that either fall outside the normal class rules or charge

tRNA with amino acids that are not among the 20 encoded by the universal genetic

code. Phylogenetic analyses show that these enzymes likely arose early in the

evolution of aaRSs and were not retained in most organisms. In most cases they

only still appear in small groups of archaeons and dispersed bacteria [144].

3.1 LysRS I

The only known synthetase to date that breaks the class rule and contains enzymes in

both class I and class II is LysRS. Class I LysRS (LysRS1) was discovered relatively

recently [19] and is found mostly in Archaea, a few dispersed bacteria, and no

eukaryotes. Class II LysRS (LysRS2), however, is found in eukaryotes and most

bacteria. Most organisms contain one class of LysRS or the other, with the exception

of the archaeal group, Methanosarcinaceae, and a few isolated species in other

genera, such as Nitrosococcus oceani [185] and Bacillus cereus [186, 187] where
both LysRS genes are present [188]. The existence of the same aaRS in two distinct

structural classes provides an example of convergent evolution in which divergent

mechanisms achieve the same functional goal. In this case, the end result of each

enzyme’s emergence is the formation of lysylated tRNALys. LysRS2 likely existed

prior to LysRS1 as it demonstrates deep evolutionary connections to AspRS and

AsnRS based on sequence and phylogenetic analyses [11]. Similar phylogenetic

associations are lacking between LysRS1 and any other extant synthetase. LysRS1

emerged relatively early in the archaeal lineage and horizontal gene transfer to a few

bacteria appears to have come from a pyrococcal progenitor [189]. LysRS1 enzymes

from different domains are not deeply rooted and do not group together, whereas

other enzymes that are present in both archaea and bacteria do. This LysRS1
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distribution pattern is consistent with recent horizontal gene transfer events that

possibly occurred more than once [11, 36]. There is a robust correlation between

the phylogeny of class I LysRS sequences and the distribution of AsnRS, which may

reflect competition for overlapping anticodon sequences during tRNA recognition

[190].

Sequence and structural comparisons indicate some distant relationship between

LysRS1 and the class I synthetases CysRS, ArgRS, GluRS, and GlnRS (see above)

and, similar to three of these synthetases, LysRS1 requires binding of tRNA for

formation of the aminoacyl-adenylate [20, 34–36]. Structural and functional data

suggest tRNALys anticodon recognition by LysRS1 requires fewer interactions than

by LysRS2, supporting a less significant role of the anticodon in tRNA recognition

by the class I enzyme [191]. LysRS1 has an alpha-helix cage anticodon binding

domain, which is similar only to GluRS, suggesting tRNALys anticodon specificity

may have evolved from the analogous domain of an ancestral GluRS enzyme [191].

In addition to differences in tRNA recognition, LysRS1 and LysRS2 also show

divergent resistance to near-cognate amino acids, which may have also impacted

the retention of a particular form of the enzyme in different lineages. Lysine

recognition differs between the two enzymes and specificity is greater in the

LysRS1 active site compared to that of LysRS2, which is more catalytically

efficient [192–194]. The need for either strong active site discrimination or efficient

catalysis likely depends on the organism and the environment in which it lives,

leading to variations in the pressure to retain a particular form of LysRS encoded in

a genome.

3.2 Pyrolysyl-tRNA Synthetase (PylRS)

Although natural proteins contain more than 140 different amino acids, the majority

of these are the result of posttranslational modifications that occur after protein

synthesis [195]. There are only two known additions to the standard 20 amino acid

set that are decoded during protein synthesis. These two non-canonical amino acids

are selenocysteine (Sect. 2.3.3) and pyrrolysine which, unlike selenocysteine, exists

as a free metabolite that requires a unique aaRS to charge it directly onto tRNA. Pyl

is encoded in proteins often needed for methylamine utilization and was first

identified in a group of archaeal methanogens [196]. More than 20 Pyl-decoding

organisms have been identified with roughly half of these being archaeal

methanogens of the Methanosarcina family and the rest diverse species of bacteria

including Acetohalobium arabaticum, Desulfitobacterium hafniense, Desulfito-
bacterium dehalogenans, and a symbiontic δ-proteobacterium bacteria of the

worm Olavius algarvensis, [197, 198].
The mechanism of pyrrolysine insertion into proteins was initially not clear, and

thought to require a modification of Lys-tRNAPyl, which can be formed by the class

II LysRS [199]. Additional in vitro studies showed that tRNAPyl is efficiently

aminoacylated with Lys in the presence of both class I and class II LysRSs of
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Methanosarcina barkeri [200]. More recently, however, the use of in vitro

synthesized pyrrolysine demonstrated that the dedicated tRNA synthetase,

pyrrolysyl-tRNA synthetase (PylS), is responsible for charging tRNAPyl and is

unable to use lysine as a substrate [201, 202]. The formation of Pyl-tRNAPyl and

the production of Pyl-containing proteins have been investigated for a handful of

pyrrolysine-encoding organisms and this amino acid is found to be inserted into

certain proteins at specific UAG stop codons. Although Pyl-tRNAPyl is recognized

by EF-Tu without the help of trans-acting factors, a downstream pyrrolysine

insertion sequence (PYLIS) promotes incorporation of pyrrolysine over translation

termination [201, 203]. Therefore pyrrolysine and selenocysteine insertion are

similar in that both require cis elements for ribosomal decoding.

The carboxy-terminus of PylRS resembles a typical class II catalytic domain; the

amino-terminal domain, however, looks somewhat different compared to other

canonical synthetases and is responsible for tRNAPyl recognition [204]. The

genes encoding the carboxy- and amino-termini of PylRS are separated by two

genes in the bacterium D. hafniense, which differs from the archaeal PylRS-

encoding gene arrangement [205]. The amino-terminus of archeal PylRS is

dispensable in vitro but required in vivo [206]. The D. hafniense PylRS structure

demonstrates how the tRNA binding surface is well conserved between all PylRSs

and results in an aaRS–tRNA interaction surface that is distinct from those observed

in other known aaRS–tRNA complexes [146]. This is thought to be due to the early

emergence of PylRS which led to the evolution of unique structural features in

both the protein itself and tRNAPyl. Based on the Archaeal M. mazei structure and
phylogenetic analysis, PylRS is considered to be a class IIc aaRS along with GlyRS,

PheRS, and AlaRS. With the exception of GlyRS, all the synthetases in this

subclass share a homologous quaternary architecture; thus it is possible that Pyl

exists as a tetramer as well. Although the structural results show a dimeric PylRS

bound to two tRNAPyl molecules, modeling of a potential PylRS tetramer shows

conserved residues along the interface of the tetramer, suggesting this is the correct

oligomerization state [144]. These structural studies were also successful in deducing

the amino acid binding pocket of PylRS, which contains a deep hydrophobic pocket

for Pyl binding. The specificity elements of PylRS for its substrates are residue side

chains that extend into the amino acid binding pocket. This mode of recognition

enables the development of aaRSs that can aminoacylate novel amino acids and

arise either by evolution, as with Pyl, or by enzyme design experiments [144, 146].

Although PylRS is an uncommon synthetase with a distribution limited to a

small subset of organisms, phylogenetic analyses link its emergence with other

class II aaRSs prior to the LUCA [13]. Because the insertion of Pyl into proteins is

seen for only a small number of disperse species, it is predicted that the Pyl

encoding operon was likely acquired by ancient horizontal gene transfer events

between now extinct groups that had a greater use for this amino acid [13, 207,

208]. These gene transfer events were then followed by limited retention of the Pyl

encoding operon in extant organisms. Interestingly Pyl is synthesized solely from

Lys, connecting amino acid metabolism and synthetase evolution [209]. Pyl insertion

at UAG codons is regulated differently in archaea versus some of the bacterial
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examples looked at thus far. Pyl-decoding archaea constitutively encode Pyl and

have adapted to this by having fewer TAG codons in their genes, whereas bacteria

that use Pyl, such as Acetohalobium arabaticum, regulate Pyl encoding at the level

of transcription of the Pyl operon under particular growth conditions [198].

3.3 Phosphoseryl-tRNA Synthetase (SepRS)

In organisms that lack CysRS, another, non-canonical synthetase has been found

responsible for indirect aminoacylation of Cys-tRNACys. Initially it was unclear how

Cys-tRNACys was formed in CysRS lacking organisms and a dual specific ProRS was

thought to be responsible (Sect. 2.3.4). Since then, a non-canonical class II aaRS,

O-phosphoseryl-tRNA synthetase (SepRS), was found in most methanogenic archaea

and is responsible for charging tRNACys with o-phosphoserine (Fig. 5). The

o-phosphoseryl-tRNACys intermediate is then further modified by Cys-tRNA

synthase (SepCysS) [183].

The SepRS/SepCysS genes are only found in archaeal genomes that contain the

methanogenesis genes for generating or oxidizing methane [184]. This linkage

suggests a strong evolutionary connection between the indirect Cys-tRNACys path-

way and methanogenesis. This tRNA dependent indirect pathway is also the sole

method of free cysteine biosynthesis in some organisms, and, in the case of

Methanosarcina mazei, cysE, one of the bacterial genes for cysteine biosynthesis,

was apparently lost while the more ancient SepRS/SepCysS system was retained

[184, 210]. In a few organisms, namely several Methanosarcina species, genes for

both the traditional class I CysRS and the indirect SepRS/SepCysS tRNA-charging

pathway exist [184]. It appears that both pathways have physiological significance

and depend on differing selectivity of various tRNACys isoacceptors with the help

of particular tRNA modifications. However, the exact role of the redundancy in Cys-

tRNACys formation in some organisms remains unclear, but is likely closely linked to

sulfur and energy metabolism in methanogens [210]. As more is revealed about these

unique aminoacylation systems, evolutionary links between protein synthesis, amino

acid synthesis and cellular metabolism will become more apparent.

SepRS has a very ancient lineage, stemming at least as far back as the origin of

the archaeal branch. Phylogenetic analysis indicates that, although both PylRS and

Fig. 5 Indirect Cys-tRNACys formation. SepRS first aminoacylates tRNACys with O-phosphoserine
(Sep) and then Sep-tRNACys is converted to Cys-tRNACys with Sep-tRNA:Cys-tRNA synthase

(SepCysS) in the presence of a sulfur donor and PLP
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SepRS evolved much before LUCA, these enzymes were only retained in a handful

of organisms, demonstrating the unique metabolic requirements for these amino

acids. Alternatively, the emergence of GlnRS and AsnRS in some organisms

occurred post-LUCA [11], replacing the more primitive indirect charging pathway

for Asn and Gln, which are required in the proteomes of all organisms. Interest-

ingly, both PylRS and SepRS are classified as class IIc synthetases and appear to be

distant homologs of PheRS. Phylogenetic evidence shows SepRS evolved from

α-PheRS, while PylRS evolved much earlier, before the differentiation of PheRS

into a heterotetramer, and likely evolved from an ancestral PheRS as a result of

gene duplication [144, 184].

Phylogenetic evidence suggests synthetases evolved after the genetic code was

established [11, 14] and therefore, not surprisingly, Sep and Pyl, which are not

encoded directly by the code, emerged from an earlier evolved synthetase and

required some flexibility of the existing code rather than expansions of the genetic

code itself. The discovery of these additional aaRSs and tRNA charging pathways

suggests that with further knowledge of uncharted organisms, in terms of sequence

and proteome composition, other unidentified aaRSs might exist. Such discoveries

could expand the genetic code beyond the current 22 amino acids or uncover new

pathways for tRNA aminoacylation. The roles of pyrrolysine in proteins required

for methanogen growth on methylamines and selenocysteine in enzymes requiring

strong redox capacities indicate the evolutionary selective pressures that underlie

the retention of these non-canonical amino acids. Although Crick’s adaptor hypoth-

esis [211] is satisfied partially by the discovery of 20 distinctive aaRSs, his later

proposed “frozen accident” theory [212] is not. This theory states that the genetic

code is “frozen” and that any changes to it would be strongly selected against, if not

lethal. The non-canonical examples discussed here demonstrate the code is not

“frozen” because these amino acids emerged after establishment of the genetic code

and in certain organisms the capacity for coding and incorporation of these amino

acids has been lost.

4 Functional Evolution of Synthetases

The early process of deciphering the genetic code for protein synthesis was almost

certainly more ambiguous than in extant organisms, likely involving incorporation

of a particular “type” of amino acid at codons [213, 214]. Therefore some of the

earliest proteins may have been defined more by the general properties of their

chemical makeup rather than by the presence of specific chemical groups at specific

locations. Aminoacylation accuracy by modern synthetases is challenged by the

similarity between many of the substrates used by each of the 23 known aaRS

enzymes. The structural and chemical similarities between tRNAs present

challenges for accurate recognition of the correct isoacceptors, but even more

problematic is the high similarity of some amino acids, some of which can vary

by a single methyl group as is the case for isoleucine and valine. Despite these
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similarities, most aaRSs have a misacylation rate of less than 1 in 5,000 [215].

Aminoacyl-tRNA synthetases have adapted to maximize substrate specificity in

order to maintain or control fidelity during protein synthesis. Two different

mechanisms are responsible for ensuring highly accurate substrate recognition in

different aaRSs. The first depends on the high specificity of the particular enzyme

for its amino acid and tRNA substrates. The second way aaRSs can achieve higher

substrate specificity, and therefore greater accuracy for protein synthesis, is through

editing non-cognate amino acids.

4.1 Specificity of Synthetases

Faithful translation at the level of aaRSs starts with proper identification and pairing

of particular tRNAs with their cognate amino acid. Synthetase specificity, or how

each enzyme selects the correct tRNA isoacceptors for its cognate amino acid, is

often referred to as the second genetic code [216]. Specificity of the aminoacylation

reaction is largely dependent on proper recognition of the cognate amino acid and

proper tRNAs from the large cellular pool of metabolites and isoacceptors, respec-

tively. Aminoacyl-tRNA specificities can vary between synthetase variants and in

some cases appear to have evolved in order to adapt to the particular environments

of organisms or the properties of individual cellular compartments [217–219].

Progress in genetic, structural, and biochemical studies has helped shape the

underlying principles behind tRNA recognition and amino acid selection of

aaRSs, and has provided insight into how these enzymes have adapted to specific

evolutionary forces [214, 220, 221].

4.1.1 tRNA Recognition

The primary force for tRNA–aaRS binding is displacement of bound water

molecules by the phosphate backbone of the tRNA, and therefore the initial binding

event is somewhat non-specific. Structural modeling studies of PheRS, ThrRS, and

IleRS showed how electrostatic interactions contribute to the first stages of tRNA

binding [222]. It was determined that positive patches on these aaRSs, formed by

non-conserved interaction residues, and supplementary domains are most important

for determining the long-range potential of the enzyme. These regions are unrelated

to the conserved catalytic motifs of aaRSs and determine the ability to attract the

tRNA molecule from a distance and direct it to its binding site.

After long distance interactions are made between an aaRS and tRNA, more

specific recognition at short distances occur and rely strongly on the conserved

catalytic modules. Short distance binding and recognition are also established

by similar structural determinants of tRNAs. Differential binding affinity is not

sufficient to ensure the correct recognition of the cognate tRNA and therefore

kinetic discrimination is used to overcome these limitations and help the aaRS
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distinguish between cognate and non-cognate tRNAs. Aminoacylation of the

correct tRNA is influenced more by kcat effects than by Km effects [223]. Through

various structural and pre-steady state kinetic studies of several tRNA–aaRS pairs,

a general model of tRNA binding and recognition has been elucidated [224–226].

The first stage of tRNA binding is fast and the thermodynamic stability of this initial

complex depends on interactions with the anticodon or variable arm. These close

interactions are followed by a slow conformational change and accommodation

step that occurs only when the cognate tRNA is bound. Interactions with the

acceptor stem of the cognate tRNA are important for this accommodation and

facilitating an efficient rate of aminoacylation and transfer. The precise details

of tRNA binding likely vary somewhat even within each class of aaRS as tRNA

binding determinants and structural motifs vary between different tRNA–aaRS

pairs.

Transfer RNA identity elements are necessary for proper recognition of a

particular group of isoacceptors by an aaRS. Some of these elements are positive

determinants that promote binding of the cognate tRNA and some are negative

(anti-determinants) that prevent acceptance of a non-cognate tRNA [221]. For both

class I and class II isoacceptors recognition elements are located on the periphery of

the tRNA, in the acceptor arm, and in most cases the anticodon stem loop. Major

discrimination occurs at N73, distal base pairs of the acceptor arm, and base 35 of

the anticodon stem loop. The anticodon region is not essential for aaRS–tRNA

recognition in the three Escherichia coli tRNAs specific for Leu, Ser, and Ala. In

the case of tRNASer, the anticodon nucleotides are different in the six isoacceptors

and the acceptor stem, D-loop, and long variable arm unique to these isoacceptors

are needed for recognition [227]. Anti-determinants are often modified bases;

however, in the cases of Glu, Ile, and Lys modified bases in the anticodon loop

are used as positive elements [221]. Anti-determinants of tRNAs from one class of

aaRSs tend to be against binding by members of the other aaRS class [227].

Additionally, organisms that lack a particular aaRS will have tRNAs with positive

and negative identity elements driven by this absence.

Other minor elements, located throughout the tRNA and in its core region, are

more specific to each synthetase system and domain of life. Identity elements found

in the core region of most tRNAs tend to be specific and contribute to architectural

differences in the tRNA. Specificity elements found in the variable loop, TψC arm,

and the D stem often contribute indirectly to binding by providing the necessary

tertiary interactions for proper tRNA structure and folding. In the case of the

initiator tRNAMet in yeast, changes in the elbow of the tRNA (A20 and A60) result

in loss of methylation, while aaRS binding is retained, demonstrating how elements

in this region can differentially affect tRNA structure and function [228].

Once folded into their L-shaped structure, tRNAs are basically comprised of two

distinct domains, one being the acceptor helix stacked with the TψC arm and the

other made up of the anticodon stem aligning with the D stem. These two domains

interact with separate regions of the aaRS and are thought to have emerged

independently from each other [229]. There are a few unique cases of mitochondrial

tRNAs which lack the TψC and D arms and these tRNAs can only be charged by the

Emergence and Evolution 61



corresponding mitochondrial aaRSs [230]. The aaRS active site domain, which

defines the classification of a particular synthetase by its sequence and structure,

interacts with the acceptor helix-TψC arm domain of the tRNA. Interactions made

with the tRNA in this region vary depending on the synthetase class and unique

features of different enzyme subgroups.

Synthetase interactions made with the anticodon-D-loop domain of the tRNA are

carried out through additional enzyme regions that are separate from the “class-

defining” catalytic core. These anticodon binding domains of aaRSs are much less

conserved and can vary significantly within each class. As shown in the cases of

GluRS, GlnRS, and AspRS [231, 232], binding to the anticodon results in large

conformational changes in the tRNA, which then transmit changes to the active site.

The two separate domains of tRNAs likely evolved separately as did the synthetase

domains that recognize them. Modern aaRSs and tRNAs likely arose from

ancestors with a simpler mode of tRNA–aaRS recognition solely involving the

tRNA acceptor stem and aaRS class-defining catalytic domain [233]. The demon-

stration that minimalist tRNAs, or minihelices, are aaRS substrates supports this

theory and such experiments provide insights into elements that were important for

recognition prior to the emergence of larger contemporary tRNAs. Class II

synthetases are thought to have appeared first in evolution as these enzymes are

best able to aminoacylate minimalist tRNAs and, as mentioned above, some aaRSs

of this class completely lack tRNA anticodon recognition elements [221].

4.1.2 Amino Acid Specificity

Amino acid recognition by synthetases takes place in the catalytic site prior to

activation and formation of the aminoacyl-adenylate. The mode of amino acid

binding varies between different classes of synthetases. Analysis of the CysRS

crystal structure and those of other class I synthetases indicate that amino acid

binding occurs when the conserved KMSKS motif is in an “open” confirmation.

This binding occurs prior to ATP binding and adenylate formation, at which point

the loop closes [29, 33, 48, 61, 63, 75, 231, 234]. Class II tRNA synthetases have

evolved to discriminate among their amino acid substrates primarily by altering the

amino acid side chains in the binding pocket as opposed to changing the position of

protein backbone or secondary structure elements [144]. In addition, the size of the

amino acid binding pocket may be important, as in the PheRS synthetic site where a

conserved Ala residue helps determine specificity of phenylalanine over tyrosine

[235]. Interestingly some PheRS variants, such as cytoplasmic PheRS in yeast and

humans, contain a glycine at this position, resulting in significantly lower cognate

amino acid specificity [217]. ThrRS contains a zinc ion in its active site that

contributes to amino acid specificity by recognizing the hydroxyl at the β position

of threonine and discriminating against alanine and serine [236]. Although modern

synthetases have evolved differentiated structures for proper substrate recognition,

the active site architectures of some of these enzymes are unable to distinguish

between very similar amino acids with high enough stringency to ensure accurate
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translation. In these cases editing or proofreading mechanisms are found in many

synthetases to aid in the elimination or hydrolysis of misactivated amino acids

(Sect. 4.2.2).

4.2 Adapted and Changing Domains

AaRSs are thought to have evolved additional modules to help maintain accurate

protein synthesis as the genetic code increased to include more amino acids and the

number of isoacceptors increased. Such adapted domains include sites of post-

transfer editing, and RNA recognition domains needed for tRNA anti-codon binding

and structural stabilization. In addition to the core catalytic and various adapted

domains, several aaRS modules evolved into free standing proteins either with

synthetase-like functions, such as trans-editing domains, or with other roles in the

cell (Sect. 5).

4.2.1 RNA Recognition

Asmentioned above, domains outside the synthetase catalytic core can be involved in

tRNA recognition. Such domains evolved much later and can vary significantly

between synthetase enzymes. Many aaRSs contain additional tRNA recognition

domains outside of the region of the catalytic site. For example class IIb aaRSs contain

a conserved, lysine rich N-terminal anticodon binding domain (ABD). Structural and

biochemical data for yeast AspRS illustrate how the N-terminus of this synthetase

participates in tRNA binding, as the presence of this extension considerably increases

the stability of the complex between AspRS and its homologous tRNA [42]. Aside

from providing stability to the aaRS–tRNA complex for aminoacylation directly,

these additional RNA binding domains can be used to provide tRNA stability and

even sometimes to facilitate transport. For example, cytoplasmic LysRS in humans is

selectively packaged along with the tRNALys isoacceptors to help transport the

tRNALys replication primer into the HIV-1 viron [237]. The viral Gag polyprotein is

required for this packaging event. Human LysRS also binds a portion of the HIV

genome that contains a tRNALys anticodon-like element possibly to release LysRS

from tRNALys, enabling this RNA to anneal to viral RNA for priming [238]. A second

example of a trafficking role involves human TyrRS, where the nuclear localization

signal is located in the same region of the protein needed for tRNA binding, thereby

regulating TyrRS localization to the nucleus [239]. More generally, nuclear pools of

synthetases in eukaryotes are predicted to serve as “proofreaders” for properly

processed, functional tRNAs before these tRNAs are exported into the cytoplasm

for their use in translation [240].
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4.2.2 aaRS Editing

In order to maintain faithful translation, particularly in the case of similar amino

acids where only so much specificity can be achieved by substrate discrimination,

aaRSs have adaptedmethods to proofread or “edit”misacylated or incorrectly paired

amino acid/tRNA pairs selectively. Editing activities can be found in approximately

half of the aaRSs and both structural and biochemical studies have helped advance

our understanding of how editing processes work in different aaRSs. The catalysis of

aminoacylation by synthetases is a highly conserved mechanism; however, the

editing mechanisms performed by these enzymes is much more variable. The high

degree of diversity in proofreading further exemplifies the long evolutionary path-

way of these enzymes as well as the role convergent evolution has played in their

emergence. Both pre- and post-transfer editing mechanisms by aaRSs exist and are

defined by the substrate. Pre-transfer editing targets the misactivated aminoacyl-

adenylate and occurs within the active site of the aaRS itself. Post-transfer editing

involves clearance of misacylated tRNAs and occurs in appended enzymatic

domains that emerged later in evolution [241].

The presence of separate catalytic and editing sites in one enzyme, as predicted

based on biochemical evidence [242], was first supported by structural studies of

IleRS [29, 49]. Since then, editing by dedicated post-transfer editing CP1 domains

in class I IleRS, ValRS, and LeuRS have been well characterized, in addition to

many other editing systems. IleRS, ValRS, and LeuRS have a high degree of

conservation in their CP1 domains that suggests early emergences and selective

pressure to maintain editing in these enzymes. It has recently been shown that the

rebinding and trans editing of a released misacylated tRNA is a possible post-

transfer editing mechanism for these class I aaRSs; however, the relative importance

of this pathway is not known [243]. A trans editing model has also been shown

for the class II PheRS where the post-transfer hydrolysis of a misacylated tRNA

occurs after rebinding and is thought to be a significant editing pathway [244].

Kinetic studies show LeuRS and ValRS mainly rely on post-transfer editing to

prevent misincorporation of non-cognate amino acids [245, 246]. IleRS, however,

also uses a distinct tRNA-dependent pre-transfer editing activity in its synthetic site

[49, 247]. In the case of some LeuRS enzymes, there is less robust post-transfer

editing activity against particular amino acids. Yeast cytoplasmic LeuRS is able to

clear misacylated Ile-tRNALeu efficiently; however, the enzyme’s post-transfer

hydrolytic activity against Met-tRNALeu is much weaker [248]. It was hypothesized

that yeast cytoplasmic LeuRS can shift between pre- and post-editing pathways

depending on the identity of the non-cognate amino acid. Human cytoplasmic

LeuRS also shows modular pathways for editing different non-cognate amino

acids. Norvaline, for example, is predominantly cleared by post-transfer editing

while α-amino butyrate is the target of the pre-transfer mechanism [249]. Interest-

ingly, when the yeast mitochondrial CP1 domain from LeuRS was isolated from the

full-length enzyme it was unable to hydrolyze misacylated Ile-tRNALeu, which is in

contrast to the isolated E. coli LeuRS CP1 domain [250]. This isolated yeast CP1
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domain still retained its intron splicing activity (Sect. 5.1), suggesting that this

LeuRS has functionally diverged to have a robust splicing activity, which has

come at some expense to aaRS functionality in aminoacylation and editing [250].

The only other class I synthetase with editing activity is the related MetRS.

Homocysteine, an intermediate of methionine biosynthesis, is activated by MetRS

and subsequently edited prior to transfer to the tRNA. Unusually, this proofreading

occurs within the active site of the enzyme and involves cyclization of the adenylate

to form homocysteine thiolactone and AMP [251–253].

Separate, adapted post-transfer editing domains are found in class II PheRS,

ThrRS, AlaRS, and ProRS and pre-transfer editing activity has been demonstrated

in the active sites of ProRS, SerRS, and LysRS II [241]. Class II aaRS post-transfer

editing domains are much less conserved than those in the class I enzymes. This

variability coincides with the trend of class II synthetases, which tend to share less

conservation between different aaRSs. Some of the class II synthetases, where

product release is rapid and not rate limiting, also have homologous free standing

trans acting editing domains, a phenomenon that to date has not been described for

class I enzymes. PheRS is among the least well conserved class II aaRSs, and exists

in various forms in different domains and cellular compartments [217]. PheRS post-

transfer editing takes place in the β subunit of the enzyme 40 Å away from the site

of aminoacylation and is responsible for clearing misacylated Tyr-tRNAPhe [235,

254, 255]. Structure based alignments of the PheRS editing domain show consider-

able divergence as many archaeal/eukaryal PheRSs lack conservation of the critical

residues found in bacterial PheRS [256]. Mitochondrial PheRSs exist as a monomer

from which the β subunit and post-transfer editing are completely absent [46].

Post-transfer editing in ThrRS is necessary to hydrolyze mischarged Ser-tRNAThr

and takes place in an adapted N2 domain of the N terminus, which shares homology

to the same region of AlaRS. Mitochondrial ThrRS lacks the N2 domain and archaeal

ThrRSs often contain an unrelated N-terminal domain, and in some cases the editing

domain acts in trans [257, 258]. In-depth structural analyses of bacterial ThrRS have

elucidated the post-transfer editing mechanism and show two water molecules to be

involved in the hydrolysis reaction, one of which is excluded when Thr is in the

editing site vs Ser [259, 260]. This editingmechanism is based onmore than howwell

the misacylated substrate “fits” into the editing active site and is thought possibly to

be similar in other post-transfer editing sites such as those of PheRS and LeuRS

[260]. Also, the freestanding protein ThrXp in Archaea is homologous to the editing

domain of ThrRS and is able to clear Ser-tRNAThr in vitro [258]. The editing domains

of some ThrRS enzymes from archaea also share sequence and structural homologies

with D-Tyr-tRNATyr deacylases (DTD) [261–263]. DTDs contain trans editing

activity against mischarged D-Tyr-tRNATyr, which can be synthesized by TyrRS,

and are found across the three domains of life [264, 265]. This activity is essential to

cell viability, as D-amino acids could dramatically alter protein folding and function.

Interestingly, changing one particular residue in E. coli DTD to that found in ThrRS

changed the specificity from D-amino acids to L-Ser, supporting the evolutionary

linkage between DTDs and ThrRS [260].

Emergence and Evolution 65



Class II AlaRS has a flexible Ala binding pocket and as a result the enzyme has

to be able to clear misactivated Gly and Ser [135]. An appended post-transfer

editing domain is used to clear both Ser-tRNAAla and Gly-tRNAAla, while a trans

editing domain, AlaXp is also used to clear the large non-cognate residue, Ser. The

appended post-transfer editing domain of AlaRS is thought to have evolved from a

primordial AlaXp that later fused to the aminoacylation domain of AlaRS [135].

Interestingly, all three domains of life contain the additional free standing editing

domain, AlaXp, which is mainly responsible for clearing mischarged Ser-tRNAAla.

There is strong evolutionary pressure to retain AlaXp in addition to AlaRS editing,

as demonstrated in mice where reduced Ser-tRNAAla editing was linked to protein

misfolding in neuronal cells [266].

For ProRS there exist several different mechanisms of synthetase proofreading,

many of which include trans editing domains collectively known as ProX enzymes.

The insertion domain (INS) is one which exists as an appendage to the core

synthetase for most bacteria and is responsible for clearing mischarged Ala-

tRNAPro. Some species, including Clostridium sticklandii, lack an INS domain

and encode a freestanding domain PrdX that is used to hydrolyze Ala-tRNAPro

[267]. The synthetic site of ProRS is also capable of mischarging Cys-tRNAPro,

which can be cleared by a freestanding editing domain YbaK that is itself

homologous to the INS domain [268–270]. Human encoded ProX has recently

been shown to deacylate mischarged Ala-tRNAPro, but not Cys-tRNAPro, by

specifically recognizing the Ala moiety of Ala-tRNAPro [271]. Additional free-

standing ProRS trans editing domain homologs, such as YeaK and PA2301, have

also been identified based on sequence similarity to INS and YbaK; however, their

function is still not clear [272].

Post-transfer editing domains are not universally conserved, and in several

aaRSs these domains have actually been lost. Examples of editing domains that

appear to have been lost during evolution include a number of mitochondrial

synthetases, such as human mitochondrial ProRS, human mitochondrial LeuRs,

human and yeast mitochondrial PheRS, as well as the cytosolic ProRS in higher

eukaryotes, and most archaeal and mitochondrial versions of ThrRS. [46, 257–259,

273–276]. Many archaeal ThrRS enzymes have an N-terminal domain that is

unrelated to the conserved N2 editing domain and in some cases a trans editing

domain is encoded separately from the aminoacylation site [257]. Mycoplasma

PheRS and LeuRS are also unable to post-transfer edit effectively as PheRS lacks

conserved residues in the β subunit required for editing and LeuRS is missing the

CP1 domain altogether [218, 219]. As a result of the error-prone activities of these

two synthetases, the Mycoplasma mobile proteome naturally contains elevated

levels of mistranslation. The evolutionary advantage of these error-prone

proteomes is unclear, but it has been proposed that, because many of these

organisms are obligate intracellular pathogens, misincorporation of similar amino

acids increases antigen diversity without completely losing structural and function

integrity of proteins [218]. Understanding the role of translational fidelity is

important as editing by synthetases can vary greatly between different domains of

life and even within a particular organism [217]. Whether or not reduced quality
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control within a particular organism or cellular compartment is beneficial and what

environmental conditions or stresses dictate such benefits or disadvantages, is

important to understanding what drives the evolution of synthetase fidelity.

The numerous examples of stable robust freestanding editing domains and their

homology to fused synthetase domains strongly suggests that the free-standing

variants may have first existed as independent proteins that were later fused with

their respective aaRS. This theory is supported by the observation that the editing

domains of several synthetases contain a conserved CXXC motif, which is often

found in mobile elements that have been incorporated into larger proteins [267].

Interestingly, the trans editing domain YbaK functions most effectively as a stable

complex with ProRS, outcompeting EF-Tu, suggesting one possible evolutionary

path for the transition from freestanding to fused editing domains [269]. Domain

acquisition and movement of editing domains are thought to have occurred more

than once during the evolution of some aaRSs [267, 277]. Editing modules in

ProRS, for example, have diverse contexts and can include insertions, N-terminal

additions, and independent protein forms [267, 278, 279]. The editing domains of

AlaRS and ThrRS are similar in sequence yet are located in different regions of the

synthetase and could possibly have been acquired at different points during

evolution. The lack of structural conservation within the ThrRS editing domains

suggests that they were possibly acquired from more than one ancestor where they

had emerged early in evolution, or the archaeal ThrRS editing site may have

evolved rapidly after the divide of the eukaryote and archaeal lineages [257, 280].

5 Emergence of Non-canonical Functions in Aminoacyl-tRNA

Synthetases

5.1 Fused Domains Having Non-canonical Functions

In addition to adapted aaRS domains involved in tRNA aminoacylation, several

examples of fused aaRS domains used for non-canonical functions have emerged

throughout evolution. There are many N- or C-terminal domains found only in

eukaryotic synthetases that are not needed for aminoacylation activity. For example,

in archaea and higher eukaryotes fused terminal domains are thought to play a role in

forming the multisynthetase complex (MSC). The MSC is a complex of several

synthetases and auxiliary proteins including eukaryotic initiation factor 1-α (eIF1-α)
that is hypothesized to have a role in promoting synthetase activity and channeling

translation components to the ribosome [281, 282]. Other fused aaRS domains,

particularly prevalent in eukaryotes, are often involved in cell signaling pathways

[283]. One example of a fused aaRS domain used for signaling is theWHEP domain

found in chordate TrpRS, which regulates the angiostatic signaling activity of this

synthetase [284, 285]. TyrRS in higher eukaryotes contains fused ELR and EMAPII

domains that are both used for angiogenesis related signaling. The EMAPII domain
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blocks the signaling function of the ELR domain, and upon cleavage of the ELR

domain post secretion the EMAPII is accessible for signaling. The remaining

N-terminal fragment containing the aminoacylation domain (mini-TyrRS) is also

able to promote leukocyte migration [286]. Another recent example of how

synthetases play a role in signaling involves LeuRS and its key role in linking

cellular amino acid levels to the TORC1 response pathway. In both human and

yeast cells, leucine-bound LeuRS was found to interact with system specific

GTPases through the conserved CP1 editing domain. This interaction in turn

promotes lysosomal recruitment and activation of TORC1, which is responsible

for regulating protein synthesis, ribosome biogenesis, nutrient uptake, and

autophagy [287, 288]. Outside of cell signaling, such domains fused to aaRSs can

be involved in the regulation of gene expression as in the cases of AlaRS DNA

binding and transcriptional regulation of its own gene, PheRS regulation through

transcriptional attenuation, and ThrRS for regulation of translation [289–291]. In

E. coli, ThrRS is able to bind the leader region of thrS mRNA and prevent binding

of the 30S ribosomal subunit [292]. Hairpin recognition of the mRNA is similar to

anticodon stem loop recognition by ThrRS. Gene regulation by fused domains of

aaRSs also occurs in eukaryotes. For example, the synthesis of ribosomal RNA in

humans appears to be regulated by the C-terminus of MetRS, which is needed for

nucleolar localization and possible nucleic acid interactions [286].

AaRSs have also been found to have functions in tRNA and mRNA transport and

processing. In yeast, the CP1 domain of mitochondrial LeuRS is involved in Group

I intron splicing and the C-termini of mitochondrial TyrRSs from S. cerevisiae and
Neurospora crassa have been implicated in rRNA splicing [250, 286, 293, 294].

Additionally, TyrRS in yeast appears to be important for tRNA export from the

nucleus [240] and LysRS and AlaRS in certain eukaryotes are needed for mito-

chondrial import of tRNA [286]. Lastly, in most actinomycetes LysRS is fused

directly to a multiple peptide resistance virulence factor, which uses specific

aminoacylated tRNAs as substrates to aminoacylate and alter the properties and

composition of membrane lipids [295–297].

5.2 Paralogs of Synthetases

As more sequence data is becoming available for organisms from all three domains

of life it is becoming evident that paralogs to aaRSs are encoded in most genomes,

and genetic and biochemical studies have just begun to unravel the function of some

of the corresponding gene products. Interestingly there are numerous examples of

these paralogs that do not aminoacylate tRNA but are rather used for cellular

activities outside of protein synthesis. These examples of free standing enzymes

with new functionalities take advantage of many structural and sequence

characteristics of aaRSs and further demonstrate the evolutionary importance of

the enzymes.
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5.2.1 Class I Paralogs

There are a number of class I aaRS paralogs that have been found to function as

isoenzymes, or duplications of an enzyme with a different amino acid sequence that

still performs the same chemical reaction. For example, two different forms of a

synthetase used in the cytoplasm and mitochondria are considered isoenzymes.

Synthetase isoenzymes that have evolved new functions have the same amino acid

and tRNA specificity, but commonly have a slightly different active site relative to

the canonical aaRS. These differences in specificity can be exploited by host

organisms to provide resistance to natural inhibitors, as perhaps best exemplified

by the IleRS isoenzyme that confers mupirocin resistance to a number of drug-

resistant isolates of bacterial pathogens such as Staphylococcus aureus [298].
A number of aaRS paralogs have been found to function as peptide synthetases,

transferring activated amino acids to carrier proteins in non-ribosomal peptide

synthesis. AlbC is an example of a class I paralog with high similarity to an aaRS

catalytic domain, in this case TrpRS, that functions as a cyclodipeptide synthase,

transferring Phe from Phe-tRNAPhe to an activated serine residue [299]. MshC is a

CysRS paralog that catalyzes Cys attachment to the amino group of a mycothiol

precursor (not the hydroxyl like aaRSs) [300]. CPDSs are often derived from the

class I catalytic domain, demonstrating the high amount of divergence that has

occurred in these enzymes. There has also been a series of truncated class II SerRS

homologs identified that activate and transfer amino acids to carrier proteins

(Sect. 5.2.2) [301].

GluX (yadB in E. coli) is a truncated form of class I GluRS that lacks the entire

C-terminal anticodon-binding domain. Early studies showed yadB was not essential

in E. coli and it was thought to be a pseudogene without a known function. [37,

302]. Subsequently, yadB was shown to have a conserved prokaryotic function in

posttranscriptionally modifying tRNAAsp on the modified nucleoside queuosine,

which is inserted at the wobble position of the anticodon-loop and has been

renamed glutamyl-Q-tRNAAsp synthetase [303]. This GluRS catalytic paralog has

unusual tRNA binding that goes against the classic idea of the aaRS catalytic

site–tRNA acceptor stem interaction. Structural mimicry between the anticodon-

stem and loop of tRNAAsp and the amino acid acceptor-stem of tRNAGlu partly

explains this unusual and unexpected mode of RNA binding.

5.2.2 Class II Paralogs

Paralogs of class II synthetases perform a wide variety of cellular roles outside of

tRNA aminoacylation. For example, PoxA is a class II LysRS paralog found in

many bacteria that posttranslationally adds β-lysine to a conserved lysine residue on
translation elongation factor P [304]. Other notable examples include two paralogs

of HisRS, HisZ, and GCN2, that have very different functionalities. HisZ, which

was first identified in Lactococcus lactis, is homologous to class II HisRS proteins
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and is required for the first step in histidine biosynthesis [305]. As an essential

subunit of HisG, an ATP phosphoribosyltransferase, HisZ catalyzes the transfer of

ATP to 5-phosphoribosyl 1-pyrophosphate (PRPP) producing the substrate for nine

additional steps in the histidine biosynthesis pathway. This enzyme provides

another evolutionary link between amino acid biosynthesis and the aminoacylation

reaction. HisZ also has some non-specific RNA binding activity, but whether this is

functionally significant is not known [305]. GCN2 is found in eukaryotes and is

used to sense amino acid levels and subsequently regulate translation. GCN2

enzymes contain a Ser-Thr kinase domain and a HisRS-like domain that binds

uncharged tRNA and prevents kinase activity in the absence of tRNA binding [306].

HisZ and GNC2 are functionally distinct and products of separate evolutionary

events. HisZ is the result of an early gene duplication event in bacteria while

GCN2 is the result of a later gene duplication event in eukaryotes [305]. Asparagine

synthetase A (AsnA) shows homology to the catalytic domain of Asp/AsnRS and is

responsible for catalyzing asparagine synthesis using aspartate, ATP, and ammonia

as substrates [119, 307]. Structural and phylogenetic data suggest AsnA evolved

from a duplication of the ancestral AspRS gene, leading to the archaeal/eukaryal

AspRS and a precursor to AsnRS and AsnA. Upon duplication of this AsnRS

precursor gene, one copy evolved Asn activation and tRNAAsn binding activity,

while the other copy lost its anticodon-binding domain and evolved a new catalytic

site to become AsnA [119]. The biotin protein ligase, BirA in E. coli, is a paralog of
SerRS [308] at its catalytic site and functions to activate biotin to form biotinyl-50-
adenylate and then catalyze the covalent attachment of this biotin to a subunit of

acetyl-CoA carboxylase at a lysine residue [309]. As more structural data became

available BirA was also shown to resemble the class II PheRS β subunit [310].

Similarities between the structures of BirA and PheRS were found in a region

separate from the catalytic domains of these proteins that resemble Src-homology 3

(SH3)-like DNA binding domains. This region of BirA is responsible for regulating

transcription of the biotin operator [311]. Both AsnA and BirA catalyze reactions

that involve the formation of an adenylated intermediate, which is not the case for

the HisZ enzyme. It was suggested that this absence of adenylation by HisZ and its

role in binding and regulating histidine indicate early aaRSs may have been simple

amino acid binding proteins [305].

Other SerRS paralogs include SLIMP and homologs that acylate carrier proteins

for non-ribosomal protein synthesis. SLIMP is found to be localized in the

mitochondria of insects and is needed for proper development in flies [312]. The

function of this protein is unknown; however, it shows a general affinity to RNA

and may be involved in mRNA processing and/or gene expression. There has also

been a series of truncated SerRS homologs identified in a number of bacteria, which

are similar in structure to the catalytic region of an atypical SerRS (aSerRS) that is

found in methanogenic archaea [313]. These homologs lack tRNA binding and

canonical aminoacylation activity, but rather activate and transfer amino acids to a

phosphopantetheine prosthetic group on carrier proteins. The functions of these

carrier proteins have yet to be identified, but it is thought that they possibly play a

role in non-ribosomal protein synthesis [301].
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One last example of a class II aaRS paralog with a cellular function outside of

tRNA aminoacylation is found in mitochondrial DNA polymerase. The Polγβ
subunit, which is responsible for the enzyme’s processivity, has a domain that is

similar to the catalytic domain of class IIa synthetases. The regions of similarity

include the aaRS active site that binds the amino acid, ATP, and the acceptor stem

of the tRNA [314]. Polγβ also has a C-terminal domain that is similar to the tRNA

anticodon binding domain of the dimeric GlyRS [315]. Despite these similarities,

Polγβ has important differences and lacks critical residues necessary for tRNA

anticodon binding and therefore does not retain the function of an aaRS. This

example does show strong evolutionary links between this polymerase subunit

and aaRSs, particularly in their nucleic acid binding properties.

6 Conclusion

Almost 60 years after evidence of aminoacyl synthetase activity first emerged [316,

317], the field is continuing to grow and provide insights into evolution, the fidelity

of protein synthesis, and the workings of other biological systems. The discoveries

of PylRS and SepRS demonstrate how the genetic code is less rigid than once

thought and has been adaptive to changes in environmental demands [183, 201].

The vast increase in aaRS structural information within the last several years has

increased our resources for phylogenetic analysis as well as helped explain

biochemical mechanisms. Also, the structure of PylRS provides a great example

of substrate orthogonality and is paving the way for advances in protein engineering

[146]. Lastly, the immense amounts of recent genomic sequencing data have

uncovered numerous aaRS accessory domains and paralogs whose functions have

connected aaRSs to cellular development and disease and are targets of new

therapeutic development [318, 319].
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Architecture and Metamorphosis

Min Guo and Xiang-Lei Yang

Abstract When compared to other conserved housekeeping protein families, such

as ribosomal proteins, during the evolution of higher eukaryotes, aminoacyl-tRNA

synthetases (aaRSs) show an apparent high propensity to add new sequences, and

especially new domains. The stepwise emergence of those new domains is consis-

tent with their involvement in a broad range of biological functions beyond protein

synthesis, and correlates with the increasing biological complexity of higher

organisms. These new domains have been extensively characterized based on

their evolutionary origins and their sequence, structural, and functional features.

While some of the domains are uniquely found in aaRSs and may have originated

from nucleic acid binding motifs, others are common domain modules mediating

protein–protein interactions that play a critical role in the assembly of the multi-

synthetase complex (MSC). Interestingly, the MSC has emerged from a miniature

complex in yeast to a large stable complex in humans. The human MSC consists of

nine aaRSs (LysRS, ArgRS, GlnRS, AspRS, MetRS, IleRS, LeuRS, GluProRS, and

bifunctional aaRs) and three scaffold proteins (AIMP1/p43, AIMP2/p38, and

AIMP3/p18), and has a molecular weight of 1.5 million Dalton. The MSC has

been proposed to have a functional dualism: facilitating protein synthesis and

serving as a reservoir of non-canonical functions associated with its synthetase

and non-synthetase components. Importantly, domain additions and functional

expansions are not limited to the components of the MSC and are found in almost

all aaRS proteins. From a structural perspective, multi-functionalities are

represented by multiple conformational states. In fact, alternative conformations
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of aaRSs have been generated by various mechanisms from proteolysis to alterna-

tive splicing and posttranslational modifications, as well as by disease-causing

mutations. Therefore, the metamorphosis between different conformational states

is connected to the activation and regulation of the novel functions of aaRSs in

higher eukaryotes.

Keywords Domain expansion � Evolution � Novel function � Structural metamor-

phosis � tRNA synthetase
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1 Introduction

The first surprise of the human genome project was the discovery of an unexpect-

edly small number of protein-coding genes [1]. The explanation that has slowly

emerged since is that human genes possess more diverse functions and their

regulation is more complicated than their counterpart genes in lower organisms.

In this regard, the increasing complexity of aminoacyl-tRNA synthetases (aaRSs) –

at the sequence, structural, and functional levels – stands out as a prominent

example.

Known as an essential component of the translational apparatus, the aaRS family

catalyzes the first step reaction in protein synthesis, that is to attach specifically

each amino acid to its cognate tRNAs. While preserving this essential role, higher

eukaryotic tRNA synthetases have developed other roles during evolution. Human

cytoplasmic tRNA synthetases, in particular, mediate diverse functions in different
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pathways including angiogenesis, inflammation, development, and tumorigenesis.

The functional expansion of aaRSs is thought to be intimately associated with their

continuous addition of new domains and motifs during the evolution of higher

eukaryotes. Here we review the current knowledge on how human cytoplasmic

tRNA synthetases developed their complexity, in sequence and in structure, to

expand their “functionome.” Importantly, not all conserved housekeeping protein

families possess the increasing complexity of the aaRS family.

2 Stepwise Appearance of New Domains and Sequences

in Higher Eukaryotes

Comparing the protein sequences of eukaryotic cytoplasmic aaRSs with their

prokaryotic counterparts, it is immediately obvious that eukaryotic cytoplasmic

aaRSs are generally larger [2], which is mainly due to extensions or insertions of

conserved sequences (Fig. 1). Interestingly, most of these additions are found, at least

by structural predictions, to form well-folded structures. Some of them are homolo-

gous to structural modules such as leucine-zipper and glutathione S-transferase
(GST) domains that are widely contained in human proteins, whereas others are

only found in aaRSs or aaRS-associated protein factors. Those aaRS-specific

domains include two common domains (WHEP and EMAPII) that are found in

more than one member of the aaRS protein family, and several unique domains

with each found in a single aaRS. In addition to those well-folded domains, some

shorter sequences that may not form defined structures are also found to append

eukaryotic aaRSs (Fig. 1).

Fig. 1 New domains and sequence additions as found in human aaRSs
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Remarkably, the elaboration of such new domains in aaRS proteins reflects the

increasing biological complexity of the higher organisms wherein the proteins

reside. The more evolutionarily advanced an organism, the more of these domains

and sequences appear in its aaRS proteins. Therefore, the evolutionary process to

add the domains and sequences on aaRSs appears to be continuous and almost

irreversible (Fig. 2).

2.1 N-Terminal Helix

The simplest form of a eukaryotic domain addition is the N-terminal helix. Single

helix sequences are found in the N-terminal region of eukaryotic LysRS and

AspRS. These two aaRSs belong to class IIb of the aaRS family and are more

closely related to each other than to other aaRS members. Prokaryotic AspRS and

LysRS consist of only an OB (oligonucleotide binding)-fold tRNA anticodon-

Fig. 2 Elaboration of new domains and sequence additions on aaRSs during the evolution of

eukaryotes

Fig. 3 Evolution of N-helix in eukaryotic AspRS and LysRS
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binding domain and an aminoacylation domain. However, during evolution of

single-celled eukaryote yeasts to humans, each of the two synthetases acquired a

~30–50 aa long N-terminal extension in front of the tRNA binding domain. The

extensions, as suggested by structural prediction, contain a long helix of 20–40 aa

(Fig. 3). The helical conformation was confirmed by NMR structure determination

of the N-terminal extensions of human AspRS and human LysRS [3, 4].

These N-terminal helices have evolved to mediate biological activities. They are

mostly amphiphilic, with charged residues on one side and hydrophobic residues on

the other. For LysRS, positively charged residues dominate the hydrophilic side of

the N-terminal helix. Early work indicated that this helical extension in human

LysRS binds to the elbow region of tRNALys and enhances the binding affinity of

the synthetase for the tRNA [5, 6]. Human LysRS also plays an important role in

HIV infection by delivering tRNALys3 (which acts as a primer for viral reverse

transcription) into the virion. Importantly, the function of LysRS in HIV packaging

depends on the N-terminal extension, presumably because of its tRNA binding

property [7].

Interestingly, the positively charged N-terminal helix of human LysRS not only

interacts with nucleic acids but also with phospholipids and proteins. Recent work

has shown that human LysRS, upon phosphorylation, is translocated to the plasma

membrane where its N-terminal region, including the N-terminal extension,

interacts with the transmembrane region of 67LR laminin receptor. The interaction

inhibits the ubiquitin-dependent degradation of 67LR, thereby enhancing laminin-

induced cancer cell migration [8].

For yeast AspRS, the N-terminal helix is also positively charged on one side, and

has been demonstrated to have tRNA binding properties [9]. Interestingly, com-

pared to the yeast enzyme, human AspRS possesses more negatively charged

residues located on the N-terminal helix (Fig. 3), suggesting that the amphiphilic

helices may have evolved from facilitating tRNA binding in lower eukaryotes to

mediating other interactions in higher eukaryotes [10–12].

2.2 EMAPII Domain

Another appended domain that facilitates tRNA binding is the EMAPII domain.

Although originally discovered as a cytokine (endothelial monocyte activating

polypeptide II), it is in fact a proteolytic product of MSC p43/AIMP1 – a scaffold

protein in the multi-aminoacyl-tRNA synthetase complex (MSC; see below for

more information on MSC) [13].

EMAPII domains are only found in aaRSs (Caenorhabditis elegans MetRS and

metazoan TyrRS) and in aaRS-associated proteins [p43/AIMP1 and yeast Arc1p

(a scaffold protein for the yeast aaRS complex, see below)]. This strict distribution

of EMAPII domain suggests that its function evolved specifically for tRNA

synthetases. The N-terminal portion of EMAPII (~160 aa) shares sequence homol-

ogy with Trbp111, a 111 aa, free-standing tRNA binding protein found in bacteria

[14]. Structural analysis of EMAPII has revealed that the monomeric EMAPII
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mimics the dimeric structure of Trbp111 by forming a pseudo-dimer interface with

its C-terminal sequences (Fig. 4) [13]. Trbp111 specifically recognizes tRNA by

binding to the elbow region of all tRNAs [15]. In certain bacteria and plants, a

Trbp111-like domain is fused to the C-terminus of MetRS to enhance its

aminoacylation activity by facilitating the binding of tRNA [16].

A domain homologous to EMAPII is present in TyrRS from insects to humans.

The EMAPII domain in TyrRS, like many other new domains, is dispensable for

aminoacylation. However, removal of EMAPII domain (to generate mini-TyrRS)

through natural proteolysis outside the cell activates a cytokine-like function

embedded in human TyrRS [17, 18]. Removal of EMAPII appears to expose an

otherwise masked tri-peptide ELR cytokine motif in the catalytic domain [19]. A

separate cytokine activity associated with the EMAPII domain is also activated

when it is released from human TyrRS [17]. Interestingly, the ELR motif is not

conserved in bacteria and lower eukaryotic TyrRSs, but only starts to appear from

insects, concurrent with the addition of the EMAPII domain.

2.3 GST Domain

The origin of aaRS appended domains is not confined to tRNA-binding motifs. For

example, Saccharomyces cerevisiae MetRS does not have a Trbp111 domain as

seen in the C-terminus of a prokaryotic MetRS (such as Escherichia coli), but
instead has a GST domain at its N-terminus. A GST domain sequence is also

present in MetRS from insects to humans and in vertebrate ValRS [20–22].

Removal of the GST domain in yeast MetRS abolished the Arc1p-dependent

aminoacylation of tRNAMet [23]. Similarly, cleavage of the GST domain in

human MetRS rendered the enzyme to be inactive, indicating the importance of

the GST domains in aminoacylation [24].

In addition to MetRS and ValRS, two other class I tRNA synthetases, GluRS and

CysRS, and three aaRS-associated proteins (the yeast Arc1p, two of the three

auxiliary factors of the MSC: MSC p38/AIMP2 and MSC p18/AIMP3) all contain

Fig. 4 The structure of E. coli Trbp111 and the structures of the EMAPII domain from human

MSC p43 and human TyrRS. The potential cytokine motif in EMAPII domains is labeled in yellow
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a GST domain [12]. These GST domain-containing proteins are found in complexes

with other proteins [25, 26], supporting the general idea that GST domains act as

protein–protein binding modules. In fact, GST domains do not necessarily possess

enzyme activity and are commonly used for protein assembly and for regulating

protein folding (such as the GST domains in the S-crystallins, eukaryotic elongation

factors 1-γ (eEF-1γ), 1-β (eEF-1β), and the heat shock protein 26 (HSP26) family of

stress-related proteins) [27–29]. Interestingly, the yeast MetRS-Arc1p-GluRS ter-

nary complex is formed through two binary GST–GST domain interactions of

MetRS-Acr1p and Arc1p-GluRS (detailed assembly of the complex will be

discussed in the next section) [26]. Consistently, human MetRS was shown to

interact with two other GST domain-containing scaffold proteins (p38/AIMP2

and p18/AIMP3) through its GST domain [30–32], deletion of which abolished

the incorporation of MetRS to MSC in cell [16]. On the other hand, although the

yeast GluRS is known to interact with Arc1p through their GST domains, the

function of the GST domain in human bifunctional GluProRS remains to be

defined. The role of the N-terminal GST domain in mammalian CysRS, one of

the latest domain additions in aaRS, is also undefined. Intriguingly, two versions of

CysRS – one with the GST domain and one without – are produced by alternative

splicing in mouse and human [33, 34].

Sequence analysis indicates that all GST domains in aaRSs and in MSC p18/

AIMP3 and MSC p38/AIMP2 share strong homology with the eukaryote-specific

elongation factors eEF-1β and eEF-1γ [26, 27]. Phylogenetic analysis of these GST

domains showed stronger homology with each other than with other common GST

proteins or GST domains found in bacteria (Fig. 5). Possibly the GST domains in the

aaRS protein family (including the elongation factors) were generated from the same

Fig. 5 Phylogenetic analysis of GST domains from aaRSs and other GST-containing proteins

Architecture and Metamorphosis 95



origin by gene duplication events. It is interesting to note that yeast GluRS,MetRS and

Arc1p genes are located on the same chromosome (VII). However, how these gene

duplication events were specifically confined to aaRS proteins is currently unknown.

2.4 WHEP Domain

Many appended domains are involved with functions other than aminoacylation,

such as the regulations of inflammation, angiogenesis, and even p53 activation.

The WHEP domain is one example. Initially discovered in three human aaRSs

[TrpRS(W), HisRS(H), GluProRS(EP)], hence its name, the WHEP domain is

~50 aa long and shares apparent sequence homology among different aaRSs [35].

Two other human aaRSs – GlyRS and MetRS – also contain a WHEP domain at

their N- and C-termini, respectively. Early studies, based on sequence similarity

and intron positions, suggested that the WHEP domain might have first appeared in

HisRS in single-cell eukaryotes (e.g., yeast) and then propagated to other aaRSs

[35, 36]. Interestingly, the acquisition of the WHEP domain to GluProRS happened

concurrently with the fusion of GluRS and ProRS into one gene, an event that took

place prior to the divergence of cnidarians and bilaterians [37]. Among these aaRSs,

TrpRS and MetRS appear to have the latest WHEP domain acquisition events that

did not occur until the first vertebrates [22, 35]. In contrast to other aaRSs that have

only one WHEP domain, GluProRS contains a varying number of WHEP domains

depending on the species (3–6). In particular, human GluProRS contains three

consecutive WHEP domains in between the N-terminal GluRS and the C-terminal

ProRS.

The spreading of this short sequence among several aaRSs suggests that the

WHEP domain might be a common tRNA-binding motif [38], though experiments

testing this hypothesis have not arrived at a clear conclusion. Structure and func-

tional analyses have indicated that the WHEP domains fold as a simple helix-turn-

helix structure and act as a unique RNA recognition motif (Fig. 6) [39]. However,

the WHEP domain does not significantly affect, at least in in vitro studies,

the aminoacylation efficiency or the tRNA binding affinity of their host aaRSs

including TrpRS, GlyRS, and GluProRS [40–42]. Recent studies revealed that the

WHEP domains in human GluProRS perform non-canonical functions through

protein–protein and protein–RNA interactions. For instance, the WHEP domains

directly mediate the interaction between the synthetase and NSAP1

(NS1-associated protein), L13a, and GAPDH (glyceraldehyde 3-phosphate dehy-

drogenase) to form a gamma-IFN-activated inhibitor of translation (GAIT) com-

plex [43–45], which interacts with eIF4G to block 43S recruitment and mRNA

translation [46]. Using their RNA binding property, the WHEP domains are also

responsible for recognizing the GAIT element located on the 50-UTR of target

mRNAs [45].

Although not needed for aminoacylation, the WHEP domain appears to be a

regulator for the non-canonical functions of human TrpRS. In human TrpRS the
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N-terminal fused single WHEP domain undergoes a conformational change when

the synthetase is bound to Trp-AMP (aminoacylation reaction intermediate), which

places the WHEP domain close to the active site pocket [47]. The WHEP domain

can be specifically removed by proteolysis or alternative splicing to generate

fragments of TrpRS (T2-TrpRS and mini-TrpRS, respectively) that exhibit

angiostatic activity through interaction with the extracellular domain of VE-

cadherin on the surface of endothelial cells [48–50]. The WHEP domain of

TrpRS also mediates direct interactions with DNA-PK (DNA-dependent protein

kinase) and PARP-1 (poly(ADP-ribose) polymerase 1) in the nucleus to activate

p53 [51]. Finally, it is interesting to note that, like EMAPII domain, WHEP domain

only exists within aaRS genes. This aaRS-specific domain expansion is suggestive

of a special selective pressure to develop new functions for aaRS genes during the

evolution of higher eukaryotes. Understanding such pressure may be instructive for

understanding the various expanded functions of aaRSs, and vice versa.

2.5 Leucine Zipper

Certain expanded domains in aaRS proteins are only involved in protein–protein

interactions. As such, a standard module for protein assembly, the leucine zipper, is

often found to mediate protein–protein interactions in many biological processes,

such as in forming the snare complex in vesicle trafficking and in forming the

trimeric structure of gp41 to facilitate the entry of HIV to target cells [52, 53]. The

leucine zipper is a helical motif that has leucine residues (or other hydrophobic

residues) at every fourth position of the heptad repeats, so that the protruding

isobutyl side chains are lined up on one side of the helix. This design creates a

hydrophobic spine that interlocks with its partner to form a coiled-coil zipper.

Leucine zippers exist in ArgRS (a component of the MSC) in higher eukaryotes

from insects to humans, but not in lower eukaryotes such as yeast. Leucine zippers

also exist in MSC scaffold proteins p43/AIMP1 and p38/AIMP2, suggesting that

Fig. 6 Structure of WHEP domains in aaRSs
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they play critical roles in the assembly of the MSC (Fig. 7). The leucine zipper

motifs in ArgRS interact with the leucine zippers in p43/AIMP1, which in turn

interact with the leucine zipper motif in p38/AIMP2 [54]. Therefore these three

proteins may form an ArgRS-p43-p38 subcomplex of MSC through several coiled-

coil structures. Interestingly, a shorter form of human cytoplasmic ArgRS, which is

produced from an alternative translation initiation site on the same mRNA [55–57],

lacks the N-terminal leucine zipper motifs (residues 1–72) and the ability to

associate with the MSC.

Leucine zippers are completely absent from aaRSs that are not associated with

the MSC, suggesting that leucine zippers in aaRSs are exclusively used for the

assembly of the MSC. A distinct feature of the leucine zipper motif, compared with

other protein–protein interaction modules, is its linear and extended geometry,

which may be an important characteristic for providing a framework to support

the structure of the MCS.

2.6 Unique Domains

Besides the above-mentioned appended domains that are shared among aaRSs or

aaRS-associating factors, other domains/sequences that have evolved within

eukaryotic aaRSs share no detectable sequence similarity to common structural

modules and, for the most part, each domain is present in only one specific aaRS.

Because of their uniqueness, these domains are named UNE-X, where X represents

the amino acid-specificity (in single letter code) of the aaRS to which each domain

is appended [22].

Recently, several studies have suggested the importance of these unique

domains in both canonical and non-canonical functions of aaRSs. Eukaryotic

Fig. 7 Leucine zippers in human ArgRS and aaRS-associated MSC p43/AIMP1 and p38/AIMP2
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IleRS contains two large additions at the C-terminus (named as UNE-I1 and UNE-

I2). UNE-I1 (residue 968–1064) is found throughout eukaryotes (from yeast to

human), while UNE-I2 (residue 1065–1266) exists only in vertebrates (Fig. 8)

[58]. Sequence analysis shows that UNE-I2 contains two repetitive sequences

each of ~90 aa. This region interacts with the WHEP domains of GluProRS and

therefore may play a role in retaining IleRS in the MSC [31, 59].

In higher eukaryotes (from C. elegans to human), LeuRS contains a unique

domain at the C-terminus with a size of ~110 aa (Fig. 8) [31]. UNE-L is predicted to

have rich secondary structures (beta-strands and alpha helices) that presumably fold

into a discrete 3D structure. Human LeuRS was recently found to function as a

leucine sensor for the mTOR pathway [60–62]. Importantly, human LeuRS

associates and activates the RagD GTPase of mTORC1 in a leucine-dependent

manner. Removal of the C-terminal ~220 residues (including UNE-L and a LeuRS-

specific domain) abolished the interaction with RagD [61]. Interestingly, the yeast

LeuRS, which does not contain the UNE-L, also controls the TOR pathway.

However, in contrast to the human LeuRS, the N-terminal CP1 (editing) domain

of yeast LeuRS was proposed to be the binding site for the GTPase, suggesting that

the mechanism of LeuRS in regulating the mTOR pathway might be substantially

different in yeast as compared to that in mammals [60, 62]. It remains to be

determined whether the presence of UNE-L has a role in shifting the RagD binding

site from the editing domain in yeast to the C-terminus of LeuRS in human.

UNE-F is found at the N-terminus of PheRS α-subunit in eukaryotes (Fig. 8).

The structure of human PheRS reveals that UNE-F folds into three continuous

DNA-binding fold domains (DBD-1, -2, -3) with intervening sequences [63]. Each

DBD contains three α helices folded against a three-stranded antiparallel β-sheet.
The topology of the DBDs is found in many DNA-binding proteins as well as in

double-stranded RNA adenosine deaminase [63]. Modeling of tRNAPhe onto

human PheRS suggested that UNE-F interacts with the D, T loops and the anti-

codon stem of the tRNA. Deletion of UNE-F abolishes the aminoacylation activity

of PheRS, consistent with its predicted role in binding and recognition of tRNAPhe.

Fig. 8 UNE domains as found in human aaRSs
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Interestingly, T. thermophilus PheRS, with an N-terminal structure distinct from the

eukaryotic DBD, binds to a specific DNA sequence on its own gene [64]. The

presence of three DNA-binding modules in UNE-F suggests that human PheRS

might have non-canonical functions involving dsDNA/dsRNA binding such as in

transcriptional and translational regulations.

Metazoan and fungal AsnRS differ from their bacterial homologues by the

addition of a conserved N-terminal extension of ~110 aa (UNE-N) (Fig. 8). Recent

structural characterization showed the UNE-N contains a structured region with a

novel fold (residues 1–73) that is connected to the remainder of the enzyme by an

unstructured linker (residues 74–110) [65]. Shown by NMR, the folded portion of

UNE-N features a lysine-rich helix that interacts with tRNA. Whether UNE-N is

also involved with non-canonical functions of AsnRS remains to be determined.

GlnRS is predominately found in eukaryotes, whereas, in most prokaryotes, Gln-

tRNAGln is synthesized by an indirect pathway to form first Glu-tRNAGln by

GluRS, followed by the conversion of Glu-tRNAGln to Gln-tRNAGln by a tRNA-

dependent amidotransferase. Compared to the few existing bacterial GlnRSs, the

eukaryotic enzymes contain an N-terminal extension of ~200 aa (UNE-Q) (Fig. 8).

Yeast mutants lacking UNE-Q exhibit growth defects and have reduced comple-

mentarity for tRNAGln and glutamine [66]. Structural analysis shows that UNE-Q

consists of two subdomains that resemble the two adjacent tRNA specificity-

determining domains in the GatB subunit of GatCAB, the trimeric amidotransferase

that can use both Glu-tRNAGln and Asp-tRNAAsn as substrates to form Gln-

tRNAGln and Asn-tRNAAsn, respectively. The two subdomains of UNE-Q are

connected by a conserved hinge region which, when mutated, reduced yeast

GlnRS’ affinity for tRNAGln. UNE-Q gives another example that the domain

addition or exchange is highly selective for aaRSs or aaRS-related genes.

In addition to the N-terminal GST domain that seems to exist only in mammals,

all eukaryotic CysRS contains two other sequence additions (UNE-C1 and UNE-C2)

(Fig. 8). UNE-C1 is inserted in human CysRS between residues 108 and 223, and in

front of the well-known CP1 insertion (residue 273–419). UNE-C2 is a C-terminal

extension of ~150 aa. Both UNE-C1 and UNE-C2 are unique to CysRS, and show no

apparent sequence homology to other domains or motifs.

The smallest UNE domain is the UNE-S motif (~30–40 aa) that is located at the

C-terminus of vertebrate SerRS (Fig. 8). UNE-S was found to be essential for

vascular development [67]. Deletion of the C-terminal sequences of SerRS, includ-

ing UNE-S, led to abnormal blood vessel formation that resulted in premature death

in zebrafish [68, 69]. Removal of UNE-S has little effect on the aminoacylation

activity of human SerRS. Further studies discovered a significant portion of SerRS

is in the nucleus of human umbilical vein endothelial cells, and the localization is

directed by a classical nuclear localization signal (NLS) embedded in the UNE-S.

Interestingly, SerRS regulates the expression of VEGFA in the nucleus through an

unknown mechanism. This novel function is independent of the canonical

aminoacylation activity of SerRS, as an aminoacylation-defective form of full

length SerRS could fully rescue the vascular phenotype in zebrafish [68]. Therefore,
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acquisition of UNE-S appears to be important for the non-canonical function of

vertebrate SerRS.

In summary, higher eukaryotic aaRSs continue to evolve with the additions of

new domains/sequences. Many of these domains are related to their canonical

function, especially their tRNA binding properties, while others are dispensable

for aminoacylation. Although the timing of each domain addition may be different,

one common feature is that, once a domain is added to an aaRS, the process is

generally irreversible and the domain is conserved from then on as an integral part

of that aaRS. Therefore, the timing of domain acquisition may be linked to the new

biology associated with increasing complexity of the organism and could provide

important hints for their potential functions beyond the canonical aminoacylation

function of their prokaryotic homologues [22]. We predict that more non-canonical

functions will be discovered that link to the acquisitions of the UNE domains and

other appended domains of aaRSs.

3 Emergence of Multi-Synthetase Complex in Higher

Eukaryotes

Prokaryotic aaRSs are a large family of ~20 proteins that perform a common

function, namely, aminoacylation of tRNA. Unlike many other housekeeping

machineries, such as the RNA polymerase complex and the ribosome, they do not

form a complex. This feature is presumably related to the independence of the

aminoacylation activity for each amino acid and their tRNAs. It might even be

beneficial not to have aaRSs too near each other in a complex, as they might

otherwise sterically hinder each other for tRNA-binding or attract tRNA nonspecif-

ically, which could increase the chance of misbinding and mischarging. Although

several small (binary/ternary) aaRS complexes have been found in archaea, they

appear to occur serendipitously in only certain species rather than being a common

feature of the family [70, 71]. Thus the emergence of a conserved, stable, and large

complex of aaRSs in higher eukaryotes is remarkable.

3.1 Miniature Complex in Yeast

In eukaryotes, the complexity of an aaRS complex increases with the complexity of

the hosting organism. For instance, in the single celled yeast (S. cerevisiae), the
aaRS complex is a relatively simple ternary complex comprising MetRS, GluRS,

and Arc1p (aminoacyl-tRNA synthetase cofactor 1 protein) (Fig. 9) [72]. With a

GST domain at the N-terminus and a Trbp111-like domain at the C-terminus,

Arc1p is essentially a fusion protein that links a protein-binding module to a

tRNA-binding domain [73]. Concurrently, both MetRS and GluRS in yeast
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acquired an N-terminal GST domain. It is through the GST domains that Arc1p

links MetRS and GluRS together [74].

As mentioned in Sect. 2.2, Trbp111 is a non-specific tRNA-binding domain. The

Trbp111-like domain in Acr1p not only facilitates the binding of tRNAMet and

tRNAGlu to the complex but also nonspecifically binds to other tRNAs [23].

Although Arc1p is not essential in vivo, it enhances the aminoacylation activity

by two orders of magnitude for MetRS and by one order of magnitude for GluRS as

shown by in vitro kinetic studies [75]. It is worth noting that the E. coliMetRS has a

Trbp111 domain at its C-terminus. Therefore, the same strategy for enhancing

MetRS activity in Escherichia coli is also used in yeast through the formation of

a MetRS-Arc1p-GluRS complex [73]. Interestingly, a recent study reported that the

MetRS-Arc1p-GluRS complex can bind and mismethionylates many tRNA species

in vitro [76]. Moreover, a similar effect on tRNA mismethionylation was achieved

by fusing the Trbp111 domain of Arc1p to the yeast MetRS [77].

The MetRS-Arc1p-GluRS complex has a number of other functions. One is to

regulate the cytoplasmic localization of MetRS and GluRS. Disruption of the

complex by deletion of the GST-domain of Arc1p resulted in strong nuclear

localization of all three components [78]; GluRS and Arc1p were found to

associate with apurinic/apyrimidinic sites of damaged DNA in the nucleus [79].

In addition, the MetRS-Arc1p-GluRS complex is also important for GluRS

trafficking into the mitochondria, which is important for providing an alternative

pathway to the GlnRS activity that is lacking in yeast mitochondria [80, 81].

In most bacteria, archaea, and organelles of many eukaryotes, including yeast

mitochondria, Gln-tRNAGln is generated through an indirect pathway, whereby a

nonspecific GluRS synthesized Glu-tRNAGln, and then an aminotransferase

converts it to Gln-tRNAGln. However, the yeast mitochondrial GluRS cannot

mischarge tRNAGln [82]. Instead, the cytoplasmic GluRS is transported to

the mitochondria to charge the mitochondrial tRNAGln with glutamate. The

cellular level of Arc1p controls the translocation of GluRS. Interestingly, the

expression of Arc1p is downregulated when yeast switches from fermentation to

Fig. 9 Evolution of aaRS complexes in eukaryotes
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respiratory metabolism, which comes with a high demand for mitochondrial

protein synthesis [80].

In addition, Arc1p is potentially involved with tRNA maturation and exportation

from the nucleus. Deletion of Arc1p showed synthetic lethality when combined

with the deletion of tRNA transporter Los1, which is responsible for transporting

mature tRNAs from the nucleus to the cytosol [23, 83]. Overall, formation of this

prototypic aaRS complex is to anchor GluRS and MetRS in the cytosol and to

facilitate the aminoacylation function of the two synthetases by providing them

with an additional tRNA-binding module – similar roles are found in further

developed complexes in higher species.

3.2 Divergent Complex in C. elegans

In ascending the tree of life, eukaryotes evolved from single-celled to multicellular

organisms, which allows for the differentiation of cells to have specialized roles.

Compared to fungi, the sizes of aaRSs in C. elegans are largely increased by the

addition of appended domains. Extensive interactions between new domains pres-

ent in C. elegans, but not in fungi, appear to facilitate the formation of the aaRS

complex in C. elegans, which shares seven aaRS components with the most highly

evolved mammalian MSC. A “pull down” assay revealed that MetRS associates

with a complex that contains an MSC p38/AIMP2 homologue and eight aaRSs

including LeuRS, IleRS, GluRS, ValRS, MetRS, GlnRS, ArgRS, and LysRS

(Fig. 9) [84]. The only exception is ValRS, which is found in the C. elegans complex

but not in the mammalian MSC. No appended domain is found in C. elegans ValRS,
and what enables ValRS to be associated with the C. elegans aaRS complex remains

unclear. On the other hand, two aaRS components of the modern MSC (AspRS and

ProRS) and two accessory factors (p43/AIMP1 and p18/AIMP3) are missing in the

C. elegans complex. Interestingly, C. elegans MetRS has a C-terminal extension

(~320 aa) that contains a leucine zipper and an EMAPII domain that shares extensive

sequence homology with mammalian MSC p43/AIMP1. Functional studies have

confirmed that human p43 can substitute the C-terminal extension of C. elegans
MetRS for its in vivo activity [85]. Therefore, C. elegansMetRS can be viewed as a

combination of MetRS and p43/AIMP1.

Although the C. elegans aaRS complex and the modern MSC share a significant

degree of homology, some evidence suggests that not all interactions within the

complexes have arisen through convergent evolution. Recent phylogenetic analysis

of the GluRS and ProRS genes showed that the fusion of the two genes into one

bifunctional GluProRS gene appeared before the Bilateria, and that a fission event

happened in C. elegans that separated the GluProRS gene back to the two genes

[37]. This analysis supported the idea that the distinct C. elegans aaRS complex is,

at least with respect to some of its components, the result of divergent evolution

[84].
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3.3 Multi-tRNA Synthetase Complex from Fruit Fly to Human

It has long been proposed that the MSC is a ubiquitous cellular component of higher

eukaryotes [86]. Its presence has been documented in various higher eukaryotes

including rabbits, sheep, bovines, mice, rats, and humans, as well as in flies

(Drosophila melanogaster), and genes encoding the three MSC scaffold proteins

– p43, p38, and p18 – are found in all representative species from insects to humans

[22]. Also named as aminoacyl-tRNA synthetase interacting multi-functional pro-

tein 1, 2, and 3 (AIMP1, 2, and 3), these three scaffold proteins interact with each

other and with the nine aaRS components (LysRS, ArgRS, GlnRS, AspRS, MetRS,

IleRS, LeuRS, GluProRS and bifunctional aaRs) to promote assembly of the MSC

with a molecular weight of 1.5 million Da (Fig. 9). The function(s) of MSC is

unclear but has been proposed to facilitate channeling of aminoacylated tRNA to

the ribosome during protein synthesis [87], and to provide a cellular reservoir of

various non-canonical functions of its synthetase and non-synthetase components to

be released in response to certain stimulation or environmental cues [25, 88].

The stoichiometry of the MSC components remains largely consistent, from

Drosophila to human [86, 89] (Fig. 10). However, the stoichiometry appears to

vary. For example, one study reported that the number of MSC p43/AIMP1

increased from 2 to 4 molecules per MSC, when the protein was overexpressed in

cell [90]. Also, when the cellular level of methionine decreased, the amount of

MetRS in the MSC was observed to double to two molecules per MSC [91].

A number of studies suggest that whereas the MSC serves as a reservoir for

almost half of the cellular tRNA synthetases it also controls the flow of synthetases

between their canonical and noncanonical functions [88, 92]. As evidence for the

latter function, many MSC components have been reported to be released from the

complex under certain conditions. For example, LysRS is released upon antigen-

IgE induced mast cell activation [93]; GluProRS is released for the resolution of

INF-γ related inflammation [43]; GlnRS is released during Fas-ligand triggered

Fig. 10 Multi-aminoacyl-

tRNA synthetase complex

(MSC) in higher eukaryote
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apoptosis. Interestingly, even the scaffold proteins can be released [94]. MSC p43/

AIMP1 is released and secreted to act as a cytokine under stress conditions [95];

MSC p38/AIMP2 is released upon DNA damage and translocated to the nucleus to

activate p53, FBP, and TRAF2 [96–98]. MSC p18/AIMP3 is released under UV

radiation and is also translocated to the nucleus [99, 100].

How MSC is assembled through various interactions and how the assembly

would allow for specific release of its individual components have been interesting

topics for more than two decades. Early studies employing gene knockdowns of

each component and crosslinking approaches have mapped out the interactions

within the MSC [30, 31, 101–103]. Interestingly, certain interactions found in the

early yeast complex are conserved in the MSC. For example, the interactions

between the GST domains of MetRS, Arc1p, and GluRS in the yeast complex are

likely to be maintained in the MSC between the GST domains of MetRS, p38, and

p18 as revealed by crystal structure analysis of human MSC p18/AIMP3 [74]. On

the other hand, the MSC p43/AIMP1 and p38/AIMP2 are proteins newly invented

in higher eukaryotes, and are responsible for a number of interactions specific to the

MSC.

The MSC component p38/AIMP2 is the core of the MSC, and directly interacts

with most of the MSC components, including LysRS, GlnRS, AspRS, GluProRS,

and IleRS as well as p43 and p18 [30, 90, 101, 104]. Depletion of MSC p38 leads to

complete disruption of MSC [30, 105]. Mapping studies indicated that p38/AIMP2

interacts with other MSC components in a linear and sequence-dependent manner.

The N-terminal end of p38/AIMP2 interacts with LysRS; the following coiled-coil

region interacts with p43/AIMP1 and ArgRS; a less structured linker interacts with

GlnRS; and finally, the C-terminal GST domain binds to p18/AIMP3, AspRS,

MetRS, and other aaRSs (Fig. 10).

Among those interactions, the LysRS and p38 interaction appears to be most

critical for the stability of MSC. Sequence alignment shows that the LysRS

interacting residues in p38 are highly conserved, supporting the idea that the

MSC assembly, especially the LysRS:p38/AIMP2 interaction, is conserved in all

higher eukaryotes [106]. In functional tests, gene knock-downs of LysRS led to

MSC disruption and subsequent degradation of MSC components [105]. A further

study, using recombinant proteins, reconstituted the subcomplex of LysRS:p38

in vitro. Surprisingly, the LysRS:p38 subcomplex showed a (2:1) � 2 stoichiome-

try with each p38 subunit binding to one LysRS dimer through its N-terminal

sequences [107]. Because p38 forms this dimer through its C-terminal GST domain,

this explains the long observed stoichiometry of four subunits of LysRS present in

the MSC, the highest among all MSC components [89]. Presumably, this arrange-

ment of mutually independent bindings of two LysRS dimers for p38 allows for

specific release of one LysRS dimer under certain responses, while maintaining the

stability of the MSC with the other LysRS dimer [93]. This novel stoichiometry was

later confirmed by a high resolution co-crystal structure of human LysRS-p38, the

first subcomplex structure of MSC. The structure shows that the N-terminal 32

residues of p38 are composed of two short motifs, which sequentially bind to two

symmetric grooves of the dimeric LysRS [106].
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4 Metamorphosis of tRNA Synthetases

Structural metamorphosis of aaRSs has occurred during evolution by the addition of

new domains, and has played a critical role in the activation and regulation of the

expanded functions of aaRSs. Different functions of an aaRS may be represented by

distinct conformations of the same aaRS, and each aaRS may be viewed as a

collection of various conformational states that can be converted from one to the

other. The various conformations of aaRS provide the structural basis for obtaining

different interaction partners in different cellular or extracellular milieus that

dictate its functionality, and provide ways of regulation in response to environmen-

tal stimulus or developmental cues.

The conformational change of an aaRS protein can be achieved in various ways.

One mechanism is through proteolysis to remove part of the protein sequence, thus

exposing new areas that were masked or hindered in the conformation of the full-

length protein. Such conformational resection can also be achieved by alternative

splicing at the mRNA level, with subsequent translation of the splice variants into

truncated protein sequences. In addition, alternative splicing-based changes are, in

principle, capable of creating bona fide structures. Other mechanisms to generate

alternative conformations without a resection are exemplified as posttranslational

modifications or disease-associated missense mutations which have been identified

in the human population. A conformational change in protein may further trigger a

shift in its structural organization at the quaternary level.

4.1 Proteolysis-Based Structural Resection

Proteolysis has been observed with several human aaRSs at specific regions. Those

regions are usually linkers that join the evolutionary conserved aaRS enzyme core

with a new domain incorporated at a later stage in evolution. Interestingly, these

linkers are usually disordered in crystal structures of aaRSs or, for those without

crystal structure information, are predicted to be unstructured. High flexibility of

the linkers may render them more accessible for various proteases. Interestingly,

proteolysis that removes an appended domain from the core enzyme has been

shown to be associated with activation of a non-canonical function of aaRS. For

example, the EMAPII-like domain appended to human TyrRS is linked to the core

enzyme (named mini-TyrRS) via an unstructured loop of 22 amino acids

(D343–I364) that is disordered in the crystal structure [108]. This loop is cleaved

by at least two proteases – plasmin and leukocyte elastase – with different sequence

specificities (Fig. 11a) [17, 109]. The cleavage at this loop activates the cytokine

activities of both mini-TyrRS and EMAPII, which are otherwise mutually inhibited

in the context of the full-length protein. Another example is human TrpRS, which is

appended with a helix-turn-helix WHEP domain. The WHEP domain is linked to

the core enzyme of TrpRS via a 29-residue loop (G55–D83) in which 21 residues
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(D61–E81) were disordered in the crystal structure. Similar to TyrRS, the loop

contains the cleavage site for both plasmin and leukocyte elastase [49, 110], which

cleave off the WHEP domain from the core enzyme to activate its angiostatic

activity (Fig. 11b).

Addition or removal of an appended domain might not dramatically affect the

conformation of the core enzyme. This scenario has been demonstrated by human

TrpRS, where the core enzyme adapts essentially the same conformation as a stand-

alone protein and as part of the full-length protein [111]. However, as a result of an

appended domain being removed, the overall conformation of an aaRS must be

affected and certain areas may become exposed. In the case of human TyrRS,

removal of the EMAPII domain exposes the ELR motif that is critical for mediating

the angiogenic and cytokine-like activity of mini-TyrRS [17]. As for human TrpRS,

removal of the WHEP domain opens the active site that has both a Trp and an ATP

binding pocket. The active site is used to bind to two Trp residues near the N-

terminus of VE-cadherin, and the binding blocks the hemophilic interaction

between VE-cadherins that is critical for angiogenesis [48–50]. Importantly, a

flexible and long linker region, like that found in TyrRS and TrpRS, would allow

for the incorporation of more than one protease recognition site to facilitate

cleavage at the linker region.

4.2 Alternative Splicing-Based Structural Resection

Alternative splicing at the mRNA level can also achieve structural resection of

aaRSs. For example, an exon-skipping event generates an mRNA variant of human

TrpRS that lacks exon 2. The splice variant is translated into a shorter form of

TrpRS (mini-TrpRS) that is missing the first 47 residues and the majority of the

Fig. 11 Appended domains join to TyrRS (a) and TrpRS (b) enzyme cores via flexible linkers that

serve as cleavage sites for the activation of novel functions of TyrRS and TrpRS
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WHEP domain [112–114]. Mini-TrpRS, similar to the other WHEP domain-deleted

forms of TrpRS generated by proteolysis, exhibits angiostatic activity that is

masked in the full-length protein (Fig. 12a) [115].

Alternative splicing can also achieve internal deletion, which is not possible by

proteolysis. A recent example is an exon-skipping event on human HisRS that

removes a large segment of mRNA from exon 3 to exon 10. This event results in the

precise deletion of the entire catalytic domain (CD) to make a protein product that

directly links the N-terminal WHEP domain to the C-terminal anticodon-binding

domain [116]. NMR spectroscopy analysis revealed a dumbbell-like conformation

of the splice variant with the WHEP and anticodon-binding domains loosely linked

together. Although the conformation of each domain is more or less preserved, the

overall tertiary and quaternary structures of the splice variant dramatically differ

from that of the full-length HisRS (Fig. 12b–d).

In principle, as alternatively spliced mRNAs are translated into new

polypeptides they can generate independent new structures. The new conformations

could result from new protein sequences that are being created, for example, by

intron retention or frame shift events, or from sequence deletions that may affect the

conformation of the rest of the proteins. In the case where an internal deletion takes

place in the middle of a globular domain (rather than at the domain boundary, as in

the HisRS case above), a bona fide new structure may be generated that would not

be possible to generate by proteolysis.

Fig. 12 Alternative splicing

generates structural resections

of aaRSs. (a) Human TrpRS

and its splicing isoform.

(b) Human HisRS and its

splicing isoform.

(c, d) Structure of human

full-length HisRS (c) and the

alternatively spliced

isoform (d)
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4.3 Posttranslational Modification-Based Structural Change

Posttranslational modifications such as phosphorylation have also been found to

control the non-canonical functions of aaRS proteins, presumably through induced

conformational change. A well-studied example is GluProRS, the dual functional

tRNA synthetase comprised of an N-terminal GluRS and C-terminal ProRS that are

linked together through three consecutive WHEP domains. GluProRS is a compo-

nent of the MSC. Upon interferon-γ stimulation, GluProRS is phosphorylated at

Ser886 (in between the second and the third WHEP domains) and at Ser999 (after

the third WHEP domain and before the C-terminal ProRS), and both phosphoryla-

tion events are required to trigger the release GluProRS from the MSC [44].

Although the structural change is undefined, phosphorylated GluProRS, but not

its unphosphorylated form, can facilitate the assembly of a heterotetrameric

γ-interferon-activated inhibitor of translation (GAIT) complex that binds to

mRNAs with GAIT elements to suppress their translation.

Another example is LysRS. Upon immunological challenge, LysRS in mast cells

is phosphorylated at Ser207, which triggers the release of LysRS from the MSC and

its subsequent nuclear localization to regulate transcription factor MITF [93]. In the

absence of Ser207 phosphorylation, LysRS is strongly associated within the MSC

in a “closed” form to catalyze the aminoacylation reaction that charges lysine

onto tRNALys for protein synthesis [106]. However, phosphorylation at Ser207

triggers a distinct conformational change that opens up the structure. As a result,

phosphorylated LysRS is released from the MSC and translocated from cytoplasm

to the nucleus, where it binds to MITF, and generates diadenosine tetraphosphate

(Ap4A) to activate the transcription of MITF target genes. The open conformation

can no longer aminoacylate tRNA but has significantly elevated activity in Ap4A

production [106]. Therefore, phosphorylation-based conformational change switches

the function of LysRS from translation to transcription (Fig. 13). Significantly,

phosphorylation at a different site, Thr52, translocates LysRS to cell membrane,

where it interacts with the 67LR laminin receptor and enhances laminin-dependent

cell migration in breast cancer cells [8]. Therefore the observations that two phos-

phorylation events on one LysRS protein lead to two completely different signaling

cascades further indicates the high potential of aaRS structural metamorphosis in

regulating the cellular pathways [8].

In addition to phosphorylation, other types of posttranslational modifications

such as acetylation and neddylation have been found on aaRS [117–119]. Although

not yet characterized, the modifications could also induce structural and functional

changes on their target aaRSs.
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4.4 Mutation-Induced Structural Change

Mutations in aaRS genes have been associated with various diseases, and most

prominently with a genetic disorder named Charcot-Marie-Tooth (CMT) disease.

CMT disease is the most common heritable peripheral neuropathy affecting approx-

imately 1 in 2,500 people [120]. More than 40 genes have so far been associated

with CMT through mutations that lead to similar clinical presentations that are

characterized by loss of muscle tissue and touch sensation in body extremities

[121]. Among them, four genes encode aaRSs (i.e.,GARS, YARS, AARS, and KARS,
encoding GlyRS, TyrRS, AlaRS, and LysRS, respectively) and thus make aaRS one

of the largest gene families associated with CMT.

Among the four aaRSs linked to CMT, GARS mutations were most frequently

found in CMT patients. Eleven mutations in GARS have been linked to an axonal

type of CMT (CMT2D), and two separate mutations were found in mice to cause

CMT2D-like phenotypes. The mutations are distributed throughout the protein in

multiple domains, and do not always affect the enzymatic activity of the synthetase

[122]. A gain-of-function mechanism has been clearly demonstrated using the

mouse model Nmf249, where the CMT2D-like phenotype that is linked to a

spontaneous mutation P234KY cannot be rescued by overexpression of WT

GlyRS [123].

Crystal structure analysis did not reveal significant conformational change

caused by a CMT2D mutation, presumably because the potential conformational

change is restrained by the crystal lattice interactions [124]. However, a study using

a solution method (i.e., hydrogen-deuterium exchange analysis) found that different

CMT2D-causing mutations induce similar and dramatic conformational change

that opens up the structure to expose a consensus area that is otherwise masked in

the WT protein [125]. Based on this study, this consensus area that is opened up by

different mutations is hypothesized to be responsible for mediating a gain-of-

function interaction that leads to pathological sequelae found in CMT2D patients

(Fig. 14).

Although a gain-of-function mechanism has not yet been demonstrated with

other aaRS proteins linked to CMT, it is possible that a similar mutation-induced

structural change may be involved. This consideration is based on the fact that

Fig. 13 Post-translational

modifications generate

structural metamorphosis of

LysRS
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almost all aaRS-associated CMT mutations are dominant, consistent with gain-of-

function mutations [126–129]. In addition, CMT-causing mutations are predomi-

nantly located near subunit or domain interface, a presumably sensitive location to

trigger conformational change. For example, all 13 CMT2D mutation-linked

residues in GlyRS are located near the dimerization interface and approximately

half of them make direct dimer interactions [122]. Similarly, CMT-linked residues

in LysRS are distributed at the dimer interface [130, 131].

4.5 Quaternary Structural Change

About half of the aaRS family members form a quaternary structure (dimer,

tetramer, or heterodimer) in order to be catalytically active for aminoacylation.

The most common form of a aaRS is a dimer. Interestingly, at least for some aaRSs,

the dimer interface is considerately smaller in the human proteins as compared to

their bacteria counterparts [111]. Presumably the reduced dimer interface

corresponds to a higher propensity for subunit dissociation, whereby the resulting

monomeric conformation may be associated with functions that are distinct from

the dimer form. An example is human TyrRS. Although both the monomer and the

dimer form of mini-TyrRS can bind to the cell surface receptor CXCR1/2, only the

monomer form can induce the migration of PMN cells [132]. Another example is

LysRS. The monomeric form of LysRS is suggested to interact with the capsid Gag

protein of HIV, which helps the packing of tRNALys, a primer for viral reverse

transcription, into the HIV virion [133]. Interestingly, although monomeric LysRS

is inactive for aminoacylation [134], disruption of LysRS dimerization seems not to

have a major effect on tRNA binding [135]. These examples raised the possibility

that monomer-dimer equilibrium is a mechanism to regulate the aminoacylation

(dimer) and the novel (monomer) functions of aaRSs.

The catalytically active dimer form can not only dissociate into monomers, but

also further associate to form tetramers (Fig. 15). For example, purified human

LysRS is found in solution to exist as dimers and as tetramers [107, 130]. Inside the

cell, LysRS is a component of the MSC through its interaction with AIMP2/p38, a

scaffold protein required for the assembly of the MSC. The binding surface for

AIMP2/p38 on LysRS overlaps with the dimer–dimer interface of the LysRS

tetramer [107] and, therefore, if such tetramers exist in vivo, they may regulate

the assembly of the MSC.

Fig. 14 CMT2D-causing mutations generate structural metamorphosis of GlyRS
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A change at the quaternary level can also be combined with, or regulated by,

conformational changes caused by other mechanisms. For example, the aforemen-

tioned splice variant of HisRS can no longer form dimers as the dimer interface is

embedded in the catalytic domain which is ablated in the splice variant [116].

Interestingly, the conformational opening of GlyRS by CMT2D-causing mutations

alters the dimerization interface and depending on the mutation, either inhibits or

promotes dimer formation [125].

5 Concluding Remarks

The number of genes that can be traced back to form the genetic core of a common

ancestor is extremely small (~80) [136]. More than half of them are components of

the translation machinery, including tRNA synthetases, ribosomal proteins, and

their related factors. Therefore, from the point of view of evolutionary conserva-

tion, ribosomal proteins and their related factors are the only proteins that match the

aaRS family. In comparison to these other conserved protein families, aaRS

proteins have shown a high propensity to add new sequences and especially new

domains during the evolution of higher eukaryotes. Why is the expansion of new

domains/sequences unique among the fundamental protein machinery but universal

to the aaRS family? And why are aaRS proteins particularly prominent in their

capacities to mediate a broad range of functions beyond translation? These funda-

mentally intriguing questions remain unanswered. The uniqueness of aaRSs may be

connected to some of their special features, such as their long exposure to evolu-

tionary processes, their ubiquitous nature and presence in all life forms, their

modular domain architectures, their diverse array of specific amino acid binding

pockets, or their unique ability to coordinate translation with other cellular pro-

cesses. Possibly the answer lies in the combination of all the features above, and

more to be discovered in the future.
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Protein–Protein Interactions and

Multi-component Complexes

of Aminoacyl-tRNA Synthetases

Jong Hyun Kim, Jung Min Han, and Sunghoon Kim

Abstract Protein–protein interaction occurs transiently or stably when two or

more proteins bind together to mediate a wide range of cellular processes such as

protein modification, signal transduction, protein trafficking, and structural folding.

The macromolecules involved in protein biosynthesis such as aminoacyl-tRNA

synthetase (ARS) have a number of protein–protein interactions. The mammalian

multi-tRNA synthetase complex (MSC) consists of eight different enzymes: EPRS,

IRS, LRS, QRS, MRS, KRS, RRS, and DRS, and three auxiliary proteins: AIMP1/

p43, AIMP2/p38, and AIMP/p18. The distinct ARS proteins are also connected to

diverse protein networks to carry out biological functions. In this chapter we first

show the protein networks of the entire MSC and explain how MSC components

interact with or can regulate other proteins. Finally, it is pointed out that the

understanding of protein–protein interaction mechanism will provide insight to

potential therapeutic application for diseases related to the MSC network.
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1 Complex Formation of Aminoacyl-tRNA Synthetase

1.1 Multi-tRNA Synthetase Complex

ARSs can be classified into two groups based on their structural features. Class I

ARSs each possess a Rossman fold in their catalytic domains, whereas class II

enzymes contain three homologous motifs with degenerate sequence similarity

[1–3]. ARSs can also be grouped on the basis of their ability to form multi-tRNA

synthetase complex (MSC) with each other and auxiliary factors, whereby ARSs

can form a macromolecular complex. Among the complexes formed by ARSs, the

mammalian MSC is the most intriguing [4–6]. This complex is distinctive as

compared with other macromolecular protein complexes in that its components

are enzymes that carry out similar catalytic reactions simultaneously, and only a

subset of ARSs are involved (Fig. 1).

In the yeast Saccharomyces cerevisiae, a primitive form of such ARS complexes

is present. The yeast MSC is composed of three proteins: ERS, MRS, and the

non-enzyme component called Arc1p, which is homologous to mammalian AIMP1

[7]. Arc1p binds to the N-terminal domains of both ERS and MRS, increasing their

affinity for the cognate tRNAs, thereby promoting the export of tRNA from nucleus

to cytosol [8]. In studies where the yeast Arc1p complexes were analyzed in

solution by small-angle X-ray scattering (SAXS), the ternary complex of ERS

and MRS with Arc1p displayed a peculiar extended star-like shape. The SAXS

analysis revealed that binding of the cognate tRNAs initiated a striking compaction

of the pentameric complex as compared to the ternary one. Based on this data,

a hybrid low-resolution model of the pentameric complex has been constructed,

which rationalizes the compaction effect as occurring through interactions of

negatively charge-tRNA backbones with the positively charge-tRNA binding

domains of the two enzymes [9, 10].

In the nematode Caenorhabditis elegans, a species grouped with arthropods

in modern phylogeny, the structural organization of MSC displays significant

variation, not containing an EPRS enzyme, as observed in the vertebrate branch

120 J.H. Kim et al.



of deuterostomes and in the arthropod branch of protostomes [11]. The other

specific features of this complex are the retention of VRS, and the absence of

DRS, AIMP1, and AIMP3 proteins. Thus, metazoan MSC contains RRS, ERS,

QRS, IRS, LRS, KRS, MRS, and AIMP2.

The metazoan MSC is well conserved and comprises more proteins compared

with that of yeast. The molecular weight of the complex is approximately

1.0–1.2 � 106 Da and sediments as an 18–30S particle. In negatively stained electron

micrographs, the particle appears in several orientations including triangular,

rectangular, and square shapes. A working structural model of the complex has

been proposed as a cup or elongated “U” shape, based on low resolution electron

microscopic images. The earliest electron micrographs of density gradient fractions

of the ARS preparations from rat liver showed negatively stained “dumbbell”-shaped

and circular particles 11–14 nm in size [12–14].

The mammalian MSC consists of eight different enzymes: EPRS, IRS, LRS,

QRS, MRS, KRS, RRS, and DRS, and three auxiliary proteins: AIMP1/p43,
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Fig. 1 Protein–protein interaction network of aminoacyl-tRNA synthetases (ARSs). This interac-

tion network shows the possible connections among ARSs, ARS-interacting multi-functional

proteins (AIMPs), and their binding partners. Eight different ARSs (EPRS, DRS, IRS, LRS,

MRS, QRS, RRS, and KRS), and three auxiliary factors (AIMP1, AIMP2, and AIMP3), form a

macromolecular protein complex, which is known as the multisynthetase complex (MSC).

MSC-forming and noncomplex components are shown in black and white, respectively
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AIMP2/p38, and AIMP3/p18. They are all invariably associated with the MSC [10,

15, 16]. On the basis of previous studies [15, 16], the components of MSC can be

grouped into two subdomains based on their association with AIMP2. One

subdomain includes QRS, RRS, and AIMP1, which is linked to the N-terminal

region of AIMP2, containing the leucine zipper domain. The other subdomain

includes KRS, MRS, DRS, AIMP3, and the three high molecular weight proteins

EPRS, IRS, and LRS, which is linked to the C-terminal region of AIMP2,

containing the GST domain.

Although the spatial arrangement and stoichiometry of the components are

undefined, it is obvious that AIMP2 is an essential scaffold molecule for the

assembly of the MSC [17]. Systematic depletion studies of MSC components

with the specific siRNAs revealed that the protein stability of some components

depends on the presence of their neighbors in the complex. Thus the overall stability

of the MSC complex is determined by the inclusion of these components. Further-

more, the depletion of AIMPs results in the dissociation of some components such

as MRS, QRS, KRS, and RRS fromMSC, suggesting that these auxiliary factors are

also important for MSC assembly.

When comparing ARSs which participate in MSC formation with those that do

not, there are no obvious differences in their size distributions, structural features,

post-translational modifications, expression profiles, or chromosomal locations.

However, comparison of functional motifs present in ARSs reveals that the presence

of the GST domains and leucine zipper domains may be crucial determinants for

MSC formation. GST domains are present in the N-terminal extensions of MRS and

EPRS of the complex-forming enzymes, and the C-terminal regions of AIMP2 and

AIMP3 of the auxiliary factors [18–20]. In addition, leucine zipper domains are

present in the N-terminal extensions of RRS, one of the complex-forming enzymes,

as well as the N-terminal regions of AIMP1 and AIMP2, two of the auxiliary factors.

1.2 Functional Implications for the MSC Formation

Over the years a number of possible functions have been proposed for the MSC.

These include (1) serving as a means to stabilize its own components, (2) acting as a

molecular reservoir to regulate the non-canonical activities of ARSs, and

(3) channeling and delivery of aminoacyl-tRNAs for protein synthesis. We describe

these functions below.

1. With regards to MSC stabilizing its own components, experiments where human

MSC components were depleted using siRNAs suggest that the stability

characteristics of each component varies depending on the presence of other

components in the complex, as well as cell type and growth conditions. Among

the components, AIMPs appear to be critical for the stability of the whole MSC.

This stability is also dependent on the presence of other enzymes in the complex.

However, KRS differs from all other MSC components as it does not require the

122 J.H. Kim et al.



other components for its stability, although it is essential for formation of the

MSC. In contrast, RRS and MRS appear to be strongly dependent on complex

formation for their stability [16]. Some components such as MRS, QRS, KRS,

and RRS appear to be easily released from the complex upon appropriate signals.

The linkages of these components may play a part in their dissociation from the

MSC in response to specific signals.

2. Another hypothesized role for MSC is its function as a molecular reservoir to

regulate the non-canonical activities of ARSs. Some mammalian MSC

components, such as EPRS, KRS, AIMP2, and AIMP3, are released from the

MSC upon specific signals, whereupon they exert non-canonical activities. For

instance, EPRS is known to be a component of the hetero-tetrameric gamma-

interferon-activated inhibitor of translation (GAIT) complex that binds 30UTR
GAIT elements in multiple interferon-gamma (IFNγ)-inducible mRNAs, and

suppresses their translation. IFN-gamma induces sequential phosphorylation of

serine 886 and serine 999 in the non-catalytic linker of EPRS, which triggers

EPRS release from the MSC. Phosphorylation at serine 886 is required for the

interaction of NSAP1, which blocks EPRS binding to target mRNAs. The same

phosphorylation event induces subsequent binding of ribosomal protein L13a

and GAPDH, and finally restores mRNA binding. Phosphorylation at serine

999 induces the formation of a functional GAIT complex that binds initiation

factor eIF4G, and eventually represses translation. This two-site phosphoryla-

tion provides structural and functional pliability to EPRS and controls the

repertoire of activities that regulates inflammatory gene expression [21–25].

In another example, upon binding of laminin, KRS is phosphorylated at

threonine 52 by p38MAPK and dissociated from the MSC. This phosphorylation

is required for KRS translocation to the membrane, whereupon it binds to the

67 kDa laminin receptor (67LR). Protein turnover of 67LR in the membrane is

controlled by Nedd4-mediated ubiquitination. KRS inhibits ubiquitin-mediated

degradation of 67LR, thereby enhancing laminin-induced cell migration

[26]. In stimulated mast cells, KRS is also phosphorylated, inducing its release

from the MSC, and activating the transcription factor MITF. Phosphorylation at

serine 207 induces a striking conformational change, resulting in the inactivation

of its translational function, and activation of transcriptional function. Structural

analysis shows that KRS is held in the MSC by its binding to the N-terminus of

the AIMP2 [27]. Phosphorylation at serine 207 disrupts the binding grooves

for AIMP2, resulting in release of KRS and its nuclear translocation. This

conformational change also exposes the C-terminal domain of KRS, allowing

it to bind to MITF, and triggers the formation of second messenger Ap4A, an

endogenous molecule consisting of two adenosine molecules linked by four

phosphates. Ap4A is known to be synthesized by KRS in the absence of

cognate tRNAs. It binds to Hint and liberates MITF, leading to the activation

of MITF-dependent gene expression in immune response [28].

Upon DNA damage response, AIMP2, which is a scaffolding protein required

for the assembly of the MSC, is phosphorylated, dissociated from the MSC,

and translocated into the nucleus. AIMP2 directly interacts with p53, thereby
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preventing MDM2-mediated ubiquitination and degradation of p53 in response

to DNA damage. One possible explanation for the involvement of AIMP2 in the

p53 pathway is that AIMP2 controls tRNAs biogenesis in coordination with p53,

since p53 is known to function as a repressor of RNA polymerase III transcrip-

tion and inhibits the synthesis of essential small RNAs including tRNAs

[29]. Furthermore, in mammalian MSC, AIMP3 has been shown to associate

with MRS. Upon DNA damage response, the general control nonrepressed-2

(GCN2) kinase phosphorylates MRS at serine 662 and this phosphorylation

induces a conformational change of MRS and its dissociation from AIMP3,

resulting in translocation to nucleus [30]. Together, these multiple lines of

evidence suggest a functional role for MSC formation in a signaling reservoir

that regulates the non-canonical activities of ARSs in cellular homeostasis.

3. The structural organization of MSC suggests that aminoacyl-tRNAs may be

channeled in cells. In Chinese hamster ovary (CHO) cells, co-electroporation of

various combinations of free [14C]amino acids and [3H]aminoacyl-tRNAs,

whereby free amino acids serve as precursors for protein synthesis, exogenous

aminoacyl-tRNAs are utilized poorly. The lack of incorporation into protein

from exogenous aminoacyl-tRNAs is not due to their leakage from the cell, to

their instability, or to their damage during electroporation [31, 32]. Furthermore,

in contrast to the findings with intact cells, extracts of CHO cells incorporate

both free amino acids and aminoacyl-tRNAs into protein with similar

efficiencies, suggesting channeling occurs within live cells.

Other studies support the channeling model for mammalian translation.

In mammalian cells there are two forms of RRS, both products of the same

gene. The high molecular weight form, which is present exclusively as an

integral component of the MSC, is used to generate Arg-tRNAArg for translation,

whereas in the low molecular weight, free RRS generates Arg-tRNAArg for

N-terminal arginylation of certain proteins. The high molecular weight form of

RRS is essential for normal protein synthesis and growth of CHO cells even

when low molecular weight, free RRS is present and Arg-tRNA continues to be

synthesized at close to wild-type levels [33]. In the MSC, AIMP3 and MRS are

binding neighbors to each other, and form a ternary complex with eukaryotic

initiation factor 2γ subunit (eIF2γ) [34]. AIMP3 recruits active eIF2γ to the

MRS–AIMP3 complex. AIMP3 also has Met-tRNAiMet -binding ability and

mediates the delivery of Met-tRNAi
Met from MRS to the eIF2 complex for

accurate and efficient translation initiation. Interactions between EF-1α and

various ARSs have been described in eukaryotes. EF-1α is known to form a

stable complex with LRS. Complex formation has little effect on EF-1α activity,

but increases the k(cat) for Leu-tRNALeu synthesis approximately eightfold. In

addition, EF-1α co-purifies with the archaeal MSC comprised of LRS, KRS, and

PRS [35]. These interactions between EF-1α and the archaeal MSC contribute to

translational fidelity, both by enhancing the aminoacylation efficiencies of the

three ARSs in the complex and by coupling two stages of translation:

aminoacylation of cognate tRNAs and their subsequent channeling to the

ribosome.
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2 Pairwise Interactions of Aminoacyl-tRNA Synthetases

and Their Functional Implication

2.1 Interaction Pairs of AIMP1

2.1.1 AIMP1 and gp96

AIMP1 consists of 312 amino acids, and binds to RRS within the MSC. Its

C-terminal domain (95 amino acids) contains an oligonucleotide-binding motif

capable of interacting with tRNA. Although the roles of the C-terminal domain

have not yet been clarified, they seem to be involved in specific protein–protein

interaction with RRS. AIMP1 performs a variety of functions depending on its

cellular distribution and interacting partners (Fig. 2).

One such partner is gp96, an endoplasmic reticulum (ER)-resident chaperone

protein and a member of the heat shock protein 90 (HSP90) family [36–38]. AIMP1

interacts with gp96 and mediates gp96-KDEL receptor binding, thereby controlling

ER retention of gp96 in the regulation of immune tolerance. Evidence supporting

Cell

AIMP1

gp96 Smurf2

(ER retention of gp96) (Negative feedback of 
TGFb b pathway)

?CD23
ATP

synthase

Endothelial Cell Monocyte Fibroblast/Pancreatic a cell

Migration/death Inflammation
Proliferation/

Glucagon secretion

Fig. 2 Protein–protein interaction network of AIMP1. In the cytoplasm, AIMP1 mainly

associates with RRS within the MSC. In the ER, AIMP1 binds to gp96 to regulate its ER retention

and chaperone activity. AIMP1 translocates to the nucleus and interacts with Smurf2 to control

TGFb signaling. AIMP1 is secreted and regulates angiogenesis through ATP synthase on

endothelial cells, inflammatory response through CD23 on monocytes, glucose homeostasis

through glucagon secretion from pancreatic α cells, and cell proliferation of fibroblasts
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the role of gp96 in immune tolerance includes data from a transgenic mouse

model expressing cell surface gp96, which showed significant dendritic cell

(DC) activation and maturation, and the development of lupus-like autoimmune

disease. As gp96 is expressed on the cell surface of immune cells, it appears to be

involved in innate and adaptive immunity. Direct interaction of gp96 with DC

induces the maturation of DC, promotes the secretion of proinflammatory cytokine,

and regulates the activation of major histocompatibility classes I and II (MHC I

and II) [39].

Gp96 contains a C-terminal KDEL sequence, which is involved in retrograde

transport from the Golgi compartment to the ER [40, 41]. The KDEL receptor is

located at the Golgi, binds with high affinity to KDEL-bearing proteins such as

gp96, and is translocated to the ER by chaperone proteins. The association of

KDEL ligand with the KDEL receptor in the Golgi or ER is dependent on the pH

of compartment lumen, whereby the KDEL ligand is dissociated from its receptor

in the ER in high pH conditions. AIMP1 interacts with gp96 and mediates

gp96-KDEL receptor binding, thereby controlling ER retention of gp96 in the

regulation of immune tolerance. Gp96 has a number of functional domains

including a nucleotide binding ATPase domain, acidic domain, and dimerization

domain. AIMP1 interacts with the dimerization domain of gp96 and facilitates

binding between the gp96 dimer and KDEL receptor dimer. In addition, the central

region of AIMP1 interacts with gp96.

2.1.2 AIMP1 and CD23

Although the main portion of AIMP1 is bound to theMSC, a lesser portion is secreted

to the extracellular matrix where it works as a cytokine on various target cells such as

endothelial cells, macrophage, and pancreatic α cells. CD23 is the low-affinity

receptor for immunoglobulin E (IgE) and is also cleaved from the cell surface

to produce a soluble CD23 (sCD23) protein with pleiotropic cytokine-like activity

[42, 43]. As a membrane protein, CD23 is a type II transmembrane glycoprotein of

approximately 45 kDa molecular weight. It is comprised of a large C-terminal

globular extracellular domain that is similar to C-type lectins, the stalk region bearing

a putative leucine zipper important for CD23 oligomerization, a single hydrophobic

membrane-spanning region, and an N-terminal cytoplasmic domain. CD23 interacts

with binding partners such as IgE, CD21, major histocompatibility complex (MHC)

class II and αv integrin, and mediates a number of cellular responses including IgE

synthesis, antigen presentation, proliferation of B cells, and activation of monocytes.

It has been suggested that CD 23 can potentially serve as a diagnosis marker in a wide

range of disease as well as a target for therapeutic intervention [44]. In immune cells

such as THP-1 monocytic cells and human peripheral blood mononuclear cells

(PBMCs), CD23 functions as a receptor for AIMP1 and mediates cell migration

and TNFα secretion by AIMP1. The C-terminal EMAPII domain of AIMP1 is not

involved in CD23-mediated activities; however, the central region of AIMP1 is

closely linked to the cytokine effect of AIMP1 by its binding to CD23 [45] (Fig. 2).
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2.1.3 AIMP1 and Smurf2

AIMP1 functions as a component of the negative feedback loop of the TGF-β
pathway [46, 47]. Smad-mediated ubiquitination regulatory factor 1 (Smurf1) and

Smurf2 are HECT (homologous to the E6-accessory protein C-terminus)-type E3

ubiquitin ligases which regulate TGF-β and BMP signaling. Studies suggest that

Smurfs exert inhibitory roles on the TGF-β pathway [46]. Smurfs contains an

N-terminal C2 domain for membrane binding, a central region containing two or

three WW domains for protein–proteins interaction, and a C-terminal HECT

domain for protein ubiquitination. Both Smurf1 and Smurf2 interact with Smad7

to induce the ubiquitin-dependent degradation of Smad7 and the associated

receptors of the TGF-β family. Although Smurf1 and Smurf2 are localized to the

nucleus, their binding to Smad7 induces their export and recruitment to activated

receptors, resulting in the degradation of the receptor and Smad7 [46].

Smurf2 was discovered to be an inhibitor of the TGF-β pathway through its

degradation of Smad2 [48]. Smurf2 also interacts with Smad7 to target TGFβ
receptor I for degradation [49]. Thus, in conjunction with Smad7, Smurf2 serves

as a negative feedback mechanism to halt TGF-β signal transduction. Thus, the

nature of Smurf2 function is paradoxical, both enhancing TGF-β pathways through
the degradation of nuclear corepressors while inhibiting them through the degrada-

tion of the receptor. This contradictory mechanism of Smurf2 is explained by its

location within cells, whereby nuclear Smurf2 promotes TGF-β signaling and

cytoplasmic Smurf2 exhibits the opposite behavior. A recent study suggested that

cytoplasmic Smurf2 negatively regulates TGF-β signaling through binding to the

C-terminal region of AIMP1, which excludes the EMAPII domain [46] (Fig. 2).

2.2 Interaction Pairs of AIMP2

2.2.1 AIMP2 and FBP1

AIMP2 consists of 320 amino acids with four exons, and in the MSC associates with

KRS and AIMP1 through its leucine zipper domain. The protein stability of the far

upstream element binding protein 1 (FBP1) is regulated by AIMP2 [50, 51]

(Fig. 3). FBP1 was first discovered as a transcriptional regulator of the proto-

oncogene transcription factor c-myc, which controls diverse cellular responses

including cell proliferation, differentiation and apoptosis [52]. The human FBP1
gene encodes a 644-amino acid protein with 3 well-defined domains: an amphipathic

helix N-terminal domain, a tyrosine-rich C-terminal transactivation domain, and a

DNA-binding central domain.

FBP1 interacts with the central region of AIMP2 through its C-terminus, as shown

by studies in which AIMP2 does not bind to the C-terminus of FBP2, the C-terminus

of FBP3, and the N-terminus of FBP1. AIMP2 promotes FBP1 degradation by post-

translational ubiquitination, without altering FBP1 mRNA levels or the overall rate of
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FBP1 protein synthesis. An in vivo study showed that knocking out AIMP2 increases

the levels of FBP1 protein and c-Myc expression in fetal lungs, leading to a defect in

lung differentiation and development of respiratory distress syndrome [50].

2.2.2 AIMP2 and TRAF2

AIMP2 controls the cell fate decision of apoptosis vs proliferation through signaling

pathways involving FBP1, p53, and TNF-receptor associated factor 2 (TRAF2) [53]

(Fig. 3). As a type II transmembrane protein, TNF ligand forms trimers and can

interact with its cognate receptors through its cell-bound or soluble forms. TNF

ligand regulates cellular events by binding to its cognate receptor, TNFR. TNFR is

a type I transmembrane protein with conserved cysteine-rich domains (CRD),

typically consisting of three disulfide bridges [54].

Binding of TNF induces the trimerization of TNFR, which leads to intracellular

signaling. Recent studies have shown that TNFR can self-assemble in the absence

of a ligand, then undergoing conformational changes upon ligand engagement.

Although the extracellular domains of TNFR are similar, the different forms of

TNFR can be classified into three subgroups based on motifs in their cytoplasmic

tail; death receptor, decoy receptor, and activating receptor of TNFR [54, 55].

TNFR1 serves as the major receptor for TNF-induced signaling pathway,

mediating such pleiotropic functions as activation of nuclear factor kappaB

(NF-κB) and induction of apoptosis. Ligand-induced reorganization of preassembled

receptor complexes enables TNFR1 to recruit the adaptor protein TNF receptor-

associated protein with a death domain (TRADD) and TRAF2. TRAF2 consists of an

N-terminal RING domain followed by five zinc fingers and a C-terminal TRAF

domain, which mediates homo-trimerization and interaction with TRADD. TRAF

proteins are defined by their ability to couple TNFR to signaling pathways that

govern the cellular effects induced by TNF. TRAF predominantly signals to proteins

leading to the activation of the NF-κB and AP-1 transcription factors. AIMP2 also

controls apoptosis through ubiquitin-dependent degradation of TRAF2 as mediated

by TNFα signaling. In this case, the central region of AIMP2 binds to TRAF2

and increases the association of c-IAP (E3 ubiquitin ligase) with TRAF2 to

regulate degradation of TRAF2 [53]. TNFR2 expression is restricted to specific

neuronal subtypes, astrocytes, endothelial cells, lymphocyte, cardiac myocytes, and

mesenchymal stem cells.

2.2.3 AIMP2 and p53

Although AIMP2 is primarily known to be a scaffold protein of the MSC, it also

works as a direct positive regulator of p53. Upon DNA damage, it is phosphorylated

and translocated to the nucleus, where it plays a role as a pro-apoptotic mediator

through its binding to the p53 tumor suppressor [29] (Fig. 3). p53 is the most

frequently inactivated tumor suppressor gene in human cancers, mutated in
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approximately 50% of human cancers based on clinical studies [56, 57]. Although

p53 is normally maintained in the inactivated state at low levels in unstressed cells,

under stress conditions both the level of p53 and its transcriptional activity are

increased to induce diverse cellular processes such as apoptosis, DNA repair, cell

cycle, and senescence under stress conditions. The level and transcriptional activity

of p53 are controlled by the negative regulator murine double minute 2 (Mdm2),

which is discovered on double minute chromosomes in a derivative cell line of NIH

3T3 cells. Mdm2 belongs to the family of ubiquitin E3 ligases that contains a RING

(really interesting new gene) finger domain. There are two distinct mechanisms by

which Mdm2 suppresses p53 [58, 59]: (1) by binding to the N-terminal domain of

p53 and masking its access to transcriptional machinery and (2) by ubiquitinating

p53 and targeting it for proteasomal degradation. However, recent research has

shown that Mdm2-p53 binding alone is insufficient to suppress p53 activity in the

absence of Mdm2 E3 ubiquitin ligase activity. Recently the stability of p53 was

reported to be protected from ubiquitination-mediated degradation by Mdm2.

In this process, AIMP2 may be involved in the regulation of p53 stability by binding

to it. Specifically, the central region of AIMP2 binds to the N-terminus of p53,

which is a binding site for Mdm2. Thus, AIMP2 has as a pro-apoptotic activity as

well as an anti-proliferative property through the regulation of ubiquitination.

Another paper reported that AIMP2 has an alternative splicing variant and its splice

AIMP2

p53

TRAF2

(Cell death)(Proliferation)

FBP1

NFkB activationc-myc transcription

ATM/ATR

AIMP3

laminA

(nuclear morphology/
senescence)

Cell

Fig. 3 Protein–protein interaction network of AIMP2 and AIMP3. On genotoxic damage, AIMP2

is translocated to the nucleus where it activates p53 directly. AIMP2 also augments the apoptotic

signal of tumor necrosis factor (TNF) through the downregulation of TNF receptor associated

factor 2 (TRAF2) and mediates the transforming growth factor-β (TGFβ) anti-proliferative signal
through the downregulation of fuse-binding protein (FBP). AIMP3 is also translocated to the

nucleus upon damage. AIMP3 activates p53 through the activation of ataxia telangiectasia mutated

(ATM) and ATM- and Rad3-related (ATR) kinases. AIMP3 also induces the cellular senescence

through the regulation of lamin A
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variant lacking exon 2 (AIMP2-DX2) is highly expressed in lung cancer cells

[60]. In addition, it was reported that AIMP2-DX2 negatively regulates the tumor

suppressor activity of AIMP2 by disrupting interaction with p53.

2.3 Interaction Pairs of AIMP3

2.3.1 AIMP3 and ATM/ATR

Consisting of 174 amino acids, AIMP3, known as a haploinsufficient tumor

suppressor, is the smallest component in the MSC. It is homologous to translation

elongation factor 1 and interacts with MRS. Following UV irradiation, AIMP3

dissociates from MRS through phosphorylation by general control nonrepressed-2

(GCN2) [30]. In response to DNA damage or oncogenic stresses, AIMP3 is

translocated to the nucleus, interacts with ataxia telangiectasia mutated (ATM)

and ATM- and Rad3-related (ATR), and ultimately regulates p53 [61, 62] (Fig. 3).

ATM/ATR kinases play key roles in the response to a broad spectrum of DNA

damage and DNA replication stress. The ATM/ATR kinases are members of the

phosphoinositide 3-kinase (PI3K)-like protein kinase (PIKK) family. Both ATM

and ATR are large kinases with significant sequence homology and functional

similarity [63]. These kinases have a strong preference for phosphorylating serine

and threonine residues that are followed by glutamine. However, although ATM is

activated in response to rare occurrences of double strand breaks (DSBs), ATR is

activated during every S phase to regulate the firing of replication origins and the

repair of damaged replication forks. It is no wonder that ATM/ATR regulates p53

activity at multiple levels. Both ATM and ATR directly interact with p53, and

enhance its transactivating activity by phosphorylating it at serine 15. ATM is also

required for dephosphorylation of serine 376, which can create a binding site for

14-3-3 adaptor protein. The association of p53 with 14-3-3 increases the affinity of

p53 for its specific DNA sequence, therefore enhancing its transcriptional activity.

Other ATM sites where p53 can be phosphorylated are serine 6, 9, 46, and

threonine 18. Phosphorylation at serine 46 is a critical process for apoptotic activity,

whereas other phosphorylation sites are required for acetylation of p53 [64].

In addition, ATM/ATR can regulate p53 through other kinases such as c-abl and

chk2. ATM-induced c-abl phosphorylates p53 at serine 20, which is important for the

stabilization of p53, since this phosphorylation disrupts the interaction between p53

and Mdm2 [65]. ATM-activated chk2 also phosphorylates the same site, leading to

activation of p53. Furthermore, ATM binds and phosphorylates Mdm2, inhibiting

p53 degradation and promoting its accumulation within cells. Recently it was

reported that AIMP3 directly interacts with ATM/ATR and activates ATM/ATR in

response to DNA damage, and is a haploinsufficient tumor suppressor and key factor

for ATM/ATR-mediated p53 activation [63].
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2.3.2 AIMP3 and Lamin A

AIMP3 is involved in senescence as well as tumorigenesis. Whereas mice that are

homozygous null for AIMP3 show early embryonic death, heterozygous mice are

born live but show highly increased susceptibility to various cancers. AIMP3

heterozygous cells transformed with oncogenes such as Ras or Myc also display

severe nuclear fragmentation and chromosome instability. AIMP3 transgenic mice

exhibit a progeroid phenotype and significantly shorter lifespan than wild-type

mice, and AIMP3-overexpressing cells show defects in nuclear morphology and

accelerated senescence. The mechanism for AIMP3’s regulation of senescence may

be through its binding to lamin A, which is one of the filament proteins of nuclear

lamina (Fig. 3). A recent paper suggested that AIMP3 regulates cellular senescence

through lamin A ubiquitination and degradation mediated by the E3 ubiquitin ligase

Siah1 [66]. Lamins play important roles in the maintenance of nuclear shape and

integrity, organization of chromatin, and distribution of nuclear pore complexes.

Mammalian somatic cells contain both A-type (lamins A and C) and B-type (lamins

B1 and B2) lamins. A-type lamins are generated by alternative splicing of the RNA

transcribed from the LMNA gene, while B-type lamins (lamins B1 and B2) are

encoded by distinct transcripts originating from the LMNB1 and LMNB2 genes

[67, 68]. Although the expression of A-type lamins is developmentally regulated

and is understood to accompany tissue and cellular differentiation, the expression of

B-type lamins is essential for cell viability. After transcription and translation of

LMNA, the precursor protein prelamin A is formed which is further processed to

lamin A in four distinct steps; farnesylation, removal of the last tree amino acids,

carboxymethylation, and finally removal of the last 15 amino acids. Most

lamniopathies arise from defects in this posttranslational modification process,

which leads to an accumulation of intermediate prelamin A isoforms. One good

example is systemic disorder, Hutchison-Gilford Progeria Syndrome (HGPS),

which is associated with a mutation in the lamins A/C gene (LMNA) causing a

deletion of 50 amino acids in exon 11. This inhibits the final cleavage step and leads

to the accumulation of a permanently farnesylated mutant lamin A protein, called

progerin [69].

2.3.3 AIMP3, MRS and eIF2γ

Among the three AIMPs, AIMP3 strongly interacts with MRS in the MSC, where

they interact with eukaryotic initiation factor 2γ (eIF2γ) subunit in a non-competitive

manner [70]. A domain mapping study indicates that the GST domains of MRS and

AIMP3 are important for their binding to eIF2γ, and, conversely, the GTPase domain

of eIF2γ is crucial for its binding to the MRS and AIMP3 complex. This complex

formation is responsible for binding with Met-tRNAi
Met for its delivery to the

ribosome for initiation of translation. Like all members of the family of large

G-proteins, eIF2 activity is regulated by alteration of bound guanine nucleotide.
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All are active in a GTP-bound state and inactive when GTP is hydrolyzed to GDP.

Although their functions are diverse, G-proteins share common structural features in

their nucleotide binding G-domain. The main difference between translation factor

G-protein and small G-protein is that they contain multiple additional domains. In the

case of eIF2, extra subunits are essential to their functions. EF-Tu has two additional

domains (I and II). This protein interacts with aminoacyl-tRNA, its GEF (EF-Ts), and

ribosome. The eIF2 has three subunits (α, β, and γ) and the eIF2γ is a nucleotide-

binding subunit, a close sequence homologue of EF-Tu. The EF-Tu bound to GTP

binds all aminoacylated elongator tRNAs. By analogy, and from analysis of

mutations, eIF2γ bound to GTP is major contributor form of binding with

Met-tRNAi
Met. Macromolecular modeling suggests that a pocket in eIF2γ formed

by the position of Sw1 in the GTP form provides a site for the aminoacylated 30-end
of Met-tRNAi. In its GDP-bound form, eIF2 interacts with the GEF eIF2B, which

binds all three eIF2 subunits. The eIF2α is a target for the kinase-regulated inhibition

of eIF2B. However, eIF2β and eIF2γ interactions are implicated in nucleotide

exchange [71].

2.4 Interaction Pairs of KRS

2.4.1 KRS and 67LR

The 67-kDa laminin receptor (67LR) is a non-integrin cell surface receptor of the

extracellular matrix, whose expression is increased in neoplastic cells with

enhanced invasive and metastatic potential. It is derived from homo- or hetero-

dimerization of a smaller precursor, the 37 kDa laminin receptor precursor

(37 LRP), although the precise mechanism by which cytoplasmic 37 LRP becomes

67LR, which is embedded in the cell membrane, is unclear [72, 73]. 67LR is

acylated by fatty acids, suggesting that 37LRP can dimerize with itself or with

another peptide by strong hydrophobic bonds mediated by fatty acids. However, the

amino acid compositions of 67LR and 37LRP are identical, suggesting homodimer

formation. 67LR also interacts with integrins, dimeric cell membrane proteins that

mediate cell adhesion to the ECM and signal transduction to the nucleus. Although

37LRP has a transmembrane domain (a.a. 86–101), it is abundant in the cytoplasm.

Interestingly, 37LRP appears to be a multifunctional protein as well as a ribosomal

component involved in the translational machinery and has also been observed in

the nucleus, where it is tightly associated with nuclear structures. KRS interacts

with 67LR and regulates its stability via ubiquitination in membrane, and enhances

laminin-induced cancer cell migration and invasion (Fig. 4). The N-terminal exten-

sion and anticodon-binding domains of KRS are involved in its binding to

67LR [26].
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2.4.2 KRS and MITF

In immunologically activated mast cells, KRS released from the MSC complex

generates the signaling molecule, diadenosine tetraphosphate (Ap4A), which

induces the interaction of KRS with MITF [28, 74] (Fig. 4). KRS-generated

Ap4A can disrupt the interaction of Hint1 to MITF by direct binding to Hint1 in

the nucleus. ERK phosphorylation of KRS at serine 207 also contributes to its

association with MITF after triggering by the antigen-IgE. The critical motif of

association of KRS to MITF is the basic helix-loop-helix leucine zipper (bHLH-LZ)

region suggesting that a truncated mutant of KRS having only the C-terminal

aminoacylation domain is required for binding to MITF.

Cell

KRS

Hint -1

Transcription
(immune response)

MITF

67LR

(migration/invasion/metastasis)

mtSOD1

(proteosome degradation)

Gag

(HIV -1 viral assembly)
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Fig. 4 Protein–protein interaction network of lysyl-tRNA synthetase. In activated mast cells,

KRS is phosphorylated at the serine 207, dissociated from the MSC, translocated to the nucleus,

and bound to transcription factor such as microphthalmia-associated transcription factor (MITF).

When KRS is phosphorylated, it generates Ap4A, which can bind to HINT1, leading to the release

of MITF from MITF-HINT1 complex. In migratory cells, KRS is phosphorylated at the threonine

52, dissociated from the MSC, translocated to the membrane, where it binds to 67LR. Finally, KRS

controls the laminin-induced cell migration through the regulation of membrane stability of 67LR.

In HIV-1 viron, reverse transcription of the HIV genome is primed by a tRNALys that is packaged

into the virion by KRS and HIV Gag protein. A subset of familial and sporadic amyotrophic lateral

sclerosis cases are due to mutations in the gene encoding Cu, Zn superoxide dismutase (SOD1).

This mutant SOD1, but not wild-type SOD1, interacts with mitochondrial KRS. In the presence of

mutant SOD1, mitochondrial KRS is misfolded and aggregated, becoming a target for proteasome

degradation. Impaired mitochondrial KRS is correlated with decreased mitochondrial protein

synthesis
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The phosphorylation of KRS induces opening of the N-terminal anticodon-

binding domain of KRS, which provides the binding pockets for MITF [27]. This

structural opening may increase the association of KRS with MITF, and may induce

release of phosphorylated KRS from the MSC, whereupon it can translocate from

the cytosol to the nucleus, bind to MITF, and generate Ap4A to activate the

transcription of MITF target genes. In conclusion, the open conformation of KRS

by phosphorylation is necessary and sufficient to switch its functions from the

translation to interaction with transcription factor MITF.

2.4.3 KRS and Gag

Upon cellular infection by human immunodeficiency virus 1 (HIV-1), the viral

RNA genome is copied into a double-stranded cDNA by the viral enzyme reverse

transcriptase (RT). The major human tRNALys isoacceptors, tRNALys1,2 and

tRNALys3, are selectively packaged into HIV-1 during assembly where tRNALys3

can act as the primer to initiate reverse transcription [75]. The resultant viral DNA

is translocated into the nucleus of the infected cell where it integrates into the host

cell’s DNA, and codes for viral mRNA and proteins. Proteins comprising the viral

structure include both the glycosylated envelope proteins (gp120 and gp41) and

mature proteins resulting from the processing of the large precursor protein, Gag.

KRS is also packaged into HIV-1 and interacts with Gag [76]. Gel chromatography

studies support the formation of a Gag-KRS heterodimer in vitro. Sequences in the

catalytic domain of KRS, from amino acids 249 to 309, are required for binding of

Gag. However, the stoichiometry of KRS-Gag binding is unclear. In human cells,

cytoplasmic KRS and mitochondrial KRS are encoded from the same gene by

means of alternative splicing, and it is unclear which form is responsible for Gag

binding. Nonetheless, KRS appears to be critical for tRNA primer packaging into

HIV-1 and for viral replication (Fig. 4) [77].

2.4.4 KRS and SOD1

SOD1 is a superoxide dismutase as well as a free radical scavenging enzyme.

Although SOD1 is abundantly expressed in the cytoplasm, a proportion of mutant

SOD1 is also associated with mitochondria, where its aggregation could have

pathological consequences. Amyotrophic lateral sclerosis (ALS) is a progressive

neurodegenerative disorder of motor neurons that result in paralysis and death within

5 years of diagnosis. Approximately 10% of ALS cases are inherited, of which

20% are associated with mutations in the Cu, Zn-superoxide dismutase, SOD1

[78]. In contrast to the precursor proteins implicated in other neurodegenerative

diseases, SOD1, with its immunoglobulin-like structure, is soluble and relatively

easy to study.
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ALS has been linked to more than 120 mutations in SOD1, providing a unique tool

for molecular analysis of the disease mechanisms. Transgenic mice expressing

mutant human SOD1 develop dysfunction of mitochondrial respiration and ATP

synthesis. In a yeast two-hybrid screen, KRS was shown to interact with mutant

SOD1 but not with WT SOD1, and moreover, KRS is expressed in both the

cytoplasm and mitochondria (Fig. 4). It is possible that aberrant interactions between

mutant SOD1 and mitochondrial KRS can destabilize mitochondria [79, 80].

However, the nature of the molecular interactions between mitochondrial KRS and

mutant SOD1 remains to be fully elucidated. One hypothesis is that accumulation of

aberrant high molecular weight protein structures on the surface of mitochondria can

lead to damage by sequestration of proteins necessary for maintaining mitochondrial

integrity and dynamics. Despite the evidence that mutant SOD1 causes mitochondrial

dysfunction, the mechanisms underlying the cause of mitochondrial damage remain

to be identified.

2.5 Interaction Pairs of VRS

2.5.1 VRS and EF-1 Complex

Valyl-tRNA synthetase (VRS) forms a stable complex with the translational

elongation factor EF-1βγδ complex [81, 82]. This complex has also been shown

to interact functionally with EF-1α [83, 84]. Since tRNA aminoacylation precedes

tRNA binding to eEF-1A, the presence of VRS in complex with eEF-1B supports

the channeling hypothesis, in which eukaryotic translation is streamlined by

coupling the charging of tRNA to its delivery to the ribosome. In higher eukaryotes,

the eEF-1B complex includes a third factor, eEF-1Bβ, which possesses its own GEF
activity. The C-terminal domain of eEF-1Bβ and eEF-1Bδ is highly similar to the

corresponding region of eEF-1Bα and accounts for its nucleotide exchange activity.

Early characterization of the eEF-1 complex in mammalian cells depended

upon in vitro reconstitution experiments with purified rabbit proteins. Using

chromatography to test different combinations of eEF-1Bαγ, eEF-1Bδ, and native

or truncated VRS, it was shown that the N-terminal extension of VRS is required for

binding to eEF-1Bδ. An eEF-1Bαγ prevents eEF-1Bδ from forming a high molecular

weight aggregate, thereby giving the complex a defined quaternary structure. The

entire complex is formed through dimerization via a leucine heptad repeat within the

N-terminal region eEF-1Bδ. The ability of eEF-1Bδ to dimerize along with its

distinct-binding interface with eEF1Bγ indicates that eEF-1Bα and eEF-1Bδ may

have different regulatory roles. This model is also supported by interactions detected

using the yeast two-hybrid systems, which demonstrated eEF-1Bγ can indeed interact
with eEF-1Bδ. Yeast two-hybrid screen and Co-IP analysis recently demonstrated

that eEF-1Bδ also interacts with SIAH-1, an E3 ubiquitin ligase [85]. Overexpression
of eEF-1Bδ inhibited E3 ligase activity, as evidenced by the decrease in

ubiquitination of its substrate. Overall, the data suggest that the endogenous

interaction between two proteins is regulated by specific cellular cues.
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2.6 Interaction Pairs of QRS

2.6.1 QRS and ASK1

Glutaminyl-tRNA synthetase (QRS) belongs to the class I ARS family, and comprises

775 amino acids, consisting of 4 domains with the Rossman fold. Apoptosis signal

regulating kinase 1 (ASK1) plays key roles in cancer, cardiovascular diseases and

neurodegenerative diseases [86]. Human ASK 1 (hASK1) and mouse ASK1

(mASK1) consist of 1,374, and 1,379 amino acids, respectively. Although the entire

tertiary structure of full-length ASK1 is yet to be elucidated, the crystal structure of

hASK1 catalytic domain in complex with staurosporine has been solved [87]. ASK1

has a serine/threonine kinase domain in the middle part of the molecule and two

coiled-coil domains at the N-termini and C-termini. The C-terminal coiled-coil

domain is required for homo-oligomerization and full activation of ASK1. This kinase

is also a member of the mitogen-activated protein kinase (MAPK) family that

activates downstream MAPKs, such as c-Jun N-terminal kinase (JNK) and p38

MAPK [88]. Phosphorylation of a threonine residue within the kinase domain

(Thr 838) is essential for activation of ASK1. In ASK mutants (Thr 838) substituted

by alanine, its activity is abolished since this site is a trans-autophosphorylation

residue under oxidative stress. ASK1 is activated by a variety of cellular stresses

such as oxidative and endoplasmic reticulum stresses, calcium influx, infection, and

Fas ligands. In response to an agonistic antibody to Fas, Fas death receptor is activated

and induces ASK1 activation, resulting in cell death. The molecular interaction

between QRS and ASK1 is dependent on glutamine concentration. QRS inhibits

ASK1 activity and has an anti-apoptotic function [89].

2.7 Interaction Pairs of LRS

2.7.1 LRS and RagD GTPase

Leucyl-tRNA synthetase (LRS), a member of the class I ARS family, comprises 1,176

amino acids with 5 structural domains: a catalytic, editing, leucine-specific,

anticodon-binding, and C-terminal domain. The mammalian target of rapamycin

(mTOR) is an atypical serine/threonine protein kinase that belongs to the phosphoi-

nositide 3-kinase (PI3K)-related kinase family and interacts with several proteins to

form two distinct complexes named mTOR complex 1 (mTORC1) and 2 (mTORC2)

[90]. Leucine, one of the branched amino acids, is identified as a key nutrient of

anabolic signaling via the mTOR complex [91]. mTOR regulates the signaling

networks related to translation and cell growth by coordinating upstream inputs such

as growth factors, intracellular energy status, and amino acid availability. mTOR

directly phosphorylates the translational regulators eukaryotic translation initiation

factor 4E (eIF4E)-binding proteins (4E-BP1) and S6 kinase 1 (S6K1), which in turn

promote protein synthesis. The activation of S6K1 is mediated by a variety of
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effectors, and results in an increase in mRNA biogenesis, as well as translational

initiation and elongation. The mechanism by which LRS activates mTORC1 is by its

role in intracellular leucine sensing and as a GTPase-activating protein (GAP) for the

RagD GTPase [92]. In mammals, Rag GTPase is necessary for the activation of

mTORC1 by leucine [93, 94]. Rag GTPases belong to the Ras GTPase subfamily

and are highly conserved from yeast to human. There are four Rag GTPases in

humans: RagA, RagB, RagC, and RagD. RagA and RagB are closely related to each

other with 98% sequence identity with the exception of 33 additional residues at the N

terminus of Rag B. RagC and RagD are closely related to each other with 81%

sequence identity. The homology between RagA/B and RagC/D is limited. RagA or

RagB interact with RagC or RagD to constitute a heterodimer [95]. According to the

current model of mTORC1 activation by leucine through the Rag GTPase, a Rag

complex is constitutively anchored on the surface of the lysosome (Fig. 5).

2.8 Interaction Pairs of WRS

2.8.1 WRS, DNA-PKs, and Poly (ADP-ribose) Polymerase-1

The DNA-dependent protein kinase (DNA-PK) is a DNA-activated serine/threonine

protein kinase consisting of a catalytic subunit (DNA-PKc) and a heterodimer of Ku

(Ku70/Ku80) proteins [96]. DNA-PK is a critical component in the DNA-damage
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repair pathway and abundantly expressed in almost all mammalian cells. Homozy-

gous knock-out mice of the DNA-PK catalytic subunit (DNA-PKcs�/�) are hyper-

sensitive to radiation and chemical treatment. Poly (ADP-ribose) polymerases

(PARP) catalyze a reaction in which the ADP-ribose moiety of NAD+ is transferred

to a receptor amino acid, building poly (ADP-ribose) (PAR) polymers. PAR

polymers are an evolutionarily conserved posttranslational modification affecting

a large array of proteins. PARP-1 and PARP-2 are highly conserved proteins,

ubiquitously expressed in mammalian tissues and with predominantly nuclear

localization. PARP-1 and PARP-2 have historically been described as key DNA

damage repair enzymes.

WRS comprises 653 amino acids and when the N-terminal 47 amino acids are

removed by alternative splicing, it is designated “mini-WRS” [97, 98]. Mini-WRS

is also truncated by proteolytic cleavage with leukocyte elastase to generate

T1-WRS and T2-WRS, which lack N-terminal 70 and 93 amino acids, respectively.

WRS is connected to p53 signaling by bridging DNA-PKc to PARP-1 pathway

through IFNγ. In response to IFNγ, a ternary complex comprising DNA-PKc/WRS/

PARP-1 is formed. IFNγ induces DNA-PKc to phosphorylate the PARP-1, then

PARP-1 PARylates DNA-PKc in the presence of nuclear WRS. Finally DNA-PKc

phosphorylates p53 at the serine 15 to integrate IFNγ signaling. Nuclear WRS

provides the link for p53 tumor suppressor to integrate IFNγ signaling and p53

activation [99].

2.8.2 WRS and VE-Cadherin

Mini-WRS is further truncated by proteolytic cleavage by leukocyte elastase to

generate T1-WRS and T2-WRS, which lack the N-terminal 70 and 93 amino acids,

respectively. SeveralWRS isoformswork as active cytokines to regulate angiogenesis.

Mini-WRS mediates angiostatic signaling in human umbilical vein endothelial cells

(HUVEC). Deletion of the tRNA anticodon-binding (TAB) domain insertion,

consisting of eight residues in the human WRS, abolishes the enzyme’s apoptotic

activity for endothelial cells, whereas its translational catalysis and cell-binding

activities remained unchanged. Vascular endothelial (VE)-cadherin, a calcium-

dependent adhesion molecule, has been identified as a receptor for mini-WRS and an

endothelial-specific cell–cell adhesion protein of the adherens junction complex [100].

VE-cadherin plays important roles in endothelial barrier function, monolayer

permeability, and angiogenesis. Thus VE-adherin availability and function are tightly

regulated [101] through mechanisms that include regulation of VE-cadherin activity

and control of the amount of VE-cadherin available for engagement at both the protein

andmRNA level. It is generally accepted that phosphorylation of VE-cadherin induces

the destabilization of the adherens junction complex and increases monolayer

permeability, although the residues that are phosphorylated and which modify

VE-cadherin activity remain to be elucidated.

In addition to its adhesive properties, VE-cadherin also participates directly

and indirectly in intracellular signaling pathways to control cell dynamics and
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influences endothelial cell behavior by modulating activity of growth factor

receptors, intracellular messengers, and proteins to regulate gene transcription.

VE-cadherin associates with two growth factor receptors [102]: VEGFR2 and

TGF-βR. In confluent cells, VE-cadherin binds VEGFR2 indirectly through

β-catenin. This prevents the tyrosine phosphorylation of VEGFR2 and internaliza-

tion into clathrin-coated vesicles and reduces MAPK signals and proliferative

signals. In contrast, upon VE-cadherin binding to the TGFβR complex, anti-

proliferative and anti-migratory signals are enhanced. VE-cadherin promotes the

assembly of the TGFβR complex into an active receptor complex which is able to

regulate phosphorylation and activation of Smad-dependent transcription. Thus,

VE-cadherin exerts opposing effects on these two receptors, but both interactions

mediate stabilization of the vasculature. Although it is unknown whether the

phosphorylation status of VE-cadherin affects its association with either VEGFR2

or TGFβR receptor complexes, data suggest that regulation of these growth factors

may mediate the transition between quiescent and activated cell states [103, 104].

2.9 Interaction Pairs of EPRS

2.9.1 EPRS and GAIT Complex

Human EPRS is a bifunctional ARS of the MSC, in which the two catalytic domains

are linked by three tandem repeats. In response to IFNγ, EPRS forms a multi-

component complex with other regulatory proteins at a 30 UTR region that is

involved in the translational silencing of target transcripts, many of which function

during an inflammatory response. The translation of vascular endothelial growth

factor A (VEGFA), which is a crucial factor for angiogenesis, is also controlled by

EPRS through a similar mechanism. Thus, EPRS seems to serve as a key gatekeeper

of inflammatory gene translation. Gene expression is regulated at multiple steps,

including transcription, RNA stability, translation, protein stability, and post-

translational modification. In many cases, translational control has evolved as an

“off-switch” mechanism to modulate protein expression because it exhibits key

regulatory advantages.

Ceruloplasmin (Cp) is a copper-containing plasma protein synthesized by

activated macrophage [105]. Synthesis of Cp by macrophage is induced by IFNγ
but is subsequently suppressed by a mechanism involving translational silencing.

Translational silencing requires binding of the GAIT complex to the Cp mRNA

30UTR. EPRS is a component of the GAIT complex that binds the 30 UTR GAIT

element in multiple proinflammatory transcripts (e.g., VEGF-A) and inhibits their

translation in macrophage. The GAIT complex comprises EPRS, NS1-associated

protein (NSAP1), ribosomal protein L13a, and GAPDH. The ribosomal protein

L13a interacts with the Cp 30UTR GAIT element such that L13a is required for

translational silencing activity in IFNγ-treated cells [21, 23].
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Several kinases are involved in the modification of the GAIT complex.

ZIPK-mediated L13a phosphorylation causes its release from the large ribosomal

subunit. In addition, the activation of CDK5 by IFNγ results in its phosphorylation of
EPRS at serine 886, thereby triggering its release from the MSC and inducing

VEGR-A expression. The unidentified AGC kinase also phosphorylates EPRS at

serine 999 upon IFNγ stimulation. Thus, GAIT-mediated translational control of

inflammatory transcripts (e.g., VEGF-A) may have a crucial role in protecting cells

from inflammation and injury associated with tumorigenesis [25]. Genetic defects in

components of the GAIT pathway or defects caused by environmental stress may

contribute to progression of chronic inflammatory disorders. For instance, prolonged

inflammatory gene expression contributes to malignant tumor progression.

2.10 Interaction Pairs of GRS

2.10.1 GRS and Cadherin 6

Glycyl-tRNA synthetase (GRS), an intrinsic component of protein synthesis as a

secreted molecule, is also involved in extracellular cancer-immune network and

immune surveillance. GRS is secreted from macrophage by Fas ligand which is

derived from tumor cells. When the secreted GRS interacts with cadherin 6 (CDH6)

on tumor cells, the protein phosphatase 2A (PP2A) is dissociated from CDH6 and

then activated. Thus, PP2A suppresses ERK activation through dephosphorylation

and finally results in apoptosis of tumor cells [106].

Classical cadherin adhesion receptors exert many of their biological effects

through close cooperation with the cytoskeleton [107]. Cadherins comprise a

large superfamily with over 350 members. The most salient feature of this

superfamily is the presence of a variable number of successive extracellular

cadherin (EC) repeat domains, each comprising ~110 amino acids, which are

made rigid by binding of 3 Ca2+ ions at linker regions between these domains

[108]. There are five highly conserved EC domains (EC1–EC5) in the ectodomain

of cadherins. The type I and type II classical cadherins were originally named on the

basis of the tissues within which they were first identified (e.g., type I, epithelial

(E)-cadherin and neural (N)-cadherin, type II vascular endothelial (VE)-cadherin

and kidney (K)-cadherin, CDH1, CDH2, CDH5, and CDH6, respectively). CDH6 is

classical type II cadherin that mediates calcium-dependent cell–cell adhesion.

2.11 Roles of HSP90 in the Molecular Interaction of ARSs

Heat shock protein 90 (HSP90) is a molecular chaperone protein essential for

cellular survival. HSP90α and HSP90β consisted of 732 amino acids and

724 amino acids, are expressed in cytosol and nucleus, and contain an N-terminal
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ATP-binding domain that is essential for most of their cellular functions

[109, 110]. It appears to mediate protein–protein interactions of mammalian

ARSs, and inactivation of HSP90 interferes with the in vivo incorporation of the

nascent ARSs into the MSC [111]. HSP90 shows distinguishing characteristics

between cancer cells and normal cells. HSP90 plays an essential role in maintaining

cellular protein homeostasis by acting as a molecular chaperone to aid in folding as

well as in intracellular trafficking of its partners. HSP90 exists as a homo-dimer

with an N-terminal domain that is critical for hydrolysis of ATP to ADP. The

HSP90 complex cycles from the ADP to the ATP-bound state. The conformational

change that occurs with replacement of ADP by ATP stabilizes and activates

binding proteins. This process is highly regulated by interactions with a variety of

co-chaperones. Co-chaperones assist HSP90 throughout its conformational cycling

that is required for its normal functions, act as substrate recognition proteins,

and even provide additional enzymatic activity. The predominant class of

co-chaperones is the tetratricopeptide repeat (TPR) domain containing proteins,

which bind the MEEVD motif found in the C-terminus of HSP90. Among the

co-chaperones with a TPR domain are C-terminus of HSP90-interacting protein,

HSP70-HSP90 organizing protein (Hop), cyclophilin 40, and FK506-binding

protein (FK506-BP). Other co-chaperones that interact with HSP90 via alternative

domains are activator of HSP90 ATPase homolog 1 (Aha1), which enhances the

function of HSP90 by stimulating its ATPase activity [112–114]. The co-chaperone

that is most strongly implicated in facilitating tumorigenesis is cell division cycle

37 (Cdc 37) because it associates with mutant kinase that drive cancer progression.

HSP90 also interacts with the complex-forming ARSs including AIMP1, 2,

and 3, and weakly interacts with GRS, HRS, and WRS, which are non-complex-

forming ARSs. HSP90 also interacts with ERPS and IRS in HSP90 activity-

dependent manner, implying that their association with HSP90 is also dependent

on its activity [111]. Taken together, HSP90 plays an important role in mediating

protein–protein interaction to regulate diverse cellular response.
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Extracellular Activities of Aminoacyl-tRNA

Synthetases: New Mediators for Cell–Cell

Communication

Sung Hwa Son, Min Chul Park, and Sunghoon Kim

Abstract Over the last decade, many reports have discussed aminoacyl-tRNA

synthetases (ARSs) in extracellular space. Now that so many of them are known

to be secreted with distinct activities in the broad range of target cells including

endothelial, various immune cells, and fibroblasts, they need to be classified as a

new family of extracellular signal mediators. In this chapter the identity of the

secreted ARSs, receptors, and their physiological and pathological implications

will be described.
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1 Introduction

Cytokines are a unique class of intercellular regulatory proteins that are secreted

into the extracellular environment and act on neighbor cells. Depending on their

target cell and distance, cytokines can be categorized as autocrine (working to the

same cell type as the secreting cell), paracrine (working to a different type of cell,

but in the immediate vicinity of the secreting cell), or endocrine (working with the

cells at a distance) [1]. Cytokines play a crucial role in immunologic homeostasis

including the regulation of innate and adaptive immune responses and proliferation,

apoptosis, migration, and differentiation of immune cells (Fig. 1) [2–4].

Cytokines are particularly associated with inflammation-related disorders

including infection, allergy, autoimmune diseases, and cancer. For example,

tumor necrosis factor (TNF)-α mediates the development processes in

tumorigenesis by activating immune responses. In the earlier stages of

tumorigenesis, TNF-α has an anti-tumor effect by activating M1 macrophage

[5]. Conversely, in the later stages, it helps tumor metastasis by reorganizing

tumor microenvironments [6, 7]. Due to their association with many diseases,

cytokines, their functional receptors, and related signal pathways have been con-

sidered and investigated as promising candidates as therapeutic agents or targets

[8]. Patients’ cytokine profiles can provide information about disease [9].

The expression of classical cytokines is carefully regulated. Basal expression

levels of cytokines are low under normal condition but in stressful conditions they

are stimulated and secreted by a variety of cell types [10, 11]. Different cytokines

Anti-Viral

T cell Growth Factor

B cell Growth Factor

Hematopoietic Factors

Pro-Inflammatory

Anti-Inflammatory

Chemotactic Factors

Cytokine

Fig. 1 Diagram showing different activities of classical cytokines in the human body. Cytokines

are secreted in response to various stimuli to modulate the behavior of target cells. They have

complex network and dynamic system involved in the control of numerous biological responses as

above
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can perform similar functions on target cells. Since classical cytokines are not

sufficient to mediate complex cell–cell communications, additional proteins might

be recruited to fill the gap for the intercellular communications that are not covered

by classical cytokines. In the last few decades an increasing number of proteins

whose functions are mainly intracellular have been found to be secreted and to work

like cytokines. These proteins were originally known for intracellular fundamental

maintenance of cells [12, 13]. The secretion of different aminoacyl-tRNA

synthetases (ARSs) has been reported in many different cells [14–17], suggesting

the physiological implications of these enzymes as a new extracellular signaling

family. Autoantibodies against different ARSs have also been detected in autoim-

mune diseases such as polymyositis, dermatomyositis, and cancer [18, 19]. Interest-

ingly, autoimmune disease patients that show anti-synthetase syndrome share a

common selection of clinical features [20], suggesting a pathological association of

the ARS secretion.

2 Secreted tRNA Synthetases and Related Activities

Multi-functional proteins generally control their activities by translocation or

modification [21, 22]. Since all ARSs catalytically execute the first step of protein

synthesis, namely, the ligation of amino acids to the cognate tRNAs that is essential

for cell viability, they are ubiquitously expressed in all cell types to maintain

protein synthesis and cell viability. However, in conditions that may interfere

with their canonical functions, some ARSs are secreted from intact cells and

work outside the cells like cytokines [23–29]. Translation is down-regulated

when immune and endothelial cell are stimulated [30, 31]. During this time,

ARSs can be secreted quickly from these cells and influence the neighboring

cells, reorganizing the microenvironment [16]. The secreted ARSs work as the

full-length proteins or are converted to active ligands after proteolytic cleavage or

alternative splicing (Table 1).

Although cytokines are generally not expressed constitutively, some cytokines

such as TGF-β, IL-1β, and IL-18, called procytokines, are produced constitutively

as precursors in the cells. These cytokines are cleaved into mature bioactive forms

by proteases in order to exhibit the cytokine effect on target cells. Since the active

domain is sterically hindered in the intact form, only the truncated form can be

secreted, the truncation process being essential for their extracellular activity. For

example, IL-1 family cytokines such as IL-1β and IL-18 are produced constitutively
as the pre-forms that are cleaved into active form by active caspase-1 [32,

33]. ARSs are ubiquitously expressed but their extracellular activities appear to

be expressed as full-length and are also differentiated by the formation of different

forms that are generated by alternative splicing or proteolytic cleavage.
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2.1 Tryptophany-tRNA Synthetase

In normal cells, tryptophany-tRNA synthetase (WRS) exists in its full-length form

and a truncated form, designated mini-WRS, in which the N-terminal 47 amino

acids are deleted through an alternative splicing process [34, 35]. Production of the

full-length and mini-WRS is stimulated by IFN-γ that is also responsible for the

production of other angiostatic factors such as IP1 and MIG [36–38]. Two tandem

promoters, both of which are responsive to IFN-γ, mediate the production of these

two variants [39]. WRS and mini-WRS, which have the catalytic activity, are

secreted from various cells, such as monocyte, keratinocytes, epithelial cells, and

fibroblasts [34, 40], into the microenvironment of endothelial cells. However, only

mini-WRS exhibits a potent anti-angiogenic effect in vivo and in vitro [23, 39,

41]. In addition to the alternative splicing process, there are two more truncated

forms of WRS, named T1 and T2. After the full-length WRS is secreted into

extracellular space, it is cleaved into T1 or T2 by leukocyte elastase or plasmin,

which are critical proteases in angiogenesis [23, 42]. T1 and T2 are the variants with

the N-terminal 70- and 93-amino acid deletions, respectively. While the two

proteolytic forms (T1 and T2) possess angiostatic cytokine activity, T2 is catalyti-

cally inactive (Fig. 2a) [41]. T2 has no effect on pre-formed blood vessels, but

arrests growth of developing vessels, suggesting its potential as an anti-cancer

therapeutic agent. Since WRS is an essential component of the translation process,

its secretion should be tightly regulated. To control WRS secretion, annexin II and

S100A10, which have been implicated in endosome organization and trafficking

[43], form ternary complexes with WRS in intracellular space [42].

In higher eukaryotes, ARSs have additional domains incorporated to the

conserved catalytic domains [44]. The N-terminal appendix of WRS containing

the WHEP domain regulates its cytokine effect. The ligand activity of the secreted

WRS is dependent on its interaction with Trp residue exposed out from the receptor,

VE-cadherin [45]. The WHEP domain sterically masks the catalytic domain to

inhibit the approach of other molecules while maintaining the catalytic domain

accessible to small substrates, Trp and AMP for catalysis. Since the WHEP domain

hinders interaction between VE-cadherin and the catalytic domain of WRS

[46–48], the full-length WRS cannot work as the ligand to VE-cadherin. It is to

be seen whether the full-length WRS would have a cytokine activity distinct from

the mini-WRS.

2.2 Tyrosyl-tRNA Synthetase

Higher eukaryotic tyrosyl-tRNA synthetase (YRS) has cytokine specific motif ELR

(Glu-Leu-Arg) and endothelial-monocyte activating polypeptide-2 (EMAP II)

domains in its N-terminal and C-terminal domains, respectively (Fig. 2b)

[49]. Although the full-length YRS is secreted from leukocytes and endothelial
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cells by apoptotic signals, it is subjected to proteolytic cleavage to generate two

cytokine-like peptides, namely the N-terminal fragment (designated as mini-YRS)

and the C-terminal EMAP II fragment by leukocyte elastase after secretion [24].

A mammalian YRS has an ELR (Glu-Leu-Arg) motif in the N-terminal region,

which is a conserved sequence in a variety of chemokines and is critical in

chemotactic and angiogenic activity [24, 50]. Due to this motif embedded in

mini-YRS, it works with IL-8-like cytokine activity, which induces migration of

polymorphonuclear (PMN) cells and stimulates angiogenesis [51, 52]. Mutation of

this motif abolishes the migration of immune cells and proliferation of endothelial

cells [53]. When the YRS ELR motif was added to yeast, which lacks the ELR

motif and cytokine activity, it exhibited cytokine activity [54]. This demonstrates

that YRS has acquired the cytokine activity by adopting the ELR motif during

evolution.

NN C
1 471

48 471

71 471

94 471

Full

Mini

T1

T2

ABDCA EMAP IIWHEP

ELR motifRVGKIIT

1 528

N C

1 364

Full

Mini
528365

C-terminal Fragment

230 364

a

b

Fig. 2 Schematic representation for the arrangements of the functional domains of WRS and

YRS. Arrangement of functional domains and active cytokine fragments of WRS and YRS are

illustrated in (a) and (b), respectively. (a) Mini-, T1, and T2-WRSs lack the N-terminal 47, 70, and

98 amino acids, respectively. (b) YRS is divided to the two distinct cytokines. Mini-YRS

represents the N-terminal 1–364 aa fragment. WHEP helix-turn-helix motif, CA catalytic domain,

ABD anticodon-binding domain, EMAP II endothelial-monocyte activating polypeptide II,

RVGKIIT Arg-Val-Gly-Lys-Ile-Ile-Thr heptapeptide sequence, ELR motif Glu-Leu-Arg peptide

sequence
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The C-terminal fragment of human YRS, which is conserved only in higher

eukaryotes, shares 51% sequence homology with human EMAP II [25]. YRS also

exhibits potent leukocyte and monocyte chemotaxis along with stimulating produc-

tion of TNF-α, myeloperoxidase, and tissue factor [55]. The EMAP II-like

C-terminal fragment harbors a motif of “RVGKIIT” sequence that is similar to

the heptapeptides found in many eukaryotic proteins containing EMAP II-like

domains. This motif is essential for the chemotaxis of EMAP II and C-terminal

fragment of human YRS [56]. However, C. elegans MRS and S. cerevisiae Arc1p
also harbor similar peptide motifs but lack the cytokine activity [57], suggesting

that this motif itself is not sufficient for the activity.

The protein structure of human YRS explains why the full length is not active in

the cytokine activity. The surface electrostatic potentials of the ELR motif and

heptapeptide are positively and negatively charged, respectively. Since these motifs

are located in proximity in the conformation, these motifs are sterically hindered in

the full-length YRS and exposed only when the protein is cleaved [53]. A gain-of-

function mutant can be made when a conserved tyrosine (Y341) that tethers the

ELR motif is mutated to induce a subtle opening. In this case, the full-length YRS

mutant exhibited angiogenic activity, further supporting the notion that exposure of

the active motifs is critical and the truncation process is needed for the cytokine

activity [58].

2.3 Glycyl-tRNA Synthetase (GRS)

Anti-GRS antibodies are observed not only in autoimmune diseases [59, 60] but

also in breast cancer patients [18], suggesting the presence of GRS in extracellular

space and its pathophysiological implications. The secretion of GRS was found to

be induced by various apoptotic stresses from macrophages [26]. In particular, the

activity of the secreted GRS from macrophages is intriguing, especially in the

control of tumorigenesis. In response to the death signal such as Fas ligand, GRS

is secreted from macrophages and induces cancer cell death via its interaction

with K-cadherin (CDH6) that belongs to the cadherin superfamily. Upon binding

to GRS, K-cadherin releases protein phosphatase 2A [26], which then

dephosphorylates the activated ERK that is required for cancer cell survival

[61]. Thus, GRS works as an anti-tumor peptide only to the subset of cancer cells

that expresses K-cadherin and the activated Ras-ERK pathway. It is not clear at this

point why macrophages have recruited GRS as a tool to fight against tumorigenesis.

Perhaps it can respond rapidly to the challenges of cancer cells since it is constitu-

tively expressed and is thus suitable as a mechanism for the first defense against

cancer initiation. With specific anti-cancer activity, GRS has a great potential as a

novel anti-cancer therapeutic agent.
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2.4 Lysyl-tRNA Synthetase (KRS)

Anti-KRS antibodies are associated with autoimmune diseases such as polymyosi-

tis and dermatomyositis [62]. KRS interacts with syntenin-1 that controls intracel-

lular trafficking and the vesicular secretion pathway [63, 64]. The association of

KRS with anti-synthetase syndrome and interaction with syntenin-1 suggest its

potential capability of secretion. In fact, KRS was shown to be secreted from cancer

cells that are challenged with TNF-α [27]. The secreted KRS binds to macrophages

and monocytes to provoke two mitogen-activated protein kinases (MAPK), ERK

and p38MAPK, to activate immune cells. The secreted KRS induces

pro-inflammatory responses such as cell migration and TNF-α production. Cancer

cells can use the immune system for their survival [65–67] and the secreted KRS

can change the microenvironment to the condition that is more suitable for survival

and/or metastasis of cancer cells.

2.5 Histidyl-tRNA Synthetase/Asparaginyl-tRNA Synthetase/
Seryl-tRNA Synthetase

Autoantibodies against histidyl-tRNA synthetase (HRS), asparaginyl-tRNA synthe-

tase (NRS), GRS, AlaRS, IRS, and TRS have also been found in autoimmune

patients. Several ARSs have been tested to determine whether they induce leukocyte

migration. HRS and NRS function as chemokines that attract CD4+ and CD8+

lymphocytes, IL-2 activated monocytes, and immature dendritic cells (iDCs).

Seryl-tRNA synthetase (SRS) induces migration of chemokine receptor 3 (CCR3)-

transfected cells. Other autoantigenic ARSs may also provoke innate and adaptive

immune responses by attracting mononuclear cells and finally inducing autoimmune

diseases [28, 68, 69]. The N-terminal WHEP domain of HRS is reported as the

antigenic region, which is recognized by autoantibodies [70, 71], and appears to be

responsible for the chemotactic effect.

2.6 Aminoacyl-tRNA Synthetase-Interacting
Multifunctional Protein 1/MSCp43

A polypeptide was discovered in the culture medium of activated fibrosarcoma cells

and named EMAP II since it induced tissue factor (TF) on endothelial cell and

enhanced pro-inflammatory activity on monocyte [72]. EMAP II was identified to

be equivalent to the C-terminal fragment (147–312 residues) of Aminoacyl-tRNA

Synthetase-Interacting Multifunctional Protein 1 (AIMP1)/MSCp43, which is one

component of the multisynthetase complex (MSC) [73]. The full-length AIMP1 is

also secreted and has extracellular signaling activities that are distinct depending on
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target cells (Fig. 3a) [25, 74]. EMAP II is secreted from tumor cell lines and

up-regulates TF on ECs [75]. TF is a cell-surface receptor that induces thrombin

formations, and is mainly increased on ECs by cytokines such as IL-1β and TNF-α
[76, 77]. Since this effect promotes local thrombohemorrhage and intense inflam-

mation, EMAP II-treated ECs deliver TNF-α more easily [77]. EMAP II also

induces apoptosis of endothelial cells by up-regulating Fas-associated signaling

molecules and by down-regulating Bcl-2 [78]. In addition to its effect on ECs, the

TNF receptor 1 on tumor cells is increased by EMAP II treatment [79]. Due to these

1

N

312

C

Endothelial apoptosis 101-170

Fibroblast proliferation 6-46

Endothelial migration 114-192

Leukocyte migration, inflammation 152-166

b

a
Immune cells

Endothelial cells Fibroblasts

Pro-inflammation

Pro-apoptosis
(at high dose)
Pro-migration
(at low dose)

Proliferation
Collagen production

AIMP1/MSCp43 1-312

EMAP II 147-312

Fig. 3 Extracellular activities of AIMP1 and the structural distribution of the different activities.

(a) AIMP1 exerts distinct activities depending on its target cells, can activate macrophages and

monocytes and promote pro-inflammatory cytokine secretion, can promote migration of endothe-

lial cells at low concentration but induces cell death at high concentration, and enhances prolifer-

ation of fibroblast cells. (b) The peptide regions for different activities of AIMP1 are schematically

represented
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effects, EMAP II induces apoptosis in cancer cells. In tumor mice models, EMAP II

treatment with TNF-α suppresses TNF-α insensitive tumor growth without sys-

temic toxicity [75, 80, 81]. When EMAP II over-expressed tumor cells are treated

with TNF-α, tumor size is also decreased in a dose-dependent manner [82]. AIMP1

has multi-faceted properties in angiogenesis. While AIMP1 at low dose activates

ERK, resulting in the induction and activation of matrix metalloproteinase 9 and

promotion of migration of ECs, a high dose of AIMP1 induces apoptosis of ECs

through the activation of Jun C-terminal kinase that mediates apoptosis of endothe-

lial cells [83]. The dose-dependent biphasic activity of AIMP1 can finely control

the complicated angiogenesis process depending on physiological context. Angio-

genesis interruption is a critical anti-tumor therapeutic point because angiogenesis

is associated with cancer development and metastasis [84].

In the immune system, EMAP II and AIMP1 exert chemokine and

pro-inflammatory activity for leukocytes and macrophages. Immune cells including

macrophages and monocytes rapidly remove cells undergoing apoptosis. When

cells undergo stresses such as apoptosis and hypoxia, caspase 7, an apoptosis-

related cysteine protease, cleaves AIMP1 to EMAP II [85–87]. EMAP II is then

released from apoptotic cells and recruits monocytes and macrophage in apoptotic

regions to scavenge damaged cells [88]. The chemotactic active domain of EMAP

II appears to reside in the 14 amino acid peptide region from 152 to 166 amino acid

in the full-length sequence (Fig. 3b) [89]. The structure of human EMAP II has been

resolved by X-ray crystallography [82]. It contains three-stranded β-sheet with an

α-helix and this domain is structurally homologous to other chemokines such as

RANTES and neutrophil-activating peptide-2. The peptide sequence responsible

for the cytokine activity mostly lies in the β1 strand. When EMAP II was locally

treated in mice footpads, vascular congestion and leukostasis were observed in the

footpads. Although expression of EMAP II is limited in central nervous system

(CNS), it is up-regulated in autoimmune disorder lesions in microglial cells. Since

microglial cells are a key element of CNS immune surveillance [90, 91], EMAP II

may act as an important chemokine in inflammatory responses.

The secreted AIMP1 activates macrophages and monocytes inducing

pro-inflammatory cytokine secretion such as TNF-α, IL-8, and IL-1β through

ERK, p38 MAPK, and NF-κB signaling [92, 93]. In addition to these functions,

AIMP1 promotes the cell adhesion activity of monocytes through induction of

critical cell–cell adhesion molecule intercellular adhesion molecules 1 (ICAM-1)

[94]. Because ICAM-1 is regulated via PI3K-ERK and p38 MAPK signaling [95],

AIMP1 treatment enhances ICAM-1 expression levels in monocytes [96]. Since a

high level of AIMP1 is observed in atherosclerotic lesions and TNF-α is considered

as a pathogenic mediator in immune disease, its involvement in inflammation-

related diseases is suggested. AIMP1 is also known to have an important role in

cell-mediated immune response. When macrophages are stimulated by AIMP1,

they induce and secrete IL-12 through NF-κB, which regulates cell-mediated Th1

immune response. Furthermore, aberrant IFN-γ expression is shown in CD4+

T cells, co-cultured with AIMP1-activated macrophages [97]. AIMP1-treated

murine bone marrow-derived dendritic cells (DCs) exhibit enhanced expression

154 S.H. Son et al.



of cell surface markers such as CD40, CD86, and MHC class II and also induce

IL-12. Due to these phenomena, AIMP1-treated DCs induce the activation of

antigen-specific Th1 cells through enhanced antigen-presenting capabilities

[98]. Because AIMP1 induces a Th1 immune response, which exhibits anti-tumor

activity and TNF-α, AIMP1 treatment was shown to induce cytotoxic activities

against tumor cells in mice models [99–101].

Wound healing is a complicated process that includes inflammation, prolifera-

tion, and maturation. Before fibroblast proliferation, inflammation is induced to

protect the host and deliver nutrients [102, 103]. AIMP1 is used to connect the

inflammation and proliferation steps. AIMP1 is secreted from TNF-α stimulated

macrophages in wound regions connecting inflammation to proliferation. Interest-

ingly, it activates ERK signaling in fibroblasts inducing proliferation and collagen

synthesis. The N-terminal region of AIMP1, especially the 6–46 amino acid

peptide, appears to be important and sufficient for fibroblast proliferation

(Fig. 3b) [104]. In a mouse wound-healing model, AIMP1-treated mice exhibit

increased fibroblast proliferation and collagen production, leading to enhanced

wound healing [105].

AIMP1 is also enriched in pancreatic cells and is secreted by hypoglycemic

stimulation [29]. When AIMP1 is secreted in the blood stream it exerts hormonal

effects for glucose homeostasis. Namely, AIMP1 secreted from pancreatic α cells

stimulates glucagon secretion and restores glucose levels in the blood by releasing

liver-stored glucose. Also, AIMP1 induces lipolysis of triglyceride in fat tissue. All

of these functions collectively appear to help to maintain glucose homeostasis.

3 Working Mechanism of ARSs-Derived Cytokine

Cytokines exert their signaling activities via binding to their cognate receptors that

are expressed on the surface of target cells. After the cytokine binds to the receptor,

the activated receptor induces a corresponding signal cascade, eliciting physiologi-

cal responses [106, 107]. Although the functional receptors for all the secreted

ARSs have not been identified, there are some cases in which the receptors have

been suggested.

3.1 Adhesion Protein-Mediated Mechanism

Based on the structure of their extracellular domains, cytokine receptors can be

divided into groups such as Type I and II, which are members of the Ig superfamily,

TNF receptors, and seven transmembrane receptors [108]. Among these types,

cadherins, which are the subfamily of seven transmembrane receptors, are

calcium-dependent glycoproteins. They mediate cell–cell adhesion and maintain

cell polarity through homo- or heterodimerization [109]. The secreted WRS and
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GRS appear to use VE-cadherin and K-cadherin as their functional receptors,

respectively [26, 45]. Integrins mediate the attachment between cells and extracel-

lular matrix (ECM), and are involved in the regulation of cell motility and prolifer-

ation [110]. EMAP II was shown to interfere with the interaction of ECM and

integrin alpha 5 beta 1 by competitive inhibition [111]. These results imply that at

least some secreting ARSs are involved in the control of cell–cell adhesion.

3.1.1 WRS–VE-Cadherin Interaction

The angiostatic activity of the N-terminal truncated WRS appears to be mediated

via its binding to vascular endothelial cadherin (VE-cadherin) that is a calcium-

dependent adhesion molecule and specifically expressed in endothelial cells

(Fig. 4a) [45]. VE-cadherin mediates endothelial adhesion through dimerization

formation that regulates vascular morphology and survival [112]. WRS interacts

with VE-cadherin via its catalytic active site [48]. VE-cadherin has two tryptophan

residues at positions 2 and 4 in the N-terminus, which are the key determinants for

homophilic interaction between neighboring endothelial cells [113]. Since the

truncated WRS can recognize these tryptophan residues with its opened amino

acid binding pocket, it inhibits VE-cadherin dimerization. This interferes with

endothelial cell survival and organization inducing apoptosis. Through this mecha-

nism, the truncated WRS inhibits endothelial cell migration and survival.

3.1.2 GRS–K-Cadherin Interaction

The secreted GRS also uses a cadherin protein, K-cadherin (CDH6), as the func-

tional receptor that is highly expressed in fetal kidney, brain, and cancers (Fig. 4b)

[114, 115]. In contrast to WRS, the interaction between GRS and K-cadherin

triggers intercellular changes [26]. It releases protein phosphatase 2A (PP2A),

which is a member of the phosphatase family and is bound to the intracellular

domain of K-cadherin. The PP2A released dephosphorylates ERK that is activated

by the upstream Ras [116]. Since some cancer cells rely on ERK signaling for

survival [61], GRS-induced dephosphorylation of ERK can lead to the death of

susceptible cancer cells. Using this activity, GRS can be used as anti-cancer

therapeutics against cancer cells with K-cadherin expression and the activated

ERK pathway.

3.1.3 EMAP II–Integrin Alpha 5 Beta 1

In endothelial cells the cell interaction with ECM is important to mediate cell

migration and proliferation. Integrins, heterodimeric transmembrane glycoproteins,

predominantly regulate this process [117]. Interestingly, EMAP II directly

interferes with cell adhesion to fibronectin via its direct interaction with integrin

alpha 5. This competitive inhibition disrupts endothelial cell adhesion causing

156 S.H. Son et al.



apoptosis [111], suggesting integrin alpha 5 as a potential functional receptor for

angiostatic activity of EMAPII.

3.2 Cytokine Receptor-Mediated Mechanism

Some secreted ARSs appear to share the known cytokine receptors. Since the ELR

motif, which is found in CXC chemokines [50], is embedded in YRS, it can interact

with CXCR1/2 like other CXC chemokines [24]. CD23 is the receptor for
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Survival
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Fig. 4 The working mechanisms of secreted human ARSs. (a) Mini-WRS inhibits endothelial cell

migration and survival by blocking cell adhesion mediated by VE-cadherin dimerization. (b) Mini-

YRS binds to IL-8 type A receptor, CXCR1/2, to induce endothelial cell migration. (c) GRS binds

to K-cadherin (CDH6) that then releases PP2A to inhibit ERK signaling by dephosphorylation of

ERK. (d) AIMP1 binds to CD23 and provokes MAPKs signal pathway to activate immune cells
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immunoglobulin E (IgE) and implicated in cancer and inflammation [118]. It has

recently been shown to serve as a functional receptor for AIMP1, but not EMAP II,

in macrophages and monocytes [119]. This is the first receptor that distinguishes

AIMP1 and EMAPII, implying that the secretion of the two forms may have unique

physiological causes.

3.2.1 YRS-CXCR1/2

The CXC chemokines contain conserved ELR motifs that induce the migration of

immune cells and have an angiogenic effect via CXC receptor (CXCR) (Fig. 4c).

Mini-YRS, an ELR-positive chemokine, also binds to one kind of CXCR, the IL-8

type A receptors (CXCR1/2) [24]. High concentrations of mini-YRS dimerize and

can’t bind with the receptor, but low concentrations of mini-YRS can act as a

functional agonist to CXCR1/2. This indicates the possibility that the dissociation

of quaternary structures is critical for cytokine activity [120]. Mini-YRS induces

endothelial cell migration through VEGFR2 and its angiogenic activity depends on

the ELR motif. The secreted mini-YRS binds to vascular endothelial cells and

activates angiogenic signals including vascular endothelial growth factor receptor-

2 (VEGFR2). This stimulation leads to VEGF-independent phosphorylation of the

receptor. Transactivation requires an intact ELR motif in the mini-YRS [121].

3.2.2 AIMP1–CD23

CD23, which is a low affinity receptor for immunoglobulin E (IgE), binds to ligands

such as IgE, CD21, and CD11b, mediating allergic and inflammation processes

[122, 123]. Although CD23 is highly expressed in macrophage/monocyte, it was

not considered as a key molecule in macrophage/monocyte-derived inflammation

until AIMP1 was identified as a ligand for CD23 [119]. AIMP1, but not EMAP II,

activates the ERK pathway via CD23 binding, thereby inducing proinflammatory

responses (Fig. 4d). The central domain of AIMP1 (101–192 amino acids) was

identified as binding site and this domain also contains the inflammation-related

domain (152–166 amino acids). Since EMAP II does not possess the CD23-binding

domain, it does not use CD23 as functional receptor. This is the first evidence

showing the distinct activity of AIMP1 that distinguishes it from its C-terminal

domain, EMAPII.

4 Conclusion

There are increasing numbers of reports on the extracellular secretion of proteins

whose functions were intracellular when they were first discovered. They include

heat shock proteins, ferritin, and HMGB1 [12, 124, 125]. Now that many ARSs
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have been found in extracellular space with complex activities, these enzymes

should be considered as a new family of secreting ligands with unique physiological

implications. Although it is unclear at this moment why cells have recruited protein

synthesis enzymes for cell signaling, one common property amongst ARSs is that

all of them are constitutively expressed in all types of cells due to their being

essential for protein synthesis. Thus, they can always be available to respond

promptly to the urgent situation that may disrupt system homeostasis. In addition,

the capability of diverse molecular interactions renders ARSs suitable as extracel-

lular ligands to bind various receptors. More data is needed to see whether the

secreted ARSs would share any common receptor family with other classical

extracellular ligands or be a unique receptor family. Even though, there are

receptors that have been found to interact with ARS, there is no novel receptor

that is correlated specifically to only secreted ARSs. This implies that the secreted

ARSs might overlap the functions of classical cytokines. For this overlap the

secreted ARSs can modulate the normal activities of the classical cytokines through

the competition or augmentation for the receptor binding. Whatever their functions,

the secreted ARSs appear to play roles in the early stage before the classical

cytokines work. The diverse extracellular activities of the secreted ARSs can also

be explored as novel therapeutic agents and they are expected to constitute a new

biological resource for future medicine. It is yet to be determined whether only a

subset of ARSs are secreted or all ARSs secrete under appropriate conditions.

Although there are a lot of questions that need to be answered, it seems clear that

ARSs would play critical roles to maintain the balance of our body system through

complex roles in extracellular space as well as through their intracellular canonical

and non-canonical activities.
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Non-catalytic Regulation of Gene Expression

by Aminoacyl-tRNA Synthetases

Peng Yao, Kiran Poruri, Susan A. Martinis, and Paul L. Fox

Abstract Aminoacyl-tRNA synthetases (AARSs) are a group of essential and

ubiquitous “house-keeping” enzymes responsible for charging corresponding

amino acids to their cognate transfer RNAs (tRNAs) and providing the correct

substrates for high-fidelity protein synthesis. During the last three decades, wide-

ranging biochemical and genetic studies have revealed non-catalytic regulatory

functions of multiple AARSs in biological processes including gene transcription,

mRNA translation, and mitochondrial RNA splicing, and in diverse species from

bacteria through yeasts to vertebrates. Remarkably, ongoing exploration of non-

canonical functions of AARSs has shown that they contribute importantly to control

of inflammation, angiogenesis, immune response, and tumorigenesis, among other

critical physiopathological processes. In this chapter we consider the non-canonical

functions of AARSs in regulating gene expression by mechanisms not directly

related to their enzymatic activities, namely, at the levels of mRNA production,

processing, and translation. The scope of AARS-mediated gene regulation ranges

from negative autoregulation of single AARS genes to gene-selective control, and

ultimately to global gene regulation. Clearly, AARSs have evolved these auxiliary

regulatory functions that optimize the survival and well-being of the organism,

possibly with more complex regulatory mechanisms associated with more complex

organisms. In the first section on transcriptional control, we introduce the roles of

autoregulation by Escherichia coli AlaRS, transcriptional activation by human

LysRS, and transcriptional inhibition by vertebrate SerRS. In the second section

on translational control, we recapitulate the roles of GluProRS in translation

repression at the initiation step, auto-inhibition of E. coli thrS mRNA translation
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by ThrRS, and global translational arrest by phosphorylated humanMetRS. Finally,

in the third section, we describe the RNA splicing activities of mitochondrial TyrRS

and LeuRS in Neurospora and yeasts, respectively.

Keywords Gene expression � Noncanonical function � Splicing � Transcriptional
control � Translational control � tRNA synthetases
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1 Introduction

Aminoacyl-tRNA synthetases (AARS) are ancient house-keeping enzymes that are

ubiquitous in the three domains of life and catalyze the ligation of amino acids to

cognate tRNAs [1, 2]. By implementing highly specific aminoacylation reactions,

they are uniquely responsible for deciphering the genetic code. In prokaryotes there

are up to 22 distinct AARSs, 1 for each standard amino acid and also for pyrrolysine

and selenocysteine aminoacylation [3]. Eukaryotes have two sets of AARSs, 20

cytoplasmic enzymes and 20 nuclear-encoded mitochondrial enzymes. In plants

and some species of parasites such as Plasmodium, a third set of nuclear-encoded

AARSs are targeted to the chloroplast and apicoplasts respectively [4, 5].

Synthetases contain catalytic and tRNA anticodon recognition sites in separate

domains. They segregate into two structurally distinct classes [6, 7]. Ten Class I

enzymes have a Rossmann fold that comprises the aminoacylation active site, bind

the minor groove of the tRNA acceptor stem, and typically aminoacylate the 20-
hydroxyl position of the terminal ribose. In contrast, the aminoacylation cores of the

Class II enzymes have an antiparallel β-sheet, bind the major groove of the acceptor
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stem, and aminoacylate the terminal ribose at its 30-hydroxyl group. Class I and II

AARSs can be further grouped into subclasses that exhibit additional structural

similarities and that typically recognize related amino acid substrates. Some

AARSs contain an editing domain for removing erroneously aminoacylated

products to maintain translation fidelity [8, 9].

As the translation machinery components responsible for the first committed

reaction in protein synthesis, AARSs modulate global protein biosynthesis by

catalyzing aminoacylation. In addition to their essential role, many AARSs exhibit

noncanonical functions, unrelated to their primary function in protein synthesis

[10]. These moonlighting activities include regulation of gene expression, signal

transduction, cell migration, tumorigenesis, angiogenesis, and inflammation

[11, 12]. Indeed, members of the translation apparatus could be considered as

“hub proteins”, establishing connectivity between nodes in protein networks that

control key cell functions [13].

Several vertebrate cytoplasmic AARSs contain extra peptide domains, usually

appended to the N- or C-terminus of the catalytic core [14, 15]. The domains include

glutathione-S-transferase-like (GST-like) domains, endothelial monocyte-activating

polypeptide II (EMAP II)-like domains, and WHEP-TRS domains. The latter were

named after three AARSs containing these structures: Trp(W)RS, His(H)RS, and
GluPro(EP)RS. They are also present in GlyRS and MetRS, but not in any other non-

AARS proteins. The functions of these appended domains are typically not associated

with the function of the enzymatic core, nor are they present in bacterial or archeal

homologues. Rather, they are involved in non-canonical regulatory functions of

AARSs that are unrelated to tRNA aminoacylation [16].

In vertebrate cells, nine of the AARS activities within eight polypeptides

(including one bifunctional enzyme GluProRS), and three AARS-interacting

multifunctional proteins (AIMPs), AIMP1, AIMP2, and AIMP3, reside in the

cytosol in a 1.5 mDa tRNA multisynthetase complex (MSC) [17, 18]. Appended

domains in several eukaryotic AARSs might contribute to assembly or stability of

the MSC as well as high efficiency of protein synthesis by channeling charged

tRNAs to the ribosome [19].

In eukaryotes, certain AARSs are translocated or shuttled between the cytoplasm

and nucleus [20–22]. The nuclear AARSs can be involved in transcriptional control.

In the first section we describe the role of AlaRS, LysRS, and SerRS in non-

canonical transcriptional regulation. In contrast, in the cytoplasm, AARSs are

localized near the translational machinery and the translating mRNA, and thus

are well-positioned to exert translational control. In the second section on transla-

tional control we describe the role of GluProRS in translation regulation at the

levels of initiation, auto-inhibition of E. coli thrS mRNA translation by ThrRS, and

global translational arrest by human MetRS. In the third section we describe the

RNA splicing activity of mitochondrial TyrRS and LeuRS in Neurospora and yeast,
respectively.
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2 Regulatory Functions of AARS in Transcriptional Control

2.1 E. coli AlaRS Binds a Specific DNA Sequence and Regulates
Its Own Transcription

An anti-termination mechanism driving read-through of the transcription terminator in

the mRNA leader regulates most AARS genes in Gram-positive bacteria such as

Bacillus subtilis [23, 24]. Alternatively, in one of the earliest examples of a non-

canonical function of an AARS, E. coli AlaRS represses transcription of its own gene

by binding to palindromic sequences flanking the start site of the gene (Fig. 1a)

[25, 26]. The sequence centers are 19 base pairs apart corresponding to 2 turns of a

DNA B helix, which can be spanned by AlaRS. Transcription repression is dramati-

cally enhanced by elevated concentrations of the cognate amino acid alanine. The Km

for alanine in the standard amino acid-dependent ATP-PPi exchange reaction is

comparable to the concentration of alanine required to inhibit AlaRS transcription.

Hence, the AlaRS binding site for alanine for aminoacylation is hypothesized to be

similar to that which confers alanine dependence to transcriptional control. The amino

acid effect is caused by direct interaction of the ligand with the synthetase, which in

IFN-γ
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RNA splicing
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RNA splicing
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Fig. 1 Non-catalytic regulation of gene expression by aminoacyl-tRNA synthetases. (a) Transcrip-

tional control of AlaRS and translational control of ThrRS for autoregulation in E. coli.
(b) Transcriptional and translational control mechanisms by AARSs in human cells; phosphorylated

LysRS regulates gene transcription in mast cells in the immune response; SerRS drives transcrip-

tional repression and controls vascular development in zebrafish and possibly in humans;

phosphorylated MetRS down-regulates global protein translation; GluProRS mediates IFN-γ-
activated transcript-selective translational silencing of inflammation-related genes and EPRSN1

maintains a translational “trickle.” (c) RNA splicing mediated by Neurospora crassa mitochondrial

TyrRS. (d) RNA splicing mediated by yeast mitochondrial LeuRS
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turn promotes tighter binding to the DNA region and consequently enhances control.

PheRS also binds DNA but its function remains unknown [27]. The interaction is

structural rather than sequence-specific and involves a loop in the double-stranded

DNA [28]. Interestingly, the crystal structure of the α-subunit of human cytosolic

PheRS suggests that three DNA/dsRNA-binding domains at the N-terminus might be

involved in DNA-binding and in regulation of intracellular functions [29].

2.2 Phosphorylated LysRS in Transcriptional Regulation
in the Immune Response of Human Mast Cells

LysRS produces diadenosine tetraphosphate (Ap(4)A) in vitro [30, 31] and is

involved in transcriptional control of inflammatory gene expression in human mast

cells (Fig. 1b) [32, 33]. When human mast cells are exposed to IgE-Ag (immuno-

globulin E and antigen), LysRS is phosphorylated on Ser207 in a MAPK-dependent

manner and released from the MSC, and then translocates into the nucleus. Nuclear

LysRS forms a complex with microphthalmia-associated transcription factor (MITF,

a basic helix–loop–helix leucine zipper transcription factor involved in development

and function of mast cells in allergic reactions) and its repressor, histidine triad

nucleotide-binding protein-1 (Hint-1, it can hydrolyze substrates such as AMP-

morpholidate and AMP-NH2 through interactions with these substrates via a histi-

dine triad motif), which is released from the complex by binding to Ap(4)A, enabling

MITF to transcribe its select target genes. Silencing LysRS led to reduced Ap(4)A

production in immunologically activated cells, which resulted in diminished expres-

sion of MITF-inducible genes. Specific LysRS Ser207 phosphorylation regulates Ap

(4)A production in immunologically stimulated mast cells, thus implicating LysRS as

a key activator in gene regulation. The full details of the mechanism are described in

Chap. 7.

2.3 Transcription Repression by SerRS Contributes
to Vascular Development in Zebrafish

Vascular patterning in vertebrates is established and maintained through a highly

complex and dynamic process. Vascular endothelial growth factor-A (VEGF-A), a

potent hypoxia-inducible angiogenic cytokine, is essential for blood vessel formation

during development and plays important roles in the establishment of stereotypical

vascular patterning in vertebrates [34, 35]. In two separate genetic screens in

zebrafish, mutations in the SerRS gene (SARS) have been shown to affect vascular

development and maintenance [36–38]. Multiple mutations at the SARS gene locus

cause pronounced dilatation of the aortic arch vessels and aberrant branching of

cranial and intersegmental vessels [36, 37]. Elevated vegfa mRNA in SARS mutants

suggests that SerRS might regulate vegfa transcription and affect vascular
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development. Rescue of the abnormal vascular branching phenotype of sars mutants

by forced overexpression of an enzymatically inactive form of SerRS T429A implies

that an aminoacylation-independent, non-canonical function of SerRSmay contribute

to the vascular development in the zebrafish [36]. Moreover, the aberrant vascular

sprouting in sars mutants was effectively inhibited through knockdown of vegf
receptor or vegfa genes, suggesting that SerRS may function in modulating VEGF-

A-mediated signal transduction [36].

In a more generalized scenario, excessive vessel branch-points after SARS
knockdown in human umbilical vein endothelial cells, and rescued vascular

branching in SARS mutant zebrafish by injections of highly homologous human

SARS mRNA, suggest that SerRS function in vascular development is conserved

between zebrafish and humans [37]. The UNE-S (Unique-S) domain appended to

SerRS at the C-terminus contains a nuclear localization signal (NLS), and was

identified as essential for shuttling the enzyme into the nucleus and possibly

controlling vegfa mRNA transcription for normal vascular development (Fig. 1b)

[39]. Intriguingly, the SerRS UNE-S domain appears only in species that harbor

closed circulatory systems. Consistent with these observations, SARS mutants

lacking the NLS or its activity, exhibit vasculature abnormalities. A crystal structure-

based compensatory mutation released the buried NLS and restored normal

vasculature [39]. Whether SerRS directly binds to the vegfa gene promoter or

other DNA regions to regulate its transcription remains an open question. Full

details of this mechanism are given in Chap. 5.

3 Regulatory Functions of AARS in Translational Control

Translational control of gene expression provides numerous advantages over other

regulatory modes, including rapid responsiveness, regulatable intracellular localiza-

tion, non-destruction of template mRNA, and coordinated regulation of transcript

ensembles. Control can be either global, generally directed by post-translational

modification of essential translation factors, or transcript-selective. Transcript-

selective translation control is most often driven by the specific interaction of

factor(s) with the 50 or 30 untranslated region (UTR), thereby influencing initiation,

elongation, or termination of mRNA translation by ribosomes. Translational control

generally involves negative regulation, but occasionally is positive. In this section we

will describe auto-regulatory, transcript-selective, and global control of mRNA

translation by several AARSs.

3.1 Translation Control for Autoregulation of Bacterial ThrRS

Regulation of protein synthesis at the translational level allows rapid adaptation to

changes in environmental conditions. In prokaryotes, the synthesis of RNA-binding

proteins is often regulated by competition between the natural substrate of the
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protein and its corresponding mRNA (e.g., rRNA and its binding ribosomal protein,

or tRNA and its cognate AARS). These two RNA segments can be similar in

primary sequence and secondary structure. E. coli ThrRS negatively regulates the

expression of its own gene (ThrS) at the translational level (Fig. 1a) [40]. ThrRS

binds to the operator, positioned in the leader of its own mRNA, and inhibits

translation initiation by competing with binding of the 30S ribosomal subunit

[41]. The operator is composed of four domains. Domain 1 is single-stranded and

contains the Shine–Dalgarno sequence and initiation codon. Domains 2 and 4 are

two-stem loop structures that carry sequence analogies with the anticodon loop of

tRNAThr and are linked by single-stranded domain 3 [42]. The tRNAThr anticodon-

like sequences in these stem-loops are important, as the first base of the sequence

can be changed without major effect, while the second and third bases are crucial

for the control activity similar to the anticodon loop in tRNAThr [43].

In the aminoacylation complex, the homodimeric enzyme ThrRS binds to two

tRNAs and the anticodon loop of tRNAThr is recognized by C-terminal domain of

ThrRS and the acceptor arm bound by catalytic and N-terminal domains [44]. In the

translation control complex, ThrRS binds to two stem-loop domains (domains 2 and

4) of a single operator, which mimic the tRNAThr anticodon arms [42, 45, 46].

Recognition by ThrRS of either the operator or tRNA is governed principally by

similar specific interactions between the C-terminal domain of the synthetase and

the anticodon loop of the tRNA, or the analogous sequences in the apical loops of

operator domains 2 and 4. Unlike tRNAThr, the operator lacks an acceptor arm. The

loss is compensated by the existence of domain 4 and internal loop in domain 2.

This is confirmed by the finding that changes in amino acids that interact with the

acceptor arm of the tRNA do not affect control. Point mutations within domain

2 which alter the internal loop structure strongly affect ThrRS recognition and

translation control. Presumably, the position of domain 2, which is closer to the

catalytic domain than the anticodon stem of tRNAThr, combined with the binding of

domain 4 to the other subunit of ThrRS, are able to compensate for the lack of an

equivalent of the tRNA acceptor arm. Thus, the affinity of ThrRS for the entire

operator is similar to that for the cognate tRNA [42, 46, 47]. Biochemical, genetic

and structural experiments indicate that ThrRS competes with the ribosome for

binding to thrS mRNA, binding to distinct intermingled domains of the operator

[41, 48]. The favored model of inhibition is that a domain of the synthetase

sterically hinders ribosome binding. The N-terminal domain of ThrRS is optimally

placed to block the binding of the ribosome, most likely by obstructing the

mRNA from folding around the neck of the 30S subunit. Moreover, the distance

between the ribosome and ThrRS-binding domains must be restricted to permit

competition [49].

Translational regulation of the thrS gene has only been reported in E. coli;
however, the feedback mechanism might also be present in γ-proteobacteria.
Having two RNAs competing for the same binding site and restrained by the

binding requirements of ThrRS, the operator most likely has evolved to converge

on the tRNA structure. Mimicry has important functional implications when similar

structures allow for competition in binding to a common partner. Due to the
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resemblance between the tRNAThr and the operator in thrS mRNA 50UTR, the
operator acts as a competitive inhibitor of tRNA aminoacylation. When tRNA

concentration is high, ThrRS works exclusively as an enzyme that is saturated

by its substrate other than a repressor. When tRNA concentration is low, ThrRS is

free to bind to its own mRNA and suppress its translation. Thus, thrS mRNA

translation is stringently regulated by two layers of competition mechanisms (the

competition between tRNA and the operator for ThrRS binding and that between

ribosome and ThrRS for mRNA binding) in a coordinated manner dependent on

cell growth rate [23].

There is much to be learned about the structural and functional details of the

RNA–protein interactions described here. Moreover, the combination of modern

genetic and biochemical, as well as genomic, proteomic, and structural approaches

will greatly facilitate future discovery of new regulatory pathways involving

RNA–protein interactions in both prokaryotes and eukaryotes.

3.2 Function of GluProRS in GAIT-Mediated,
Transcript-Selective Translational Silencing

In prokaryotes, the translation or stability of a specific mRNA is generally under the

control of a single regulator. However, in eukaryotes, certain mRNAs contain

multiple cis-acting sequences, each recognized by a different RNA-binding protein,

possibly regulating their localization and/or translation. Moreover, the regulator is

often a multi-component complex rather than a single protein. The presence of

similar structural or sequence elements in an ensemble of mRNAs facilitates

coordinated regulation as a posttranscriptional “operon” or “regulon.” The mean

length of human 30UTRs is about fivefold greater than that of 50UTRs, indicating
the expanded potential for motifs, structural elements, and binding sites for trans-
acting factors that exert transcript-selective translational control [50]. Moreover, the

30UTR, unlike the 50UTR, is not constrained by the requirement to permit ribosome

scanning, and thus highly stable and complex structural elements are permitted. Here,

we briefly review the principal discoveries of EPRS-directed 30UTR-dependent
translational control of inflammation-related gene expression reported during the

last decade, emphasizing the novel aspects of the regulatory mechanism and its

potential pathophysiological significance (Fig. 1b).

Vertebrate GluProRS (EPRS) is the only bifunctional AARS; it catalyzes the

ligation of Glu and Pro amino acids to their cognate tRNAs [51, 52]. It is localized

almost entirely in the MSC [53]. EPRS is a large, 172-kDa protein consisting of a

short GST-like domain at the N-terminus followed by the GluRS domain, a linker

consisting of three tandem WHEP-TRS domains, and finally the C-terminal ProRS

domain [54, 55]. All five AARSs bearing WHEP-TRS domains have non-canonical

functions unrelated to tRNA synthetase activity [14, 16, 56].
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3.2.1 Discovery of the IFN-γ-Inducible, GluProRS-Bearing GAIT Complex

Macrophages function in innate and adaptive immunity in vertebrates by

phagocytosing cellular debris and pathogens and by stimulating lymphocytes and

other immune cells to respond to pathogens. Macrophages are activated by cytokines

to produce and secrete proteins and small molecules to eliminate invading

microorganisms to provide defense against infection or injury. Ceruloplasmin (Cp)

is an acute-phase plasma protein made by liver hepatocytes and monocytes/

macrophages. The protein serves important roles in iron homeostasis and inflamma-

tion. The pro-inflammatory function of macrophage-derived Cp is uncertain, but roles

in bactericidal activity, defense against oxidant stress, and lipoprotein oxidation have

been reported [57, 58]. Overexpression and accumulation of injurious agents can be

detrimental to host tissues and organisms, contributing to chronic inflammatory

disease. Cp mRNA is undetectable in human monocytic cells, but treatment with

interferon (IFN)-γ causes a robust induction ofCpmRNA and protein within 2–4 h of

treatment [59]. Despite the continued presence of abundant Cp mRNA for at least

24 h, synthesis of Cp protein stops abruptly, and almost completely, about 12–16 h

after IFN-γ treatment [60]. Silencing of Cp translation is highly selective since global

protein synthesis is unaffected by IFN-γ.
Translational silencing of Cp mRNA requires a structural element (termed IFN-

gamma-activated inhibitor of translation, or GAIT element) in its 30UTR [61].

Deletion and mutation analysis indicates that the GAIT element is a 29-nucleotide,

bipartite stem-loop with sequence and structural features that distinguish it from

other defined translational control elements [61]. By proteomic and genetic

methods, four protein constituents of the GAIT complex have been identified:

GluProRS, NS1-associated protein-1 (NSAP1), glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH), and ribosomal protein L13a (Fig. 1b) [56, 62]. GAIT com-

plex assembly occurs in two distinct stages. During the first 2–4 h, a pre-GAIT

complex, which does not bind the GAIT element, is formed from GluProRS and

NSAP1. During the second stage, approximately 12 h later, L13a joins GAPDH and

the pre-GAIT complex to form the functional, quaternary GAIT complex that binds

the 30UTR GAIT element of Cp mRNA and silences its translation [56]. The GAIT

pathway might have evolved to restrict the expression of injurious proteins, thereby

participating in the “resolution of inflammation” process [56].

3.2.2 GluProRS WHEP Domain Directs Binding of GAIT Element-Bearing

Transcripts

The MSC is the GluProRS donor since its loss from the complex coincides

temporally and quantitatively with its appearance in the pre-GAIT complex.

GluProRS is the unique GAIT complex component that binds GAIT elements in

the target mRNA 30UTR (Fig. 1b). The upstream pair of the three WHEP-TRS

domains (R1 and R2) in the GluProRS linker is the GAIT element-binding site [63].
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NSAP1 functions as a negative regulator of target mRNA binding. NSAP1 binds

the downstream pair of the three WHEP-TRS domains (R2 and R3) in the

GluProRS linker, and competitively inhibits binding to the GAIT element. Binding

of L13a and GAPDH to the pre-GAIT complex causes a conformational change that

permits the interaction of the holo-complex with the GAIT element, despite the

presence of NSAP1 [63].

3.2.3 Phosphorylation-Dependent GluProRS Translocation

to GAIT Complex Induces Translational Silencing

In human monocyte/macrophage cells, IFN-γ activates sequential phosphorylation of
Ser886 and Ser999 of GluProRS in the noncatalytic linker connecting the synthetase

cores and initiates assembly of the GAIT complex [64, 65]. IFN-γ activates cyclin-

dependent kinase 5 (Cdk5) through induction of its regulatory protein Cdk5R1 (p35)

to phosphorylate Ser886, and Cdk5/p35 induces phosphorylation of Ser999 via a

distinct AGC kinase. Phosphorylation of both sites is required for GluProRS release

from the parental MSC [65]. Ser886 phosphorylation is required for binding NSAP1 to

form the pre-GAIT complex. The function of the pre-GAIT complex is still unknown;

possibly the complex binds to a different set of target mRNAs and has its own

regulatory function distinct from mature GAIT complex. Ser999 phosphorylation

directs the formation of the active GAIT complex that binds initiation factor

eIF4G, prevents the recruitment of pre-initiation complex, and thus switches off

translation. Despite the phosphorylation and release of about half of the GluProRS

from its parent complexes, global protein synthesis is unaltered. This finding has been

generalized in a “depot hypothesis” which asserts that macromolecular assemblies, in

addition to serving their primary purpose coordinating complex tasks, also function

as depots for stimulus-dependent release of regulatory proteins [66].

3.2.4 Potential Pathophysiological Significance of the GAIT System

The physiological role of GAIT complex-mediated translational silencing remains

unclear. The abundance of the four GAIT complex components, and the near-

stoichiometric release of two proteins from their parent complexes, indicates that

the GAIT complex is likely to be in marked excess of Cp mRNA. About 55

candidate human transcripts containing putative GAIT elements in their 30UTR
have been identified by application of a “pattern-matching” algorithm against a

human 30UTR database [67]. The candidates are consistent with a pathway in which

GAIT-mediated translational silencing contributes to the resolution of inflamma-

tion, particularly the local inflammation due to cytokine activation of infiltrating or

resident macrophages. Among the candidates, vascular endothelial growth factor

A (VEGF-A), death-associated protein kinase (DAPK), and zipper-interacting

protein kinase (ZIPK) have been experimentally validated as authentic GAIT

targets [67, 68]. Translation state and pathway analyses revealed several chemokine

ligands and receptors as GAIT targets that were validated experimentally [69].
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Together these results indicate that the GAIT system regulates expression of a

posttranscriptional “operon” of functionally related genes [70]. Moreover, the

GAIT pathway has been shown to be functionally conserved in mice and humans

[71, 72]. EPRS with linked catalytic domains is found in the primitive cnidarian

Nematostella vectensis, indicating it appeared early during animal evolution [15].

The N. vectensis EPRS gene is alternatively spliced in the linker region to yield

three isoforms with one or two WHEP domains in each. Remarkably, the 2-WHEP

domain linker binds human Cp GAIT element with high affinity, possibly

indicating an early evolution of a GAIT-like regulatory system.

The GAIT system is itself subject to regulation by environmental signals. When

myeloid cells are simultaneously subjected to the inhibitory activity of IFN-γ
and stimulatory activity of hypoxia, high-level VEGF-A expression continues

unabated, indicating that hypoxia prevails [71]. Immediately adjacent to the

GAIT element in the vegfa 30UTR there is a CA-rich element (CARE) that is a

binding site for heterogenous nuclear ribonucleoprotein (hnRNP) L. In response to

hypoxia, hnRNP L binding to the CARE induces a conformational change in the

30UTR that prevents GAIT complex binding and translational silencing. Analogous

to metabolite-dependent bacterial riboswitches, the protein-dependent vegfa
RNA switch exemplifies a new class of vertebrate regulatory systems in which

combinatorial utilization of nearby RNA elements can integrate disparate input

signals to produce the appropriate output.

The GAIT system is also subject to pathological dysregulation. Treatment of

human peripheral blood monocytes (PBMs) with oxidatively modified low density

lipoprotein (oxLDL), a pathophysiological agent present in human atherosclerotic

lesions and thought to contribute to the progression of the condition [73], completely

suppresses GAIT pathway activity, and enhances expression of VEGF-A and other

GAIT targets [74]. OxLDL induces S-nitrosylation of GAPDH, thereby suppressing

its chaperone-like binding to L13a and permitting its proteasomal degradation. In the

absence of L13a, the GAIT system is dysfunctional and synthesis of inflammation-

related proteins continues unabated. Genetic defects in GAIT constituents, or GAIT

system dysfunction caused by environmental stress, e.g., oxLDL, may prolong

or increase inflammation and contribute to progression of chronic inflammatory

disorders including atherosclerosis.

3.2.5 Coding Region Polyadenylation Generates a Truncated GluProRS

that Maintains a “Translational Trickle” of VEGF-A Expression

Differential GAIT complex activation by increasing levels of IFN-γ revealed an

“uncoupling” of VEGF-A protein and vegfa mRNA expression; expression of

VEGF-A and other GAIT target genes was reduced to a low, constant rate independent

of mRNA expression [75, 76]. A C-terminal truncated form of GluProRS was

discovered, termed GluProRSN1 (or EPRSN1) which contains the ERS domain

followed by the upstream pair of WHEP domains (Fig. 1b). This truncation allowed

binding of GAIT element-bearing mRNA, but not other GAIT complex proteins, thus

acting as a dominant-negative inhibitor of the GAIT complex. EPRSN1 mRNA is
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generated by a polyadenylation-directed conversion of a Tyr codon in the GluProRS

coding sequence to a stop codon (PAY*). By shielding a small, constant amount

of GAIT target transcripts from translational repression, constitutive, low-level

expression of GluProRSN1 imposes a robust “translational trickle” of target protein

expression. This process is postulated to maintain VEGF-A expression, and that

of other pro-inflammatory proteins, at basal levels required for tissue health and

organismal advantage.

3.3 Human MetRS Regulates Global Translation
and Tumor Suppressor Activity of AIMP3

Human cytoplasmic MetRS plays an essential role in translation initiation by

transferring Met to initiator tRNAi
Met. MetRS is a component of the MSC and

provides a docking site for AIMP3. AIMP3 is a potent tumor suppressor that

translocates to the nucleus for DNA repair. Dissociation of AIMP3 from MetRS

is induced by phosphorylation of MetRS at Ser662 by GCN2 (general control

nonrepressed-2), and by reduced affinity for AIMP3 following UV irradiation

[77]. This phosphorylated MetRS exhibited significantly reduced catalytic activity

due to diminished tRNAi
Met binding and led to down-regulation of global transla-

tion (Fig. 1b). Thus, MetRS, with eIF2α, co-regulates GCN2-mediated translational

inhibition, and by release of AIMP3 for nuclear translocation couples translation

inhibition and DNA repair following DNA damage. UV-stress-induced MetRS

phosphorylation, and consequent global repression of translation, mirrors to some

extent the IFN-γ-induced GluProRS phosphorylation and transcript-selective trans-

lational silencing program. More mechanistic details are included in Chap. 9.

4 RNA Splicing Mediated by AARS

Group I introns are ribozymes that excise themselves and self-splice in vitro [78].

Although autocatalytic, these natural ribozymes are aided by proteins to facilitate

proper RNA folding and catalytic efficiency [79]. Splicing partners include two

nuclear-encoded mitochondrial AARS, LeuRS (NAM2p [80]) and TyrRS (CYT-

18p [81]), for mitochondrial group I RNA splicing in yeast and N. crassa,
respectively.

4.1 Group I Intron Splicing by N. crassa Mitochondrial TyrRS

Only a few TyrRSs have adapted to aid RNA splicing and require three unique

insertions that are essential for its secondary role [82]. This contrasts with bacterial

and yeast mitochondrial TyrRSs which lack these inserts and do not splice [83].
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The bifunctional N. crassamitochondrial TyrRS promotes splicing of several group

I introns including the LSU, ND1, cob-I2, and T4 td bacteriophage (Fig. 1c)

[84–86]. It has been proposed that CYT-18p substitutes for the function of the

RNA P5abc domain that is missing in these particular group I introns [87, 88].

RNA footprinting and X-ray crystallography suggested that CYT-18p binds

conserved class II tRNA-like structures within the stacked P4-P6 helix of the

group I intron that mimics the D-anticodon stacked helices and extra-long variable

loop [82, 89–92]. X-Ray structures showed that the intron RNA binds across the

homodimer to the nucleotide binding fold opposite CYT-18p’s aminoacylation

active site [88]. Thus, the intron site of binding is distinct from the tRNA binding

site. A small insertion in the nucleotide-binding fold (called insertion II) that isn’t

found in non-splicing TyrRSs also recognizes the intron [83, 93, 94]. In addition,

the enzyme depends on its tRNA binding domain as well as the unique α-helical
N-terminal extension (called H0) to bind the intron [92]. Although the CYT-18p

C-terminal domain contributes to binding group I introns, it is essential only for

splicing the N. crassa mt LSU intron [95, 96]. Biochemical analyses support the

fact that CYT-18p stabilizes the catalytically active group I intron structure [86, 89,

90, 97]. Initially, the CYT-18p homodimer binds a single intron [98] via its central

P4-P6 domain to promote accurate folding. It then makes contact with the P3-P9

domain to align these two RNA domains to form the intron’s active site [82, 99].

4.2 Group I Intron Splicing by Yeast Mitochondrial LeuRS

Yeast mitochondrial LeuRS is essential for excision of the self-splicing cob bI4 and
cox1a aI4α group I introns (Fig. 1d) [80, 100–102]. These two related introns are

also dependent on a second splicing partner, the bI4 intron-encoded bI4 maturase,

which functions in conjunction with LeuRS [103]. The LeuRS and bI4 maturase

protein co-factors bind directly and independently to the bI4 intron to support RNA

splicing. Each can independently stimulate splicing, albeit ribozyme activity is

more efficient in a ternary complex with both protein splicing factors [104].

Unlike CYT18p [83, 93], yeast mitochondrial LeuRS lacks obvious idiosyncratic

domains or insertions that confer splicing. Indeed, LeuRSs from diverse origins that

lack group I introns, such as M. tuberculosis, E. coli and human mitochondria,

substitute as splicing factors for the yeast enzyme [105, 106]. It was thus

hypothesized that LeuRS elements that are conserved for aminoacylation were

also responsible for RNA splicing. Subsequently, the LeuRS-specific CP1 domain

that is responsible for amino acid editing was also shown to act as a splicing factor,

even when independent of the full-length protein [106, 107]. In addition, mutation of

a single site within the LeuRS CP1 domain inactivated its splicing activity [107].

The LeuRS CP1 domain is linked to the canonical aminoacylation core via two

β-strands at its N- and C-terminus [108, 109]. A conserved WIG0 tripeptide at

the end of the N-terminal β-strand is critical for LeuRS splicing activity [102].

Mutation of the conserved tryptophan to a cysteine (W238C) abolishes splicing,
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while mutation of the nearby glycine to a serine (G240S) suppresses splicing

defects of the bI4 maturase splicing factor [102, 110]. Although the isolated

LeuRS CP1 domain core can independently support RNA splicing, the conserved

WIG sequence is distal to the CP1 domain and more closely associated with the

aminoacylation core. In addition, the β-strands can undergo significant conforma-

tion changes during cycling of the LeuRS aminoacylation and editing complexes

[111]. Thus, it is likely that the core of the enzyme as well as a LeuRS-specific

C-terminal domain that binds the corner of tRNALeu for aminoacylation and editing

[112] contribute to RNA splicing in an auxiliary manner to the CP1 domain.

5 Concluding Remarks

In addition to its function as an essential component of the protein synthesis

machinery, certain AARSs have evolved non-catalytic regulatory functions that

modulate gene expression at multiple levels ranging from mRNA transcription to

RNA splicing and ultimately protein translation. Lower eukaryotes, have

capitalized upon AARS to facilitate gene processing by interacting with critical

introns to facilitate their excision. For example, in yeast and Neurospora the AARS
target mitochondrial introns in non-AARS genes, including essential ribosomal

and respiratory genes, and might represent a novel regulatory pathway for mito-

chondrial gene expression.

Protein-mediated gene regulation at the transcriptional or translational levels can

be classified by two distinguishable events: (1) the binding of the regulator to its

operator, and (2) the consequent effect of binding on gene expression. In simpler

and smaller organisms such as prokaryotes, AARS can exhibit self-balancing

activities to control their own expression such as E. coli AlaRS binding to alars
mRNA to regulate its transcription [26]. AARSs have evolved relatively straight-

forward auxiliary functions in autoregulation of expression, possibly driven by the

highly compact genome in bacteria. In this case, the two essential regulatory events

are implemented by two separate domains from a single enzyme. In the case of

E. coli ThrRS, the C-terminal domain binds to the operator in its own mRNA and

the N-terminal domain blocks ribosome recruitment, thereby restricting translation

[48]. In the absence of microRNA-based regulatory networks as found in higher

organisms, we propose that such self-regulatory mechanisms are required for

maintaining optimal expression of AARS in bacteria, enhancing their adaptability

and survival.

During evolution of complex organisms such as vertebrates, AARS accrued new

domains and new cellular functions that regulate expression of stress-responsive

genes to adapt to environmental changes. Intriguingly, many of these functions

involve the immune system, including macrophages and mast cells. In these cases,

multiple proteins, generally in complexes, can distribute the responsibility for

distinct regulatory events, for example, GluProRS and L13a in the GAIT complex

are responsible for target mRNA binding and inhibition of translation initiation,
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respectively [56, 113]. Alternatively, the regulatory mode of gene-selective

transcriptional control by human LysRS differs from that of EPRS in transcript-

selective translational control. LysRS responds to environmental stimuli and binds

to transcription factor MITF as an activator through upregulation of target gene

transcription under the allergic response [114]. As a common feature, both

GluProRS and LysRS reside in the MSC, and are released upon stress activation.

We have proposed that the mammalian MSC, in addition to improving efficiency of

protein synthesis, functions as a “depot” that releases specific AARS (and AIMPs)

to perform equally specific non-catalytic regulatory functions [66]. In the future we

might find that many, if not all, of the MSC components might be released under a

broad spectrum of physiopathological conditions.
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Abstract In this chapter we describe aminoacyl-tRNA synthetase (aaRS) produc-

tion of dinucleotide polyphosphate in response to stimuli, their interaction with

various signaling pathways, and the role of diadenosine tetraphosphate and

diadenosine triphosphate as second messengers. The primary role of aaRS is to

mediate aminoacylation of cognate tRNAs, thereby providing a central role for the

decoding of genetic code during protein translation. However, recent studies suggest

that during evolution, “moonlighting” or non-canonical roles were acquired through

incorporation of additional domains, leading to regulation by aaRSs of a spectrum of

important biological processes, including cell cycle control, tissue differentiation,

cellular chemotaxis, and inflammation. In addition to aminoacylation of tRNA,most

aaRSs can also produce dinucleotide polyphosphates in a variety of physiological

conditions. The dinucleotide polyphosphates produced by aaRS are biologically

active both extra- and intra-cellularly, and seem to function as important signaling

molecules. Recent findings established the role of dinucleotide polyphosphates as

second messengers.
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Abbreviations
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1 Introduction

Enzymes are expected to be efficient, specific, and highly evolved to serve certain

catalytic functions. In recent years, however, there has been a growing appreciation

that this picture is oversimplified. Many enzymes are catalytically promiscuous as

they are capable of catalyzing secondary reactions at an active site that was thought

to be specific to the catalysis of a particular primary reaction.

In addition to their main role, several aminoacyl tRNA synthetases (aaRSs) can

synthesize dinucleotide polyphosphates (NpnNs) both in prokaryotes and in

eukaryotes by transference of adenylate from the enzyme’s aminoacyladenylate

intermediate complex to an acceptor nucleotide.
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These dinucleotides polyphosphates are biologically active, exerting a wide

range of cellular responses. These compounds have emerged as putative intracellu-

lar signaling molecules implicated in the regulation of essential cellular processes,

but until recently there was insufficient data to support the notion that diadenosine

polyphosphates (ApnA) are second messengers. With the accumulation of more

data it has become apparent that indeed extracellular signals cause increased

synthesis of ApnAs by aaRS, and that these ApnAs act as second messengers,

activating effector proteins.

2 Second Messengers

In 1959, Earl Sutherland discovered a small heat-stable molecule that mediated the

effects of the hormone epinephrine on extracts of liver cells. This molecule, cyclic

AMP, was produced inside cells after hormone treatment and was able to activate

the same glycolytic enzymes activated by extracellular epinephrine. These

experiments established the concept of the intracellular second messenger [1].

Since that time many intracellular second messengers have been identified. The

four prototypical second messengers include cyclic adenosine monophosphate

(cAMP), cyclic guanosine monophosphate (cGMP), diacylglycerol (DAG), and

calcium. Investigation of the mechanisms by which these second messengers

mediate the effects of various hormones, growth factors, and neurotransmitters

identified a common theme: these molecules function as activators of dedicated

protein kinases that, in turn, activate downstream kinase cascades. This process

subsequently leads to the phosphorylation of target proteins, which mediates

change in cellular physiology (Fig. 1) [2].

2.1 What Is a Second Messenger?

Secondmessengers are defined as “small molecules that are synthesized in the cell in

response to extracellular first messengers, and diffuse through the cytoplasm to

mediate their effects” [3]. Intercellular signaling by first messenger molecules

produces secondmessengermolecules that in turn activate principal effector proteins

such as protein kinase A (PKA) and protein kinase C (PKC) [2]. Second messengers

amplify the strength of the initial signaling event of the extracellular ligand.

Synthesis and degradation of second messengers are regulated by a number of

enzymes expressed in mammalian cells. Enzymes that synthesize second

messengers include, but are not limited to, adenylyl cyclase (AC) for synthesis of

cyclic AMP (cAMP) and guanylyl cyclase for synthesis of cyclic GMP (cGMP).

Second messengers are degraded by specific enzymes, including cyclic nucleotide

phosphodiesterase (PDE) for hydrolysis of cAMP and cGMP, and phospholipase C

(PLC) for hydrolysis of phosphatidylinositol 4,5-bisphosphate to inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol (DAG) [3].
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2.2 Identifying New Second Messengers

After cyclic AMP was discovered by Sutherland and Rall [1], which led to the

concept of second messengers described above, Sutherland set out to determine

which hormones exert which of their effects by this mechanism. Sutherland decided

to embark on a series of studies of different biological systems, and formulated a set

of criteria [4]. With some adaptations, these criteria are still used to identify new

second messenger molecules [5, 6]. These criteria are as follows:

1. The messenger should mimic the effect of the extracellular stimulus when

applied intracellularly.

2. Enzymatic machinery should be present to synthesize and metabolize the

prospective messenger.

3. The messenger’s intracellular levels should change in response to the extracel-

lular stimulus.

4. Antagonists of the action of the messenger should block the effects of the

stimulus whose effects are proposed to be tranduced by the messenger.

5. Specific intracellular targets should be present for the candidate second

messenger.

Fig. 1 Classical and non-kinase signal transduction pathways. Extracellular ligands (e.g.,

hormones, neurotransmitters, and growth factors) bind plasma membrane receptors. G protein

relay activates an effector protein, such as adenylate cyclase, creating a second messenger. In the

classical pathway, a protein kinase (PKA) is activated, resulting in the activation of various

cellular processes. In the non-kinase pathway, EPAC proteins relay the signal without the

involvement of secondary effector protein kinases
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2.3 Non-kinase Second-Messenger Signaling

After half a century of second messenger research, one would have expected that

few surprises would remain; however, that is not the case. For instance, many

experimental observations have hinted at the existence of PKA-independent

mechanisms of cAMP action. Most of the physiological effects of cAMP can be

ascribed to the action of one or more members of the PKA family, which have

distinct tissue-specific patterns of expression. However, cAMP exerts physiological

effects that are not readily explained by PKA’s action or by the other known cAMP

receptors. In 1998 the discovery of a new family of cAMP receptor/effector proteins

suggested a solution to this puzzle (Fig. 1) [7]. These proteins, designated EPAC

(exchange protein directly activated by cAMP), cAMP-GEF (cAMP regulated

guanine nucleotide exchange factor), CalDAG-GEF (calcium and diacylglycerol

regulated guanine nucleotide exchange factor), and RasGRP (ras guanine nucleotide

releasing protein), can mediate some of the physiological effects of the second

messengers in a protein-kinase-independent fashion. These proteins are all

exchange factors for Ras family GTPases that operate in pathways that run in

parallel to the classic kinase-dependent pathways. Since the identification of the

EPAC/cAMP-GEF and RasGRP/CalDAG-GEF proteins, more than 300 articles

have cited the initial reports, reflecting an emerging recognition that the physiologi-

cal effects of second messengers are not only a consequence of their interactions

with protein kinase effectors. Thus, in the analysis of any physiological response to a

second messenger molecule, the first question should be whether the effect is kinase

dependent, kinase independent, or a combination of the two mechanisms [2].

2.4 Diadenosine Oligophosphates as Signaling Molecules

ApnAs are made up of two adenosine moieties joined in 50–50 linkage by a chain

ranging from 2 to 6 phosphodiester links. These compounds were discovered by

Zamecnik and his co-workers in the mid-1960s [8]. In prokaryotes, heat shock and

oxidative stress were found to cause ApnA accumulation [9, 10], and for this reason

these molecules were considered as pleiotropically acting “alarmones” [11], which

are intracellular signaling molecules that are produced due to harsh environmental

factors, and can convey sophisticated messages [12]. Studies showed that ApnA

binds to and inhibits oxidative stress-related proteins [13, 14]. Later, further studies

demonstrated a ubiquitous occurrence of ApnA in the whole spectrum of organisms

from bacteria to higher eukaryotes [15, 16].

In multicellular organisms ApnAs have been shown to be physiologically active.

Many diverse tissues or cells respond to ApnA (e.g., heart, hippocampus, sperm,

hepatocytes, neutrophils, and pancreatic cells), indicating the involvement of the

ApnA family in widespread biochemical events, not restricted to any specialised

cell type or tissue (reviewed in [15]). Another important feature of ApnAs’ effects is
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the varied responses observed in various cell types, following administration or

addition of ApnA in animal models and cell culture respectively (reviewed in [15]).

2.5 Diadenosine Oligophosphates Are Synthesized by aaRSs

In addition to the main role of aaRSs in the production of aminoacyl-tRNAs, several

aaRSs can synthesize dinucleotide polyphosphates.

aaRS proteins react differently in the presence of their cognate tRNAs and other

cellular factors such as ATP. In terms of formation of second messengers relevant

to this review, one such ApnA family member, diadenosine 50,5000-P1,P4-
tetraphosphate (Ap4A), is an aaRS- synthesized second messenger with proven

historical and physiological implications. The synthesis of Ap4A was first detected

in an in vitro system consisting of ATP, Mg2+, L-lysine, and purified Escherichia
coli (E. coli) lysyl-tRNA synthetase [8]. It was later shown that Ap4A can be

synthesized in vitro by several other aaRS proteins, all using aminoacyladenylate

as an obligatory intermediate [11].

Later studies confirmed the physiological relevence of this observation by

showing that, in vivo, Ap4A is synthesized by a side reaction during aminoacyl-

tRNA synthesis [Eq. (1)] [17, 18]. This process involves the attack of the enzyme-

bound aminoacyl adenylate intermediate (I) by the pyrophosphate group of ATP,

resulting in formation of Ap4A (IIb) rather than aminoacyl-tRNA (IIa). Nucleo-

philic attack by other nucleotides results in formation of a variety of dinucleoside

polyphosphates. However, Ap4A is the predominant species due to the high con-

centration of ATP in cells [19].

Equation 1. ApnN synthesis by a side reaction of aaRS, usually in the absence

of cognate tRNA, through aminoacyl intermediate

However, a number of aaRS proteins rely on different mechanisms of actions,

and therefore provide interesting considerations in terms of the role of aaRS in

homeostasis, as opposed to production of second messengers important for intra- or

extracellular signaling. Reactions catalyzed by the aaRS proteins arginyl-tRNA

synthetase (ArgRS) and glutaminyl-tRNA synthetase (GlnRS) are unique, since

both ArgRS and GlnRS are unable to produce Ap4A, which is related to the fact that

both of these enzymes belong to the group of aaRSs that can only form aminoacyl

adenylate in the presence of the cognate tRNA. They are unusual insofar as the

presence of cognate tRNA in most cases inhibits Ap4A synthesis.

In contrast, glycinyl-tRNA synthetase (GlyRS) is responsible for the most robust

production of Ap4A by aaRS family members. It uses direct ATP condensation to
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synthesize Ap4A and this unique mechanism is probably conserved for GlyRSs in

eukaryotes and archaea [20]. It is intriguing to speculate that GlyRS is responsible

for maintaining the basal level of cellular Ap4A. In this scenerio, whereby GlyRS

may be linked to Ap4A homeostasis, LysRS could play an alternative role in

regulating Ap4A concentration in response to selective stimuli or specific physio-

logical conditions.

Along with ATP, aaRSs can also utilize any nucleoside oligophosphate (NDP,

NTP, ppGpp, etc.) as substrates, at least in vitro, resulting in the formation of a

family of adenylated dinucleoside oligophosphates (APnNs) (reviewed in [10, 11]).

Although most aaRSs are able to catalyze the synthesis of NpnNs and/or pnN, it is

not clear whether such enzymes are responsible for the majority of the NpnNs that

accumulate in vivo. In the cases of lysyl-tRNA synthetase (LysRS), phenylalanyl-

tRNA synthetase (PheRS), methioninyl-tRNA synthetase (MetRS), and valinyl-

tRNA synthetase (ValRS), it has been observed that the intracellular levels of Ap4N

increased in transformed E. coli strains that overproduced these enzymes [16].

Tryptophanyl-tRNA synthetase (TrpRS) is another interesting exception, as it

is unable to catalyze in vitro formation of Ap4A in contrast to some other

aminoacyl-tRNA synthetases. However, in the presence of L-tryptophan, ATP-

Mg2+, and ADP, the enzyme catalyzes the Ap3A synthesis via adenylate intermedi-

ate [21]. TrpRS was shown in vivo to catalyze the synthesis of Ap3A, but not Ap4A,

in human monocytes (J96 cells) and myeloid leukaemia HL60 cells incubated with

interferon [22].

2.6 Diadenosine Oligophosphates Are Degraded by Hydrolysis

ApnA molecules can be non-specifically degraded by a variety of phosphodie-

sterases and nucleotidases, such as Ap4A phosphorylase [23, 24] in S. cerevisiae
or in cyanobacteria Anabaena flos-aquae [25]. However, specific NpnN hydrolases

occur in both prokaryotes and eukaryotes [26]. These include hydrolases belonging

to either the histidine triad (HIT) superfamily or to the nucleoside diphosphate

linked moiety X (Nudix) superfamily.

The human fragile HIT (Fhit) protein is a dinucleoside 50,5000-P1,P3-triphosphate
hydrolase that cleaves Ap3A to AMP and ADP [27]. HIT proteins share a conserved

His-X-His-X-His-X-X sequence motif, where X is a hydrophobic amino acid resi-

due. The histidine residues of the HIT sequence are critical for the Ap3A hydrolase

activity of Fhit. It can also hydrolase Ap4A, but with a threefold higher KM.

In most higher eukaryotes, Ap4A hydrolase metabolizes Ap4A molecules by

asymmetrical hydrolysis, resulting in the formation of ATP and AMP. Ap4A

hydrolase is encoded by the NudT2 gene [28]. This gene encodes a member of

the MutT family of nucleotide pyrophosphatases, a subset of the larger Nudix

hydrolase family. The gene product possesses a modification of the MutT sequence

motif found in certain nucleotide pyrophosphatases. Ap4A hydrolase has some

cleaving activity for Ap5A and Ap6A, but it does not cleave Ap3A.
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Ap5A and Ap6A are preferentially cleaved by NudT3 (YOR163w) and NudT11

(Aps1) gene products [29], which also cleave a β phosphate from the diphosphate

groups in diphosphoinositol pentakisphosphate (PP-InsP5) and bisdipho-

sphoinositol tetrakisphosphate ([PP]2-InsP4). The major reaction products are

ADP and p4A from Ap6A, and either ADP and ATP or AMP and p4A from

Ap5A. The MutT/Nudix motif, which appears in a number of proteins from across

the phylogenetic spectrum, is characterized by the following (or closely related)

sequence: GX5EX7REUXEEXGU, where U is usually I, L, or V [30].

This motif represents one general solution to the challenge of regulating the

levels of metabolic intermediates that either act as cellular signals or can be

deleterious to cell function [30]. Thus, by analogy to the “housekeeping” or

maintenance genes, those coding for the nudix hydrolases could be considered

“housecleaning” genes whose function is to cleanse the cell of potentially deleteri-

ous endogenous metabolites and to modulate the accumulation of intermediates in

biochemical pathways.

2.7 Apn A Binding Proteins

ApnA binding proteins comprise a diverse class of proteins which facilitate the

linking and controlling of various cellular processes. These include hemoglobin,

glycogen phosphorylase, glyceraldehyde-3-phosphate dehydrogenase, DNA poly-

merase K associated protein, hormones, and hormone-like factors. ApnA binding

proteins can be categorized into three main groups:

1. Receptors located at the cell surface – P2 purinergic receptors [31], brain

membrane receptor [32].

2. Enzymes utilizing ApnA as substrates – Fhit [33], diadenosine tetraphosphate

hydrolase [34].

3. Other enzymes that bind ApnA but do not metabolize them – Ap4A binding

protein [35], heat shock protein ClpB, histidine triad nucleotide-binding protein 1

(Hint-1) [36].

As most signal transducing molecules perform their functions through

protein–protein interactions, it is interesting to consider how ApnA interactions

with such proteins mediate their biological activities, and through what molecular

mechanisms. If the signal transduction hypothesis for the ApnA family is correct,

the structural dissimilarities between the various members of the ApnA family

caused by differences in the length of their oligophosphate chain may result in

the different patterns of binding proteins for each ApnA molecule. If, in contrast,

proteins mediating biological effects bind ApnA nonselectively with regards to

phosphate chain length, an alternative mechanism for signal transduction is that

the binding protein assumes different protein conformational states as a conse-

quence of its binding to the ApnA molecule, or by charge differences induced by

different ApnA molecules.
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2.8 Physiological Actions of Diadenosine Oligophosphates

A wealth of data now suggest that the whole set of ApnAs, with “n” signifying 2–6

phosphates, possess biological activity, and thus can be considered a new class of

signaling molecules used by eukaryotic cells to regulate many housekeeping and

specialized functions [15]. For instance, dinucleotide polyphosphates have been

shown to play roles in both extracellular and intracellular physiology: a variety of

tissues and cells respond to extracellular application of ApnA, including the heart

[37], hippocampus [38], hepatocytes [39], neutrophils [40], and pancreatic cells

[41]. ApnAs are also involved in the physiology of various systems, including

inhibition of sperm motility, decrease of coronary perfusion pressure, and preven-

tion of aggregation of human platelets induced by ADP (reviewed in [15]),

indicating the involvement of the ApnA family in myriad biochemical events not

restricted to any specialized cell type or tissue.

Less is known about the intracellular role of ApnAs. Many studies indicate that

ApnAs are involved in various intracellular processes. These include nuclear

functions such as stimulation of DNA synthesis, mitogenic activity, and activation

of gene transcription and membrane processes such as induction of Ca2+

oscillations and release and inhibition of K ATP channels.

However, it should be noted that some of these initial reports were performed

before methods to measure and control intracellular ApnA levels were optimized,

and therefore some of the results are inconsistent and so should be treated with

caution. For example, although initial reports indicated a role for Ap4A in

cell proliferation [42], a later study in HeLa D98/AH2 and L929 cells could not

support the hypothesis that changes in Ap4A levels regulate cellular proliferation

[43]. However, further studies supported the earlier findings, suggesting that

NUDT2 (Ap4A hydrolase) is an estrogen repressed gene and is also induced by

HER2 pathways in breast carcinoma cells, and that NUDT2 promotes proliferation

of breast carcinoma cells and is a potent prognostic factor in human breast

carcinomas [44].

We should, therefore, be careful not to overinterpret the physiological

roles attributed to Ap4A, especially in the absence of coroborating data from

recent years.

2.9 Diadenosine Oligophosphates Levels Are Regulated
by Physiological Stimuli

ApnA levels are regulated by a variety of important physiological triggers. One

example is a study on the effects of interferons on Ap3A levels. Interferons are well

known to cause inhibition of cell proliferation. One study reported that, after

incubating interferon γ or α with human monocyte J96 cells and human myeloid

leukemia HL60 cells, Ap3A concentration considerably increased, in parallel with
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accumulation of tryptophanyl-tRNA synthetase (TrpRS). The Ap3A/Ap4A ratio in

HL60 cells was reported to increase threefold [22].

However, there is also evidence that in proliferating cells, Ap4A acts as a second

messenger of mitogenic induction similar to cAMP in hormone induction [42].

After mitogenic stimulation of G1-arrested mouse 3T3 cells and baby hamster

kidney fibroblasts, the Ap4A pool gradually increased 1,000-fold during progres-

sion through the G1 phase, reaching maximum Ap4A concentrations in the S phase

[42]. Other studies reported that Ap4A binds to mammalian DNA polymerase α
[45] and stimulates DNA replication [46], indicating that Ap4A could play a role as

a DNA inducer.

Interestingly, the Ap3A/Ap4A ratio shows distinct polar behavior in apoptotic

vs differentiating HL60 cells. One study showed that induction of cell differen-

tiation by phorbol ester in the promyelocytic cell line HL60 resulted in Ap3A

accumulation [47]. In contrast, when HL60 cells were induced to undergo

apoptosis by VP16, an inhibitor of DNA topoisomerase II, a striking inversion

of the Ap3A/Ap4A ratio was reported. This inversion is due to elevation of Ap4A

concentration in apoptotic cells and drop of Ap3A level. The opposite effect was

observed when HL60 cells underwent differentiation: the Ap4A concentration

remained constant whereas the Ap3A level was greatly elevated [47]. These data

indicate that Ap4A and Ap3A act as physiological antagonists in the determina-

tion of the cellular status, with Ap4A inducing apoptosis, and Ap3A acting as a

co-inductor of differentiation. In both cases the mechanism of signal transduction

remains unknown [48].

Another example of ApnA regulation by physiological signals has been observed

in murine pancreatic β cells, where glucose at concentrations inducing insulin

release were reported to produce a 30- to 70-fold increase in Ap3A and Ap4A

levels [23].

ApnA levels can also be controlled by regulation of Ap4A hydrolase. One study

showed that in mast cells, immunological challenge triggers both importin β
dependent translocation of Ap4A hydrolase to the nucleus, and de-phosphorylation

of Ap4A hydrolase. Decrease of its hydrolytic activity results in increased Ap4A

levels [49].

2.10 Ap4A as a Second Messenger: The Case of LysRS-MITF
Pathway

Ap4A, which is produced by LysRS, provides an example of a second messenger

that meets Sutherland’s criteria, as discussed earlier in this review. LysRS can

translocate to the nucleus where it forms a multiprotein complex with micro-

phthalmia transcription factor (MITF) and Hint-1 or with upstream stimulatory

factor 2 (USF2) and Hint-1 [36, 50]. LysRS nuclear localization occurs in response

to immunological challenge, and is mediated byMAPK-dependent phosphorylation
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of LysRS serine 207, which releases it from the multisynthetase complex, allowing

it to translocate to the nucleus and regulate gene expression [51].

LysRS has long been known to produce diadenosine tetraphosphate (Ap4A), but

the link to transcriptional regulation in eukaryotic cells has only recently been

established. This regulation occurs through Ap4A-induced dissociation of Hint

from the respective transcription factor, allowing for transcription of MITF- or

USF2-responsive genes (Fig. 2) [50].

As mentioned, it was speculated as early as 1984 that Ap4A acts as a second

messenger ofmitogenic induction similar to the action of cAMP in hormone induction

[42]. If Ap4A is indeed a secondmessenger, it should fulfill Sutherland’s criteria [5, 6].

Is this indeed the case? The latest findings should be taken into account:

1. The messenger should mimic the effect of the extracellular stimulus when
applied intracellularly. Upon RBL activation by immunoglobulin E (IgE) and

antigen (IgE-Ag), Ap4A accumulates and MITF target expression is induced.

The introduction of Ap4A by cold shock into RBL cells results in the activation

of MITF target gene expression, such as granzyme B and tryptophane hydroxy-

lase, which closely follows the effect of immunological activation of these cells

by IgE-Ag [36].

2. Enzymatic machinery should be present to synthesize and metabolize the pro-
spective messenger. As described earlier, Ap4A can be synthesized by LysRS.

It is known that several enzymes are able to hydrolyze Ap4A, but there is

evidence that the “Nudix” type 2 gene product, Ap4A hydrolase, is responsible

for Ap4A degradation following the immunological activation of mast cells [6].

Thus enzymatic machinery is present in the cell that can both synthesize and

degrade Ap4A, and this mechanism responds to physiological stimuli.

3. The messenger’s intracellular levels should change in response to the extracel-
lular stimulus. Upon engagement of the surface high affinity Fc receptors

(FcεRI) in mast cells, Ap4A is synthesized by LysRS in close proximity to a

multiprotein complex of Hint, MITF, and LysRS [36]. Ap4A levels peak 15 min

after stimulation, followed by a sharp drop and a return to the basal level within

60 min [6].

4. Antagonists of the action of the messenger should block the effects of the
stimulus whose effects are proposed to be tranduced by the messenger. Currently
there are no antagonists for Ap4A. However, silencing of LysRS or transfection

of S207A mutated LysRS decrease Ap4A production and abrogate the expres-

sion of MITF target genes, such as tryptophan hydroxylase [51].

5. Specific intracellular targets should be present for the candidate messenger.
Hint-1 is a HIT protein that can bind AMP [52] and GMP [53], and it is known to

catalyze AMP-NH4 [54]. Hint-1 binds and inhibits the transcription factors

MITF and USF2 [36, 50]. Ap4A can bind to Hint-1 but is not degraded by it.

However, Ap4A binding to Hint-1 causes its release from both MITF and USF2

[36, 50], thereby abolishing the inhibitory effect of Hint-1, and activating both

MITF target genes (tryptophan hydroxylase, granzyme B, myosin light chain 1a)

and USF2 target gene telomerase reverse transcriptase (TERT).
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Thus, Ap4A indeed fulfills all of Sutherland’s criteria, and is therefore a second

messenger.

2.11 Ap4A as a Second Messenger in Other Systems

Second messengers are usually involved in multiple signal transduction

pathways. For example, in Pseudomonas fluorescens, loss of the ApaH function

and subsequent accumulation of Ap4A promote biofilm formation by two

mechanisms [19]:

Ap4A inhibits Pho regulon, resulting in decreased levels of RapA, and the

subsequent increases in the level of cyclic diguanylate (c-di-GMP). Higher levels

of c-di-GMP result in increased biofilm formation by promoting localization of the

adhesin LapA to the cell surface. Furthermore, Ap4A promotes expression of LapA

and its transporter, LapEBC, which contributes to increased biofilm formation.

Fig. 2 LysRS-MITF signaling pathway. Extracellular ligand, such as antigen, binds plasma

membrane high affinity Fc receptor in mast cells. LysRS is released from the MSC, and starts

producing Ap4A, detaching Hint from MITF. MITF is free to bind DNA and activate target genes.

Finally, Ap4A hydrolase degrades Ap4A, and Hint can bind and inhibit MITF
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2.12 Ap3A Directs Fhit Activity

Ap3A has been found to be another dinucleotide polyphosphate with important

second messenger activities, linking interferon signaling to the fragile histidine

triad (Fhit) gene, a tumor-suppressor gene present on the short arm of chromosome 3.

Many cancer cell lines and primary cancers exhibiting hemizygous or

homozygous deletions with end points within the FHIT gene. It is well known that

overexpression of Fhit results in apoptosis in Fhit-deficient cancer cells, and recent

studies have demonstrated a role for Fhit in responses to damage induced by

ultraviolet C (UVC) light. Furthermore, after oxidative stress, Fhit-positive cells

produce higher levels of ROS, while Fhit-deficient cancer cells show only a mild

response to oxidative stress, producing less ROS, and are more resistant to

chemotherapy-induced cell death (reviewed in [55]).

Fhit tumor suppressor activity was initially believed to be related to its Ap3A

hydrolytic activity, but further studies disproved this theory. For instance, one study

reported that the H96N mutation of Fhit, which decreases Fhit hydrolase activity by

several orders of magnitude, did not affect its tumor suppressor activity [56].

Another study constructed a series of mutations in the Fhit gene, designed to

increase KM and/or to decrease Kcat [33] of the Fhit protein. However, apoptotic

activity correlated exclusively with KM. It was, therefore, assumed that the pro-

apoptotic function of Fhit depends on formation of an enzyme–substrate complex,

which is limited by substrate binding, and is unrelated to substrate hydrolysis.

Recent data indicate that Fhit–2 Ap3A complex represents the active form of

Fhit. This active form exposes an extensively phosphorylated surface with two

adenosine moieties in a deep cavity lined with charged amino acids [57]. The

negatively supercharged surface might favor Fhit binding to secondary effector

molecules.

Fhit interacts with several signal transduction pathways [58]. Fhit directly

interacts with the C-terminus of β-catenin and represses transcription of target

genes such as cyclin D1, MMP-14, and survivin [59]. Multiple key molecules in

the Ras/Rho GTPase molecular switch, including Ran, Rab, and Rac, were nega-

tively regulated by Fhit in non-small cell lung carcinoma (NSCLC) [60]. The

finding of Ras/Rho GTPases as direct cellular targets of Fhit may provide a

biological support for an earlier crystallographic study that suggested that the

Fhit–substrate complex is an active signaling molecule mediating its tumor-

suppression activity and functionally analogous to the Ras-GTP complexes [57].

Furthermore, loss of endogenous Fhit expression caused increased Akt activity

in vitro and in vivo, which leads to the inhibition of apoptosis. The results of the

study indicated that the Fhit Y114 residue plays a critical role in Fhit-induced

apoptosis through inactivation of the PI3K-Akt-survivin signal pathway [61].

As mentioned above, in myeloid leukemia HL60 cells treated with interferon γ
or α, the Ap3A concentration considerably increases in parallel with accumulation

of TrpRS [22]. The competitive inhibitors of TrpRS adenylate formation, trypt-

amine and β-indolilpyruvic acid, considerably decrease Ap3A accumulation. Thus,

Ap3A accumulation results from TrpRS activity.
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IFN-γ is known to upregulate TrpRS expression [62, 63]. Under normal

conditions, little TrpRS could be detected in the nucleus. However, upon IFN-γ
treatment, the presence of TrpRS in the nucleus, along with its overexpression in

the cytoplasm, was detected in a variety of cell lines. This observation

demonstrated that IFN-γ-mediated upregulation and translocation of TrpRS into

the nucleus was not specific to a particular cell line [64].

Thus the following model can be suggested. Interferons induce the expression

and translocation of TrpRS to the nucleus. Ap3A is synthesized by TrpRS and binds

to Fhit, forming an active Fhit–Ap3A complex. The active complex interacts with

mediators of several signal transduction pathways, including β catenin and PI3K-

Akt pathways, resulting in the regulation of specific intracellular targets. Ap3A can

then be degraded by Fhit, terminating the signal.

3 Summary

tRNA synthetases are an ancient class of proteins, perhaps the first to develop sites

for binding specific amino acids. Thus they were in an ideal position to develop new

functions needed, at least in part, for the development of the complexity of

organisms, whereby tRNA synthetases became connected to signaling pathways

mediating angiogenesis [65], immune response [66], inflammation [67], and

apoptosis [68].

These expanded functions often involve direct interaction partners. For example,

human tyrosyl-tRNA synthetase interacts with chemokine receptor CXCR1 to

induce cell migration [65] and human glutaminyl-tRNA synthetase interacts

with ASK1 to regulate apoptosis. However, functional expansion can also be

achieved indirectly via reaction products of aaRSs. Namely, the majority of

aaRSs have the capacity to catalyze a side reaction to form ApnA in the absence

of cognate tRNA. These reactions of aaRS are the best known sources of ApnA

in vivo.

In this chapter we have presented the concept that ApnA family members

produced by aaRSs form a new class of second messenger molecules used by

eukaryotic cells to regulate many intracellular processes. This class of molecules

deserves further detailed research. We would not be surprised if more physiological

functions will be attributed to the ApnA family.
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Abstract Although aminoacyl-tRNA synthetases (ARSs) and ARS-interacting

multi-functional proteins (AIMPs) have long been recognized as housekeeping

proteins, evidence indicating that they play a key role in regulating cancer is

now accumulating. In this chapter we will review the conventional and

non-conventional functions of ARSs and AIMPs with respect to carcinogenesis.

First, we will address how ARSs and AIMPs are altered in terms of expression,

mutation, splicing, and post-translational modifications. Second, the molecular

mechanisms for ARSs’ and AIMPs’ involvement in the initiation, maintenance,

and progress of carcinogenesis will be covered. Finally, we will introduce the

development of therapeutic approaches that target ARSs and AIMPs with the

goal of treating cancer.

Keywords Aminoacyl tRNA synthetase � ARS-interacting multi-functional

protein � Cancer � Therapeutics

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

2 Alterations of ARSs and AIMPs in Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

2.1 Changes in Expression Level . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

2.2 Mutations and Splicing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

2.3 Post-Translational Modifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

3 Molecular Mechanisms of ARSs and AIMPs in Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

3.1 Aminoacyl-tRNA Synthetases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

3.2 ARS-Interacting Multi-functional Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

D. Kim, N.H. Kwon (*), and S. Kim

Medicinal Bioconvergence Research Center, Graduate School of Convergence Science and

Technology, College of Pharmacy, Seoul National University, Seoul 151-742, Korea

e-mail: doyeun.kim@snu.ac.kr; nanarom1@snu.ac.kr; sungkim@snu.ac.kr

mailto:doyeun.kim@snu.ac.kr
mailto:nanarom1@snu.ac.kr
mailto:sungkim@snu.ac.kr


4 Therapeutics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

4.1 Aminoacyl-tRNA Synthetases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

4.2 ARS-Interacting Multi-functional Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

5 Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

1 Introduction

To form cancer cells, parental cells must overcome multiple barriers of innate

responses [1, 2]. During the initial stages of carcinogenesis, differentiated dormant

cells regain sustained proliferative signals, evade growth suppressors, and

overcome replicative mortality. They deregulate cellular energetics, and induce

angiogenesis in order to have a plentiful supply of energy. They acquire invasion

and metastatic ability to dominate the whole organism. Genome instability or

inflammation often contributes to the whole process of tumor progression.

ARSs (aminoacyl-tRNA synthetases) are fundamental enzymes that charge

amino acids to their cognate tRNA, thereby providing the building blocks for

translation. As part of translational machinery, ARSs are obviously involved in

sustaining growth, although whether their role is “driver” or “passenger” is not

resolved. Interestingly, ARSs in higher eukaryotes harbor certain additional

domains or scaffolding proteins for complex formation that are not conserved in

lower complex organisms, suggesting extra-translational functions have evolved

with increasing organismal complexity [3]. Accordingly, non-conventional

functions of ARSs and AIMPs (ARS-Interacting multi-functional proteins;

AIMP1/p43, AIMP2/p38, and AIMP3/p18) in amino acid metabolism, inflamma-

tion, tumorigenesis, and angiogenesis in higher eukaryotes have been revealed

during the last decades [4]. Furthermore, misregulation or altered expression of

ARSs and AIMPs (collectively termed ARSN herein) are often linked to human

diseases related to neurodegeneration, immune modulation, and cancer [4–7].

In tumor formation, ARSN plays roles in triggering or suppressing the hallmarks

of cancer: Leucyl-tRNA synthetase (LRS) and methionyl-tRNA synthetase (MRS)

can sustain proliferative signaling [8, 9]. LRS, MRS, arginyl-tRNA synthetase

(RRS), aspartyl-tRNA synthetase (DRS), mitochondrial DRS, and mitochondrial

asparaginyl-tRNA synthetase (NRS) can deregulate cellular energetics [8–11].

Secreted ARSN, glycyl-tRNA synthetase (GRS), lysyl-tRNA synthetase (KRS),

threonyl-tRNA synthetase (TRS), tryptophanyl-tRNA synthetase (WRS), tyrosyl-

tRNA synthetase (YRS), and AIMP1 can impact tumor-promoting inflammation,

angiogenesis, and metastasis [12–15]. WRS, AIMP2, and AIMP3 can activate

growth suppressors and induce cell death, revealing anti-tumorigenic functions

[16–20]. AIMP2-DX2, the exon 2-deleted isoform of AIMP2, enables cancer

cells to evade the suppressive effects of AIMP2, thereby sustaining cell

208 D. Kim et al.



proliferating signaling [21, 22]. Glutaminyl-tRNA synthetase (QRS) also sustains

proliferative signaling in the presence of glutamine [23]. KRS promotes cancer cell

migration [24] and glutamyl-proryl-tRNA synthetase (EPRS), seryl-tRNA synthe-

tase (SRS), TRS, WRS, and YRS are considered as angiogenesis-regulating factors

[5, 14, 15, 25–27].

2 Alterations of ARSs and AIMPs in Cancer

Cancer is a genetic disease, with accumulation of mutations in the genome under-

lying the development of malignant tumors. When the accumulation of mutations

exceeds what the cell can regulate by homeostasis, certain molecular pathways

malfunction. Consequently, what begins as focal functional defects leads to acqui-

sition of cancer cell characteristics through molecular interactions and crosstalk of

signaling cascades. In this section we discuss cases where ARSN is involved in

different types of cancer. In some forms of cancer, ARSN itself is mutated, while in

others regulation of ARSN expression levels or its function seems to play a role.

2.1 Changes in Expression Level

Increasingly, cancer tissues or cells are studied for genome-wide genetic changes in

an unbiased manner using bioinformatics approaches. Such an unbiased assessment

of the ARS’s role in cancer was performed in silico [6]. Differential expression and

copy number variations of 23 ARSN (20 ARSs and 3 AIMPs) were analyzed in ten

different cancer groups whose data were strictly selected from the Gene Expression

Omnibus database (GEO) [28] and ArrayExpress database [29]. In this approach,

3,501 cancer associated genes (CAGs) which showed strong cancer association and

clinical indications were used to identify possible interaction partners of ARSN

based on curated protein–protein interactions collected from public databases.

Finally, 123 first neighbor CAGs which can directly associate with ARSN and

1,295 second neighbor CAGs that may bind the first neighbors were chosen and

analyzed together with ARSN. As shown in Fig. 1a, the expression profiles of

ARSN are similar to those of first and second neighbor CAGs, whereas the patterns

are clearly distinguishable from those of non-CAGs that are not included in the US

National Cancer Institute’s cancer gene index. Copy number variations of ARSN,

first and second neighbor CAGs and non-CAGs were also analyzed in nine cancer

groups using the data obtained from CanGEM database [31]. Positive correlation in

the copy number variations was also observed between ARSN and CAGs while

little variation was shown in non-CAGs (Fig. 1b).

In addition to bioinformatic approaches such as these, experimental evidence

supporting the quantifiable changes in ARS during carcinogenesis is being

accumulated for some cancers and will be discussed below (Fig. 2).

Association of Aminoacyl-tRNA Synthetases with Cancer 209



Fig. 1 Expression profiles and copy number variations of ARSN and their correlation with CAGs.

(a) The gene expression profiles of ARSN were compared with 123 first neighbor CAGs and 1,295

second neighbor CAGs. CAGs are selected by curated protein–protein interaction analysis based

on 11 public databases. Non-CAGs consist of 1,874 genes which are not included in the US

National Cancer Institute’s cancer gene index and have no significant cancer-associated expression

profiles in more than 22 cancer data sets (P > 0.5). The gene expression data obtained from GEO

and ArrayExpress contains 40 data sets which have more than 10 normal and cancer samples. Each

cancer group has at least two data sets from independent studies. Differentially expressed genes

between normal and cancer were identified using integrative statistical hypothesis testing

(P < 0.05) for each data set in the each cancer group. For multiple data sets in individual cancer

groups, Stouffer’s methods [30] were used for the summarization of the P values for each gene

revealing the combined P values of all the genes in the ten cancer groups. (b) The comparison of

copy number variations between ARSN, CAGs, and non-CAGs. Data for the copy number

variations in the nine cancer groups were obtained from the CanGEM database. The relative

frequency of copy number variations is presented for ARSN, first neighbor CAGs, second

neighbor CAGs, and non-CAGs, respectively. HLT hematopoietic and lymphoid tissue. These

figures were originally published in Nature Reviews Cancer [6]
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2.1.1 Expression of ARSs in Cancer

LRS. Anabolic energy metabolism is a hallmark of fast growing cancer cells, and

the mTOR (mammalian target of rapamycin) promotes anabolic cellular processes

in response to growth factors and metabolic cues. Among signals for cell prolifera-

tion, the mTORC1 (mTOR complex 1) signaling pathway is implicated in the

process of cancer development. mTORC1-regulating drugs, including rapamycin

analogues, are undergoing clinical trials [32]. LRS was recently reported as a

regulator of mTORC1 signaling via sensing its substrate leucine [8, 33]. Whether

LRS-mTORC1 pathway is amplified or mutated for constitutive activity is as yet

unknown. Interestingly, LRS was upregulated in lung cancer cells in comparison

with normal cells. In addition, downregulation of LRS reduced migration and

colony formation ability of cancer cells [34]. Upregulated expression of LRS in

acute myeloid leukemia was also reported [35].

WRS. WRS was identified as a potential prognostic marker in colorectal cancer

by the human protein atlas [36]. Upon further examination in a cohort of patients

(n ¼ 320) it was found that low expression of WRS correlated with more advanced

tumor stage and an increased risk of lymph node metastasis and recurrence in

colorectal cancer [37]. WRS is a well-known angiogenesis suppressor when its

N-terminus is truncated by proteolysis or splicing [38, 39]. Moreover, nuclear

WRS has been identified as a mediator in IFN-γ (interferon-γ)-dependent anti-
proliferative responses [40]. It is not surprising, therefore, that expression level of

WRS is inversely proportional to tumor progression.

In a proteomic study using prostate cancer cells challenged with androgen, WRS

and several ARSs were found to be significantly upregulated in cancer cells but not

in untreated control cells [41]. In accordance with the androgen study, another

proteomic approach also revealed that WRS was significantly upregulated when
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HepG2 cells or rat primary hepatocyte were infected with hepatitis B virus

[42]. Viral infection has also been found, through viral oncogenes, to perturb

proliferative signals, leading to cervical and liver cancers. The results from these

proteomic approaches suggest that WRS is transiently induced in response to

various stimuli, although the distinct roles in these contexts require further study.

ARSs in Prostate Cancer. An increased response to hormones is one way for

breast or prostate cancer cells to acquire an uncontrolled proliferative phenotype.

ARSs have been reported to respond to androgen and, moreover, ARSs have also

been reported to be overexpressed in the prostate cancer cell line LNCaP, as well as

prostate cancer tissues [41]. At the protein level, semi-quantitative MudPIT ESI-ion

trap MS/MS and quantitative iTRAQMALDI-TOF MS/MS platforms showed that,

in androgen-treated LNCaP cells, several ARSs were highly expressed, including

Alanyl-tRNA synthetase (ARS), α subunit of phenylalanyl-tRNA synthetase (FRS),

GRS, NRS, TRS, histidyl-tRNA synthetase (HRS), and WRS. The increased

transcription and translation of these ARSs upon androgen stimuli were partially

verified by microarray and Oncomine database analyses. Interestingly, the promoter

regions of GRS and KRS were also enriched in sites mediating responses to

androgen receptor binding in an androgen dependent manner. The exact function

and role of overexpressed ARSs in prostate cancer are unclear although a pivotal

role in protein biosynthesis has been suggested in these studies.

MicroRNA and ARSs. Recently, many researchers have focused on the connec-

tion between microRNAs (miR) and cancers [43]. Examples are miR-15 and

miR-16, about 68% of which are deleted or downregulated in B-cell chronic

lymphocytic leukemia [44]. The reduced expression of these miRs was also

observed in pituitary adenomas, showing an inverse correlation with arginyl-

tRNA synthetase (RRS) expression as well as tumor size [45]. RRS mRNA has

antisense complementary regions with 85% sequence homology to miR-16,
suggesting RRS as a putative target of miR-16 [44]. Moreover, reduced secretion

of AIMP1, the binding partner of RRS in the multi-tRNA synthetase complex

(MSC), was observed in the pituitary adenoma tissues with low expression of

miR-15 and miR-16. The relationship between miR-15, miR-16, RRS, and AIMP1

remains to be elucidated, but this finding suggests that expression level of RRS and

the inverse secretion of AIMP1 may be related to the tumor growth.

Metabolism and ARSs. Growth signaling mediated by IGF (insulin-like growth

factor) is implicated in the normal and cancerous growth of breast epithelial cells.

Expression profiling of breast cancer cells overexpressing IGF1/2 revealed that half

of genes with increased expression were related to amino acid metabolism, includ-

ing RRS, MRS, and other amino acid transport proteins [10]. Expression of these

genes may contribute to the increased rate of protein synthesis observed in

proliferative cancer cells.

Other ARSs. Overexpression of KRS was reported in breast cancer, metastatic

cell lines, and glioma-derived stem cells [13, 35, 46]. Additionally, the α-subunit of
FRS is overexpressed in lung solid tumors and acute phase chronic myeloid

leukemia [47, 48], and GRS is up-regulated in papillary thyroid carcinoma

[49]. The increased aminoacylation activity of MRS has been reported in human
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colon cancer [50], and overexpression of MRS was also reported in several types of

cancers, such as malignant fibrous histiocytomas, lipoma, osteosarcomas, malig-

nant gliomas, and glioblastomas [51–54].

2.1.2 Expression of AIMPs in Cancer

AIMPs. AIMP1, AIMP2, and AIMP3 are scaffold proteins for the MSC. They are,

however, functionally versatile and play important roles in other locations as well

as in the MSC [5]. Analysis of hundreds of gastric and colorectal cancers showed a

significant decrease of all three proteins, suggesting a tumor suppressive role for the

AIMPs [6]. In the same context, low expression of AIMP1 was observed in pituitary

adenomas [45].

AIMP2 and Its Splicing Variant AIMP2-DX2. AIMP2 is located in the MSC

under normal conditions. It is released from the MSC under certain conditions, such

as TGF-β (transforming growth factor-β) and TNF-α (tumor necrosis factor-α)
signaling and DNA damage stress to induce growth arrest and apoptosis [18–20,

22, 55]. AIMP2 heterozygous mice become highly susceptible to various types of

tumors including skin cancer carcinogenesis [20]. AIMP2 homozygous mice show

neonatal lethality due to lung dysfunction which is caused by overproliferation of

lung epithelial cells [18].

AIMP2-DX2 is a splicing variant of AIMP2 but with exon 2 deleted in the

transcript. Increased expression of AIMP2-DX2 was observed in tumorigenic lung

cancer cell lines as well as in lung cancer patients’ samples. AIMP2-DX2 hampers

the tumor suppressive effect of AIMP2 by competing with AIMP2 for binding to

target proteins [21, 22]. This property means that AIMP2-DX2 works like a

dominant negative mutant against the pro-apoptotic interaction of AIMP2.

As mentioned above, AIMP2 acts as a potent tumor suppressor in response to

different stimuli, whereas its splicing variant AIMP2-DX2 is an antagonist of

AIMP2. Therefore it is expected that an abnormal ratio of expression of AIMP2-

DX2 to AIMP2 might be observed in cancers. In fact, an increased expression ratio

of AIMP2-DX2 to AIMP2 was reported in lung cancer patients and drug-resistant

epithelial ovarian cancer patients [21, 22].

AIMP3. AIMP3, which shows strong interaction to MRS in the MSC, is released

upon DNA damage and oncogenic stress and translocated into nucleus

[16, 17]. AIMP3 associates with ATM/ATR (ataxia telangiectasia mutated/ATM

and Rad3-related) and induces DNA damage response by activating p53. AIMP3 is

a well-known tumor suppressor, and it was reported that mice with a single allelic

deletion of AIMP3 suffered from breast adenocarcinoma, a sarcoma of unknown

origin, adenocarcinoma in seminal vesicles, hepatocarcinoma, and lymphoma

[16]. Single allelic loss of AIMP3 could not activate p53 in response to oncogenic

stress such as Ras or Myc and caused abnormalities in chromosomal structure

[17]. Cell senescence is recognized as a protective barrier to neoplastic expansion

[2], and AIMP3-overexpressing mice develop progeroid [56]. These data suggest
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that AIMP3 is a controller of cell fate at the demarcation between tumorigenesis

and senescence, and this relationship should be further studied.

2.2 Mutations and Splicing

In addition to its changes in translation, mutations of ARSN or alterations in the

mRNA transcript levels were reported in various cancers. Mutations ranged from

point mutations to chromosomal deletions. How these mutations affect the function

of ARSN remains to be elucidated (Table 1).

2.2.1 Small Scale Mutations

Point Mutation. There are several reports of ARS mutations in cancer tissues.

Several point mutations in AIMP3 were found in chronic myeloid leukemia patients

[57], and these mutations affected the association between AIMP3 and ATM,

resulting in modulation of p53 activation, supporting the role of AIMP3 in the

initiation or progression of human leukemias.

Mutations in the promoter region (at position �318 to �291) of mitochondrial

isoleucyl-tRNA synthetase (IRS) were observed in 59% of nonpolyposis colorectal

cancer and Turcot syndrome [58]. It is not clear whether these mutations affect the

expression level of mitochondrial IRS, but still suggests its relationship to the

progression of nonpolyposis colorectal cancer and Turcot syndrome.

L-Asparaginase is an anticancer drug used in treating several cancers including

acute lymphoblastic leukemia (ALL) [67]. Unlike normal cells, in ALL, leukemic

cells are unable to synthesize the non-essential amino acid asparagine; thus they

depend on circulating asparagine. Asparaginase catalyzes L-asparagine producing

aspartic acid and ammonia. This deprives leukemic cells of circulating asparagine,

which leads to cell death. Polymorphism of DRS, mitochondrial DRS and mito-

chondrial NRS were observed in ALL patients and B-lymphoblastoid cell lines, and

among them a few single nucleotide polymorphisms in mitochondrial NRS

contributed significantly to asparaginase sensitivity [11]. It was supposed that

intracellular amino acid metabolism and protein synthesis related to aspartate and

asparagine pathways might be altered by these polymorphisms, rescuing cells from

the effects of asparaginase.

Recently a somatic frameshift mutation in MRS exon 3 was reported in colorec-

tal cancer and gastric cancer [59]. This mutation in the T9 repeat sequence results in

a premature stop of translation with loss of the entire catalytic domain of MRS. The

second allele remains intact, and therefore the catalytic function of MRS in

translation should not be affected by the mutant allele. This mutant may affect

the non-canonical function of MRS and further study could reveal the importance of

its function in cancer.
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Table 1 Mutations of ARSN found in cancers

Gene Mutations Cancer References

AIMP3 Point mutation T35A, S40A, E76A,

T80P, S87A,

R144A, V106A

Chronic myeloid

leukemia

Kim et al. [57]

IRS2 A and/or TA deletion

at (A)10(TA)9

repeat in promoter

region

Nonpolyposis

colorectal cancer

and Turcot

syndrome

Miyaki et al. [58]

DRS G/T (SNP ID

rs3768998), T/C

(SNP ID

rs7587285), T/C

(SNP ID

rs11893318), T/C

(SNP ID

rs2322725), A/C

(SNP ID

rs2278683)

Acute lymphoblastic

leukemia and

B-lymphoblastoid

cell lines

Chen et al. [11]

DRS2 A/G (SNP ID

rs2068871), A/G

(SNP ID

rs16846526), C/T

(SNP ID

rs2759328), C/T

(SNP ID

rs941988), C/T

(SNP ID

rs2227589)

Acute lymphoblastic

leukemia and

B-lymphoblastoid

cell lines

Chen et al. [11]

NRS2 G/A (SNP ID

rs11237537)

Acute lymphoblastic

leukemia and

B-lymphoblastoid

cell lines

Chen et al. [11]

MRS Frame shift

mutation

c.212delT resulting in

production of

102 amino-acid-

long-peptide

Colorectal cancer and

gastric cancer

Park et al. [59]

EPRS PAY* Introduction of UAA

stop codon at

Y864

Monocytes Yao et al. [60]

CRS and

ALK
Chromosome

rearrangement

t(2;11;2)(p23;p15;

q31)

Inflammatory

myofibroblastic

tumor

Debelenko et al.

[61]

MRS Chromosome

amplification

12q13-q15 locus Malignant fibrous

histiocytomas,

sarcomas, malig-

nant gliomas and

glioblastomas

Forus et al. [51],

Nilbert et al.

[52], Palmer

et al. [53],

Reifenberger

et al. [54]

(continued)
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2.2.2 Large Scale Mutations

Chromosomal Rearrangement. Chromosomal translocation is a well-known hall-

mark of cancer, where abnormal mutations are introduced into dormant oncogenes.

Anaplastic lymphoma kinase (ALK), a receptor tyrosine kinase, is implicated

in various cancers including lymphomas and lung cancers, where it is translocated

and fused to other proteins [68]. In one example a fusion between cysteinyl-

tRNAsynthetase (CRS) and ALK was identified in inflammatory myofibroblastic

tumors [61], where the in-frame chimeric protein preserved the functional catalytic

domain of ALK at the C terminus. In cancers, uncontrolled receptor tyrosine

kinases deliver cell proliferative signals in the absence of growth stimuli, and

therefore misregulation of ALK activity may play a causative role in inflammatory

myofibroblastic tumor. However, the role of CRS in the context of this chromo-

somal rearrangement is an open question, and studies focused on the CRS might

provide insights to tumorigenesis.

Malignant fibrous histiocytomas, sarcomas, and malignant gliomas and

glioblastomas have an amplification of the chromosome 12q13 locus where MRS

and CHOP (C/EBP homologous protein transcription factor) reside [51–54]. This

amplification likely results in overexpression of MRS and CHOP, which may

promote tumor progression. CHOP and MRS genes share a 56 bp tail to tail

complementary sequence which reveals an in vivo interaction between the two

transcripts through each of their 30 untranslated regions (30 UTR) [69]. The associ-
ation between CHOP and MRS mRNAs could increase the stability of CHOP

transcript, enabling a growth advantage for tumors [70]. The functional link

between the expression of MRS and CHOP can also be found in myxoid and

round cell liposarcomas. Myxoid liposarcomas have a characteristic chromosomal

translocation (t12, 16)(q13 p11), which results in production of a fusion protein,

TLS-CHOP (fusion between fus-like protein and CHOP). TLS-CHOP also contains

a 30 UTR sequence complementary to that of MRS and has been shown to transform

NIH3T3 fibroblasts and nude mice [70]. It is likely that the regulation of MRS

expression is altered by the chromosomal translocation in myxoid liposarcomas and

the increase of MRS transcript enhances the stability of the TLS-CHOP transcript.

Table 1 (continued)

Gene Mutations Cancer References

CRS Deletion 11p15.5-p15.4 locus Wilms tumor and

embryonal rhab-

domyosarcoma,

adrenocortical

carcinoma, and

lung, ovarian, and

breast cancers

Hu et al. [62],

Reid et al.

[63], Xu et al.

[64], Zhao

and Bepler

[65]

LRS2 3p21.3 locus Nasopharyngeal

carcinoma

Zhou et al. [66]

IRS2 mitochondrial IRS, DRS2 mitochondrial DRS, NRS2 mitochondrial NRS, LRS2 mitochon-

drial LRS, PAY* polyadenylation-directed conversion of a Tyr codon in the EPRS-coding

sequence to a stop codon
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Deletion. Loss of CRS by chromosomal deletion has been observed in several

cancers including Wilms tumor and embryonal rhabdomyosarcoma [62, 63]. The

11p15.5 chromosomal location harboring CRS is an important region for tumor-

suppressor activity, with loss of heterozygosity in the above cancers as well as in

adrenocortical carcinoma, and lung, ovarian, and breast cancers [64, 65]. This

region includes genes such as RRM1, GOK, Nup98, hNAP2, p57KIP2, KVLQT1,

TAPA-1, ASCL2, as well as several novel genes. Some or all of these genes may be

involved in the malignancy caused by deletion of this region. However, the exact

mechanism for how these genes relate to tumor-suppressive effects has not yet been

fully examined.

In 95–100% of nasopharyngeal carcinomas, chromosomal region 3p21.3, where

mitochondrial LRS resides, is frequently deleted [66]. Zhou et al. intensively

examined the impact of chromosomal deletion on mitochondrial LRS expression

and modification. They found that 78% of patients’ samples showed down-

regulation or no expression of mitochondrial LRS. In addition, 28% of specimens

had homozygous deletions of mitochondrial LRS and 64% had hyper-methylation

of mitochondrial LRS. These results imply that inactivation of mitochondrial LRS

by both genetic and epigenetic mechanisms may be an important event in the

carcinogenesis of nasopharyngeal carcinoma.

Polyadenylation-Mediated Deletion Mutation. EPRS is released from the MSC

by IFN-γ and with other proteins forms the GAIT (IFN-γ activated inhibitor of

translation) complex, which blocks translation of specific target mRNA [71]

(Fig. 3). A truncated N-terminal fragment of EPRS, EPRSN1, was recently

identified [60]. EPRSN1 works as a GAIT component and protects the target

mRNA from the inhibitory GAIT complex, thereby maintaining basal transcription

of target genes. Interestingly, C-terminal truncation of EPRSN1 is not caused by

genetic mutation, but is generated by polyadenylation-directed conversion of a Tyr

codon to a stop codon. Sequencing data revealed that the UAU codon for Y864 was

replaced by a UAA stop codon which was followed by a poly(A) tail without an

intervening 30 UTR. This replacement resulted in deletion of the last 12 amino acids

of R2, R3, and PRS (Fig. 3a). It remains unclear whether in cancer the expression of

EPRS and EPRSN1 is controlled in an opposing manner, and how the regulatory

mechanism is perturbed. It is expected that there would be a positive correlation

between expression of EPRSN1 and tumor malignancy, since GAIT controls

the translation of VEGF-A (vascular endothelial growth factor-A) which is an

important signal mediator in angiogenesis.

2.2.3 Splicing

For several ARSN, including AIMP2, AIMP2-DX2, EPRS, and WRS, splicing is

involved in cancer regulation.

AIMP2-DX2, the splicing variant of AIMP2 (Fig. 4), has been shown to be

induced in cancer cells and human cancer patients. The proportion of AIMP2-DX2

compared with full length AIMP2 was increased depending on lung cancer stage,
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Fig. 3 Schematic representation of EPRS and EPRSN1 domains and the roles of two proteins on

the control of VEGFA transcription. (a) Human EPRS contains ERS, PRS, and three tandem-

repeats (R1, R2, and R3) linking the ERS and PRS. Polyadenylation-mediated stop codon is

introduced in the transcript of EPRSN1 atY864 residue and results in partial deletion of R2
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�

Fig. 3 (continued) C-terminus and whole deletions of R3 and PRS. The R1 and R2 interface is

required for its binding with GAIT element in the target mRNA. R3 harbors the phosphorylation

residues (red dots) and is critical for binding with other protein components of GAIT complex.

EPRSN1, therefore, can interact with target mRNA without forming GAIT complex. (b) Upon

IFN-γ stimulation, EPRS is phosphorylated by pro-directed kinases and AGC kinases (protein

kinase A, G, and C families) at S886 and S999. These phosphorylation events (depicted by red
dots) elicit EPRS release from the MSC and formation of GAIT complex for the translation control

of VEGFA mRNA. Phosphorylated EPRS (p-EPRS) interacts with NSAP1 and forms an inactive,

pre-GAIT complex. Later, L13a is phosphorylated and released from the 60S ribosomal subunit.

Phosphorylated L13a (p-L13a) and GAPDH join the pre-GAIT complex to form the functional

GAIT complex. GAIT complex binds the GAIT element in the 30UTR of VEGFA transcript

circularized by simultaneous interaction with PABP, eIF4G and the poly(A) tail. Interaction

between p-L13a and eIF4G in the translation initiation complex blocks the recruitment of the

43S ribosomal complex subunit and repress translation. EPRSN1 does not inhibit the translation of

target mRNA, and mediates the basal translation of VEGFA

MSC

AIMP2

TNF-aUV
TGF-b

AIMP2

exon4exon3exon2exon1

exon4exon3exon1

AIMP2

FBP
ub

Myc
transcription

AIMP2

p53

p53 degradation

DX2

AIMP2

TRAF2
ub

NF-κB activity
degradation
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Fig. 4 AIMP2 competes with AIMP2-DX2 under TGF-β, TNF-α, and DNA damage signaling.

AIMP2 consists of four exons and, among them, exon 2 is deleted in AIMP2-DX2 (DX2) by

alternative splicing. Upon TGF-β and TNF-α stimuli, AIMP2 released from the MSC binds FBP

and TRAF2, respectively, and induces the ubiquitin-mediated degradation of FBP and TRAF2 to

induce apoptosis. When a DNA damage signal such as UV irradiation is encountered, AIMP2

interacts with p53 and protects p53 from MDM2-mediated degradation. AIMP2-DX2 competi-

tively inhibits the pro-apoptotic interaction of AIMP2 by associating with FBP, TRAF2, and p53
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and it showed a positive correlation with patient survival rate [21]. Increased

splicing of AIMP2-DX2 in cancer cells is regulated by an oncogenic splicing factor,

SF2/ASF (splicing factor 2/alternative splicing factor), which enhances the expres-

sion of oncogenic proteins through splicing regulation [72]. The A152G mutation

was identified in exon 2 of AIMP2 from stably transformed WI-26 cells that had

been treated with benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) to induce

expression of AIMP2-DX2 [21]. This mutation increased binding of the AIMP2

mRNA transcript to SF2/ASF, implying that this site is important for the generation

of AIMP2-DX2 transcript via SF2/ASF-mediated splicing.

WRS can be generated either as the full length protein, or “mini” WRS

fragments in which the N-terminal 47 amino acids are removed by alternative

splicing [38, 73, 74] (Fig. 5). Promoters for transcription of both the full-length

WRS and mini WRS are responsive to IFN-γ, IFN-α, and interferon regulatory

factor 1. Both the full-length WRS and mini WRS are catalytically active in

mini 

T1
cleavage

VE-cadherin

angiogenesis

extracellular 
space

splicing

WRS
mini 

nuclear 
localization

DNA-PKcs
PARP-1

PARsylation

p53 
activation

nucleus

mRNA 
isoforms

apoptosis

Fig. 5 Isoforms of WRS and their roles in the nuclear and extracellular spaces. The full-length

WRS and mini WRS (mini) can be generated by alternative splicing. N-terminal truncated T1 and

T2 isoforms are produced by proteolytic cleavage of the full-length WRS in the extracellular

space. T1, T2, and mini WRS bind to VE-cadherin and induce anti-angiogenesis. Upon IFN-γ
signaling, the full-length WRS is also translocated into nucleus and delivers apoptotic signal via

DNA-PKcs-mediated p53 activation
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translation and are secreted into the extracellular environment of vascular endothe-

lial cells, but only mini WRS possesses cytokine activity and exhibits anti-

angiogenic effects. To date, over five splicing variants have been identified

[38, 39, 74, 75]. These isoforms are generated by different combinatorial splicing

of different mRNA transcripts with the exons–Ia, Ia, Ib, II, and III. Almost all the

WRS mRNA variants were detected in vivo, and result in the expression of two

protein forms, the full-length WRS and mini WRS. Regulation of WRS splicing is

not fully understood [39, 74] and will require more detailed analysis. Recently, the

splicing signature of WRS was investigated in hypoxic pancreatic cancer cells [76],

and the distinct pattern of the splicing signature suggests complex regulation of

WRS in terms of transcript levels.

2.3 Post-Translational Modifications

2.3.1 Cleavage

Among the secreted ARSN, WRS, YRS, and AIMP1 are found as digested forms.

Secreted WRS is processed in the extracellular space by elastase or plasmin to

generate truncated forms of WRS, T1 and T2, where the N-terminal 70- and

93-amino acids are absent, respectively [38, 77] (Fig. 5). Both T1 and T2 play

roles in cancer microenvironments, and have angiostatic activity. Interestingly, the

full-length WRS does not have this angiostatic effect because the N-terminus of

WRS sterically hinders the interaction between WRS and its receptor, VE-cadherin

[78]. It implies that proteolytic digestion of WRS which removes the N-terminal

domain WHEP, which became attached to WRS during evolution [3, 79], is

critically required for the inhibition of angiogenesis by WRS.

YRS is a well-known cytokine which is involved in the pro-inflammatory

response and angiogenesis, and its pro-angiogenic activity is only revealed after it

is cleaved into fragments [80]. Secreted YRS is processed by elastase to form an

N-terminal fragment (known as mini YRS) and acts like a cytokine inducing

migration of polymorphonuclear cells and endothelial cells. Mini YRS has an

ELR motif in the N-terminus, which mediates its interactions with the receptor

CXCR1/2, and induces transactivation of VEGFR2 (VEGF receptor 2), leading to

endothelial migration and tumor angiogenesis [81, 82]. In the structure of the full-

length YRS, the ELR motif is masked by the C-terminal domain, and therefore mini

YRS, but not the full-length YRS, lacks the angiogenic activity. The C-terminal

fragment of YRS is structurally similar to EMAPII (endothelial monocyte-

activating polypeptide II) and exhibits EMAP II-like activity, stimulating secretion

of potent leukocyte and monocyte chemokines and pro-inflammatory cytokines [83].

Whereas full-length AIMP1 is secreted and works as a functional cytokine, in

response to apoptosis, AIMP1 can be processed by caspase-7 at the amino acid

motif ASTD, and the C-terminal fragment produced by this cleavage is EMAP II
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[84–86]. The C-terminal fragment of AIMP1 has been well studied in the context of

proinflammatory cytokines involved in angiogenesis; however, full-length AIMP1

demonstrates higher potency in inflammation as well as angiogenesis [87]. The

C-terminal peptide of AIMP1 has been detected in the culture medium of

stimulated murine fibrosarcoma cells and prostate adenocarcinoma cells [86, 88].

2.3.2 Phosphorylation

Whereas WRS and YRS directly affect angiogenesis, EPRS is indirectly involved

in this process via suppression of VEGF-A translation [71]. To perform this

function, EPRS is released from the MSC by IFN-γ-dependent sequential phos-
phorylation of S886 and S999 [89] (Fig. 3). These modifications are also required

for GAIT complex formation, which controls VEFG-A gene silencing.

AIMP3 is also translocated into nucleus, which activates the tumor suppressor

protein p53 [16]. AIMP3 associates with MRS in the MSC, and, upon DNA

damage, GCN2 (general control non-repressed 2) is activated, resulting in phos-

phorylation of the S662 residue of MRS [90]. Phosphorylation at S662 induces

conformational change of MRS, which releases AIMP3. AIMP3 appears to be

further modified after release from the MSC, although the mechanism by which it

occurs is unclear.

AIMP2 binds to p53 and directly protects it from ubiquitin-mediated degradation

induced by DNA damage stress [55]. AIMP2 is phosphorylated by Jun N-terminal

kinase (JNK) after UV irradiation, resulting in nuclear translocation. The exact site

of phosphorylation was not identified.

KRS modification is critically required for the enhancement of cancer cell

migration [24] (Fig. 6). Upon laminin signal, KRS is phosphorylated by p38

MAPK (mitogen-activated protein kinase) at the T52 residue which induces its

release from the MSC. Free KRS moves to plasma membrane and regulates the

stability of 67 kDa laminin receptor (67LR) to induce laminin-dependent cancer

metastasis.

KRSKRS

MSC MSC

p38 MAPK

PI3K

Integrin 67LR

laminin

Nedd4

ub

plasma 
membrane

AIMP2 AIMP2

pro-inflammation

metastasisFig. 6 KRS promotes cancer

cell migration. KRS is

phosphorylated by p38

MAPK under laminin

stimuli, and moves to plasma

membrane. Membranous

KRS interacts with 67LR and

increases the stability of

67LR by blocking Nedd4-

mediated ubiquitination.

KRS is also secreted to

extracellular space upon

TNF-α stimuli and induces

TNF-α secretion from

immune cells
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3 Molecular Mechanisms of ARSs and AIMPs in Cancer

During the last few decades, the way that ARSN regulates growth, proliferation, or

cell death has been the subject of active investigation. Surprisingly, it was found

that ARSN functions in multiple signaling pathways beyond its canonical role in

aminoacylation. In this section we will overview the molecular mechanisms for

ARSN’s activities in cancer cells (Fig. 7).

3.1 Aminoacyl-tRNA Synthetases

LRS. mTORC1 is upregulated in various cancers [91, 92] and therefore targeting

mTOR-related signaling is an ongoing strategy in the development of anticancer

therapeutics. It is known that activation of mTORC1 is dependent on amino acid

concentration; however, the amino acid sensor that directly couples intracellular

amino acid-mediated signaling to mTORC1 has been unknown for a long

time. Recently it was suggested that LRS, which uses leucine for catalytic

aminoacylation, acts as a leucine sensor for mTORC1 activation [8] (Figs. 7

and 8). Activation of mTORC1 in response to amino acids requires the involvement

of Rag GTPase, the mediator of amino acid signaling for mTORC1 [93, 94]. LRS

directly binds to RagD GTPase in an amino acid-dependent manner, and acts as

GTPase-activating protein (GAP) for RagD GTPase [8]. The C-terminal region of

LRS has a putative GAP motif which is found in several ADP-ribosylation factor-

GAP (Arf-GAP) proteins. Alanine substitution for H844 and R845 in this LRS

motif resulted in loss of GAP activity. Rag GTPase works as a heterodimer, and

LRS showed higher affinity for RagB/RagD rather than RagA/RagD. A similar

mechanism was found to act in yeast, suggesting the importance of LRS as a

conserved mechanism for the control of mTOR activity in eukaryotes [33].

LRS binding to RagD GTPase is dependent on the C-terminal domain of LRS;

however, its catalytic domain is also required for sensing leucine to activate

mTORC1. It suggests that LRS-mediated mTORC1 activation can be blocked by

leucine analogues and that compounds targeting protein–protein interaction may

also be applied for drug development to treat cancers whose proliferation is

mediated by LRS-mTORC1 signaling. Increased expression levels of LRS in

cancer patients have been reported [34]. However, whether LRS misregulation

leads to uncontrolled activation of mTORC1 in cancer patients remains to be

investigated.

KRS. KRS is secreted from cancer cells upon induction by TNF-α, and induces

proinflammatory signaling in immune cells [13] (Figs. 6 and 7). A receptor for KRS

has not yet been identified, but downstream signaling includes ERK (extracellular

signal-regulated kinase) and p38MAPKs and G protein, Gαi. KRS increases TNF-α
secretion which can provide a cancer-supporting microenvironment, suggesting

that cancers may use KRS for survival or metastasis by exerting paracrine activity.
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KRS also regulates immune response by translocating into nucleus and

interacting with the transcriptional regulator MITF (microphthalmia associated

transcription factor), MITF repressor Hint-1, and Ap4A, the catalytic product of

KRS [95, 96]. A phosphorylation switch at the S207 residue regulates the transition

between its translational and transcriptional roles [97]. More studies need to be

performed to determine the role of KRS on the immune response in the context of

carcinogenesis.

High expression of 67LR in lymphomas and breast, lung, ovary, colon, and

prostate carcinomas has been observed [98–102]. 67LR expression is positively

correlated with cancer progression and malignancy, and therefore it is considered a

marker for metastasis in various cancers. Recently, involvement of KRS in laminin-

induced cell migration was reported [24] (Fig. 6). KRS binds to and stabilizes 67LR
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Fig. 7 Non-classical functions of ARSN and their underlying mechanisms in cancer. IFN-γ
induces release of EPRS from the MSC and assembly of the GAIT complex to silence VEGFA

translation. WRS and YRS also respond to IFN-γ, and relocalize to play roles in angiogenesis and
cell apoptosis. AIMP2 (2) and AIMP3 (3) is released from the MSC by UV irradiation and induce

p53-mediated DNA damage response. KRS is translocated to plasma membrane or extracellular

space and increases cell migration or pro-inflammatory responses, respectively. LRS triggers

mTORC1 activation in response to leucine and regulates cell proliferation and autophagy, and

MRS enhances rRNA synthesis in nucleolus under proliferative condition. QRS inhibits ASK1

activation in the presence of glutamine. GRS and AIMP1 (1) are secreted from immune cells upon

apoptotic signal and act as cytokines to induce cancer cell apoptosis. AIMP2-DX2 inhibits the

tumor-suppressive roles of AIMP2 in TGF-β, TNF-α, and DNA damage stress. TRS enhances

angiogenesis in extracellular space and SRS directs transcriptional repression of VEGFA during

vascular development. ΔW truncated WRS, ΔYRS truncated YRS. See details in the text
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in the plasma membrane to enhance laminin-dependent migration. P38 MAPK

phosphorylation at T52 residue, which is activated by laminin signaling, triggers

the translocation of KRS from the MSC to the plasma membrane. Membranous

KRS binds to 67LR and protects 67LR from Nedd4-mediated degradation. As

shown in the structure of KRS S207D, the mimetic of p-S207 KRS [97], phosphor-

ylation at T52 is expected to open the structure of KRS. Overexpression of KRS

transcripts was reported in breast cancer, metastatic cell lines and glioma derived

stem cells [13, 35, 46]. Study of the relationship between KRS and 67LR is ongoing

for drug development to treat cancer metastasis.

YRS. YRS is secreted from leukocytes in response to apoptotic signals, and then

cleaved into two fragments by the leukocyte elastase. C-terminal fragments of YRS

show homology to human EMAP II, and induce chemotaxis of monocytes as well

as angiogenesis of endothelial cells, by inducing TNF-α, myeloperoxidase, and

tissue factor [103, 104] (Fig. 7).

Mini YRS, the N-terminal fragment of YRS, contains an ELR motif on a surface

helix (α5), which is typically found in angiogenic CXC chemokines. Through the

ELR motif, YRS interacts with IL-8 type A receptors CXCR1/2, and exhibits IL-8-

like cytokine activity, promoting cell migration and angiogenesis. Dimerization of

mini YRS occurs at high concentrations of mini YRS. Unlike monomeric forms, the

dimer acts as a non-functional antagonist to CXCR1/2 [81].

Mini YRS induces endothelial cell migration through transactivation of

VEGFR2, which is mediated by complex formation with the CXCR receptor

[81, 82] (Fig. 7). This stimulation and transactivation requires the intact ELR

motif and leads to VEGF-independent phosphorylation of the receptor.

The reason why mini YRS, but not the full-length protein, harbors angiogenic

activity lies in its unique protein structure [105]. The ELR motif is predicted to be

sterically hidden by the EMAP II domain within the full-length protein, and

exposed only when the protein is cleaved. The reason why the Y341A mutation

of YRS is a gain-of-function mutation is that the mutant protein has a subtle open

structure which exposes the ELR, thus imparting angiogenic activity in vitro and

in vivo in the absence of proteolysis. Substitutions of either the E or L of the ELR

motif ablated cytokine activity of YRS without showing any critical effects on

aminoacylation. On the other hand, R93Q substitution of the ELR affected both
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cytokine activity and aminoacylation. It seems that cytokine function of YRS has

been developed independent of catalytic activity, as R93, but not E91 and L92, is

conserved in almost all eukaryotes.

WRS. The major functions of WRS are its anti-angiogenic and pro-apoptotic

activities, exerted in extracellular space and nucleus, respectively. To act as an

angiostatic cytokine, WRS must be processed by proteolytic digestion or

pre-mRNA splicing, to generate T1 and T2 or mini WRS, respectively [38, 73,

74, 77] (Figs. 5 and 7).

WRS pre-mRNA transcripts are alternatively spliced to generate several differ-

ent transcripts in response to IFN-γ and IFN-α. The final end products are the full-

length WRS and mini WRS, in which the 47 N-terminal amino acids are truncated.

According to Turpaev et al., WRS is under the control of two promoters with

transcription initiation sites P1 and P2 [74]. Using these two promoters, four mRNA

isoforms are generated, using different combinations of exons, such as exon

IA–exon II–exon III (isoform 1), Δexon IA–exon II–exon III (isoform 2), exon

IA–exon IB–exon II–exon III (isoform 3), and exon IA–exon III (isoform 4). Liu

et al. discovered additional isoforms that possess yet another exon, yielding

combinations of exon Ia–exon II–exon III or exon Ia–exon III [39]. Since the

translational starting site is located in exon II and exon III, isoforms containing

exon II generate the full-length WRS, while isoforms without exon II produce

mini WRS.

The secreted full-length WRS, in the extracellular space, is cleaved by elastase

or plasmin to yield the T1 and T2 isoforms, which lack the N-terminal 70- and

93-amino acids, respectively. Both isoforms possess angiostatic activity

[106, 107]. However, whereas T2 is catalytically inactive, its angiostatic activity

is more potent than those of the full-length WRS and T1.

WRS secretion is tightly regulated. Not a component of the MSC, it forms a

ternary complex with annexin II and S100A10 in the intracellular environment,

which regulates exocytosis in endothelial cells. When cells are stimulated by IFN-γ,
a small fraction of total WRS is dissociated from the annexin II-S100A10 complex

and secreted [106]. WRS secretion was not inhibited by brefeldin A or A23187, the

inhibitors for Golgi-involving classical secretion pathway and calcium-dependent

exocytosis, respectively. It suggests that WRS may use a non-classical secretion

pathway.

The receptor of WRS T2 was identified as vascular endothelial cadherin

(VE-cadherin) [77]. VE-cadherin, a cellular adhesion protein, is selectively

expressed at the intercellular junctions between endothelial cells and has a critical

role in angiogenesis and vascular permeability. VE-cadherin contains two

conserved tryptophan residues at positions 2 and 4 of the N-terminal extracellular

cadherin domain 1 (EC1), which is critical for the dimerization of VE-cadherin

[108]. These tryptophan residues are recognized by the catalytically active site of

WRS T2. The interaction between EC1 of VE-cadherin and T2 of WRS prevents

the activation of VEGFR and subsequent ERK-mediated signaling, which

suppresses endothelial cell migration and proliferation [109]. It has been proposed

that the full-lengthWRS lacks angiostatic activity, even though possessing an intact
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catalytic active site. It seemed that the N-terminus of human WRS would sterically

hinder the interaction between EC1 of VE-cadherin andWRS [109]. Therefore mini

WRS, T1, and T2, but not the full-length WRS, possess angiostatic activity,

suggesting an evolutionary mechanism for VE-cadherin regulation in multicellular

organisms.

In addition to its role as a cytokine, WRS also plays a pro-apoptotic function in

the nucleus [40]. IFN-γ signaling can induce expression of WRS and mediate its

translocation to the nucleus. Without nuclear WRS, DNA-PKcs (catalytic subunit

of DNA-dependent protein kinase) is indirectly linked to PARP-1 (poly

[ADP-ribose] polymerase 1) with Ku70/80 acting as a bridge between them.

Ku70/80 binding to both DNA-PKcs and PARP-1 orients the C-terminal domain

of PARP-1 for phosphorylation by DNA-PKcs. In this state, PARP-1 cannot

PARsylate DNA-PKcs. Upon IFN-γ stimuli, nuclear WRS replaces Ku70/80 and

binds to both DNA-PKcs and PARP-1. The WHEP domain of WRS bridges the

C-terminal kinase domain of DNA-PKcs to the N-terminal domain of PARP-1 and

consequently stimulates the PARsylation of DNA-PKcs by PARP-1. PARsylated

DNA-PKcs then phosphorylates p53, thereby inducing p53-driven apoptosis and

senescence.

Interestingly, active site occupancy has proven critical for the function of

nuclear WRS. WRS generates Trp-AMP as an intermediate aminoacyl-adenylate

product during the aminoacylation step. When the active site in WRS is occupied

with Trp-AMP, the WHEP appears to fold back toward the active sites. In the

absence of Trp-AMP, WHEP appears to be opened and available for interacting

with DNA-PKcs and PARP-1.

Because WRS links IFN-γ signaling to p53 activation, which is implicated

in other anticancer processes, including anti-proliferative and anti-angiogenic

effects, it is worth noting that WRS is downregulated in colorectal cancer and

metastasis [36].

TRS. Auto-antibodies against TRS have been detected in patients with polymyo-

sitis and dermatomyositis [110], implying that TRS can be secreted into extracellu-

lar space from apoptotic cells. Recently the role of secreted TRS in angiogenesis

has also been reported [26]. TRS was secreted from human vascular endothelial

cells exposed to TNF-α or VEGF (Fig. 7). Secreted TRS worked as an autocrine or

paracrine factor, and stimulated the migration and tube formation of vascular

endothelial cells. The pro-angiogenic effect of TRS appears to require either

catalytic activity or the unoccupied active site of TRS, in that inhibition of TRS

catalytic activity suppressed the angiogenic function of TRS.

EPRS. Halofuginone is a herbal medicine used to treat various diseases includ-

ing cancers and inflammatory diseases. The recent discovery that halofuginone

inhibits EPRS activity suggests a possible role of EPRS in pathogenesis

[111]. EPRS specifically inhibits the translation of VEGF-A mRNA, which is an

important signal mediator in angiogenesis, via the GAIT complex. EPRS forms the

GAIT complex with NSAP1 (NS1-associated protein 1, also known as heteroge-

nous nuclear ribonucleoprotein Q1), GAPDH (glyceraldehyde-3-phosphate

dehydrogenase), and ribosomal protein L13a [112, 113] (Fig. 3).
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GAIT complex formation is sequential [25]. First, 2 h after IFN-γ treatment,

IFN-γ induces phosphorylation of EPRS at S886 and S999, which induces its

dissociation from the MSC and interaction with NSAP1, resulting in inactive,

pre-GAIT complex formation. Then, 12–16 h post-IFN-γ treatment, L13a is

phosphorylated at S77 and released from the 60S ribosomal subunit.

Phosphorylated L13a associates with GAPDH, and joins the pre-GAIT complex

to form the functional GAIT complex. The complex then binds GAIT element in the

30 UTR of target transcripts, such as VEFG-A mRNA. The target mRNA is

circularized by simultaneous interactions of PABP (poly(A)-binding protein)-

eIF4G (eukaryotic translational initiation factor 4G) complex and the poly(A)

tail. The interaction of phosphorylated L13a with eIF4G blocks the recruitment of

the eIF3-containing 43S ribosomal complex subunit, resulting in inhibition of

translation.

Post-transcriptional control via the GAIT complex is a complex regulatory

system: EPRS can bind the target mRNA without phosphorylation but NSAP1

interacts only with p-EPRS. The pre-GAIT complex cannot interact with target

mRNA because NSAP1 hinders the binding between p-EPRS and mRNA. Binding

of p-EPRS to target mRNA is fully achieved by joining of both L13a and GAPDH,

which restores EPRS binding to GAIT element RNA even in the presence of

NSAP1 [114]. In addition, translational inhibition of VEFG-A requires the presence

of p-L13a, suggesting that functional GAIT complex needs only these four proteins

with their modification.

Several chemokine ligand and receptor mRNAs have been analyzed as possible

targets for the GAIT complex [25]. The results of this analysis suggested that EPRS

might be a key regulator of inflammation. The GAIT complex mediates transla-

tional control through a delayed silencing mechanism; therefore it can prevent the

excess accumulation of inflammatory proteins that can be detrimental to the host.

SRS. A recent study has indicated that nuclear SRS also controls transcription of

VEGF-A [27] (Fig. 7). In the study, an insertional null mutation in SRS in zebrafish

caused abnormalities in vessel formation, which was rescued by wild type SRS. The

NLS (nuclear localization signal) and UNE-S (unique-S) domain in SRS appear to

play critical roles for normal vascular developments. The mechanism by which SRS

controls VEGF-A expression is unclear; however, the relationship between SRS

mutations and vascular development and maintenance has been demonstrated in the

zebrafish model [115, 116], suggesting the possibility of SRS involvement in

neo-angiogenesis in cancer.

GRS. GRS is secreted from macrophages stimulated by cancer-cell secreted Fas

ligand [12] (Fig. 7). Secreted GRS induces cancer cell death via binding to the

CDH6 expressed on the surface of cancer cells. Interestingly, only cancer cells with

hyper-activated ERK respond to the GRS apoptotic signal, because the CDH6-

mediated GRS stimuli induces a signal cascade which activates PP2A (protein

phosphatase 2), and in turn reduces ERK phosphorylation.

MRS. Ribosome biogenesis is related to cancer in that cell growth and prolifera-

tion is associated with an increase in the rate of ribosome production [117]. During

tumorigenesis, the tight regulation between extracellular signaling and ribosome
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biogenesis is disrupted. Deregulation of Pol I (RNA polymerase I), which

transcribes rRNA in the nucleolus, can contribute to tumorigenesis [117], and the

increase in rRNA synthesis, the major component of ribosome, is adversely

correlated with the prognosis of cancer patients [118].

MRS plays a role in rRNA synthesis [9] (Fig. 7). Although its precise function in

rRNA synthesis is still unknown, modification or deregulation of MRS causing its

accumulation in the nucleus may be involved in the upregulation of rRNA synthe-

sis, which can accelerate tumorigenesis.

In addition, MRS strikingly increases misaminoacylation in response to oxida-

tive stress [119]. Misaminoacylation caused by MRS is thought to play a role as a

defense mechanism in protecting cells from anti-oxidative stress, because methio-

nine can acts as a ROS (reactive oxygen species) scavenger [120]. However, the

long-term existence of protein with misincorporated methionine residues may

induce unfolded protein response which is implicated in tumorigenesis [121]. In

fact, down-regulation of methionine sulfoxide reductase A, a regenerator of methi-

onine from its oxidized form, has been shown to increase cell proliferation,

extracellular matrix degradation, and the aggressiveness of breast cancer cells

in vitro and in vivo [121]. The molecular and biochemical mechanisms of MRS

misaminoacylation, and how misaminoacylation is controlled in and contributes to

cancer needs more investigation.

AlaRS. Translational fidelity is required for the precise control in development

and homeostasis of complex organisms. Malfunction of translational fidelity leads

to the production of non-functional or unstable proteins that need clearing, and

compromised protein degradation causes formation of protein aggregates linked to

numerous neuronal disease conditions including Alzheimer’s and Parkinson’s

diseases, and amyotrophic lateral sclerosis [122]. In animal models harboring

an AlaRS mutation which causes misacylation of serine to tRNAAla, protein

aggregation in the Purkinje cells of the cerebellum led to neuronal cell death

[123]. To remove misacylated Ser-tRNAAla, organisms use AlaXp, the separate

homologue of the editing domain of AlaRS [124, 125]. As described above for

MRS, misaminoacylation and the consequent unfolded protein response can lead to

tumorigenesis. Although as of yet there is no evidence linking cancer to misaminoa-

cylation caused by AlaRS or the expression of an AlaRS mutant, the possibility of

its role in tumorigenesis with regard to misaminoacylation is still open.

QRS. ASK1 (apoptosis signal-regulating kinase 1) mediates apoptosis in

response to various oncogenic stresses [126]. Upon Fas ligand stimuli, ASK1

activates JNK in glutamine-deprived cells and induce cell death. QRS can bind

the catalytic domain of ASK1 through its catalytic domain in the presence of

glutamine and inactivate ASK1 [23]. The association between QRS and ASK1 is

enhanced by glutamine but disappears by addition of Fas ligand. This results show

that QRS can sustain cancer cell proliferation in a glutamine-dependent manner by

suppressing proapoptotic role of ASK1. It also suggests the importance of the

relationship between ARSN and substrates for the control of cancer survival.
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3.2 ARS-Interacting Multi-functional Proteins

AIMPs serve as scaffolding proteins which comprise the MSC. Three components,

AIMP1, AIMP2, and AIMP3, interact with complex-forming ARSs to form the

stable MSC, and to support the fidelity and efficiency of translation [127,

128]. Recent studies have shown that, in addition to their activities in protein

translation, various stimuli trigger the dissociation of the AIMPs from the MSC,

and enable them move to other intracellular or extracellular locations [3, 4, 6]. Out-

side of the MSC, AIMPs partner with other proteins to play critical roles in various

forms of cancer.

AIMP1. Inflammatory signals are generally considered to eradicate tumor cells;

however they can also provide cells with pro-oncogenic microenvironments

enriched with proliferative cytokines. Based on this contradictory effect, inflam-

mation can promote cancer through various mechanisms [2]. AIMP1 was initially

found as a pro-EMAP II, a polypeptide with cytokine activity. AIMP1 secretion is

induced by stress signaling pathways, and acts as a cytokine on various target cells

such as immune cells, endothelial cells, and fibroblasts [129] (Fig. 7). In endothelial

cells, AIMP1 exhibits dose-dependent biphasic activity, promoting migration and

apoptosis of endothelial cells at low and high doses, respectively [87]. At higher

doses, AIMP1 enhances phosphorylation of JNK and sequentially induces activa-

tion of caspase-3 to stimulate apoptosis of endothelial cells, which are linked to

tumor angiogenesis [87]. In addition, extracellular AIMP1 is internalized through

lipid rafts and then interacts with cytoskeletal proteins critical to biological pro-

cesses such as cell polarity, adhesion, and migration. AIMP1-mediated modulation

of cellular architecture maintenance and remodeling through its interactions with

cytoskeletal proteins seems to be involved in its angiostatic effects reported to

inhibit tumor growth [130, 131].

AIMP1 also stimulates the secretion of TNF-α and IL-8 from monocytes or

macrophages in both an MAPK-and NF-kB-dependent manner. In antigen-

sensitized mice, AIMP1 enhances production of IFN-γ, TNF-α, and T cell activa-

tion to develop Th1 (type 1 helper T cell) response [132]. In a xenograft mouse

model, AIMP1-treated mice exhibited induction of serum TNF-α and IL-1b levels,

along with reduced tumor size [133]. AIMP1 appears to invoke multiple signaling

pathways in the production of TNF-α [134]. Among them, the ERK1/2 MAPK

signaling pathway is conserved [135].

Recently, CD23, a known receptor for IgE, was identified as a receptor for

secreted AIMP1 [136]. This study showed that downregulation of CD23 reduced

the activation of ERK1/2 and AIMP1-dependent cytokine secretion in primary

human monocytes. Another study showed that AIMP1 triggers secretion of

TNF-α from macrophages, and induces fibroblast proliferation and collagen syn-

thesis around an artificial wound region in dorsal skin of mice in an ERK-dependent

manner [135]. These effects revealed a rapid wound healing in AIMP1 wild type

mice compared with AIMP1 knockout mice.
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AIMP2. Loss of AIMP2 in mice was shown to cause neonatal lethality due to the

failure of lung differentiation [18]. At a molecular level, AIMP2 binds to and

promotes ubiquitin-mediated degradation of FBP (FUSE-binding protein), a tran-

scriptional activator of Myc, which is important for lung cell differentiation.

Therefore AIMP2 deficiency appears to cause neonatal lethality of mice through

uncontrolled hyper-proliferation of lung cells (Fig. 4).

AIMP2 mediates pro-apoptotic signaling upon induction of various stimuli. The

main function of AIMP2 is to stabilize target proteins by binding to them. Under

TGF-β signaling, highly expressed AIMP2 is translocated into the nucleus, where-

upon it binds to FBP and increases ubiquitination and degradation of FBP

[18]. AIMP2-dependent FBP degradation was inhibited by addition of 26S

proteasome inhibitor, suggesting that AIMP2 facilitated the ubiquitination of

FBP. Under DNA damage stress like UV, AIMP2 appears to be phosphorylated

by JNK, moves into nucleus, and associates with p53. Further studies showed that

the interaction between AIMP2 and p53 competitively impaired the binding of

MDM2 to p53 and protected p53 from MDM2-dependent degradation [55].

In the same context, AIMP2 was reported to be released from the MSC under

TNF-α stimuli, whereupon it binds to TRAF2 (TNF receptor associated factor 2).

TRAF2 plays a pivotal role in the TNF-α-related chemo-resistance in ovarian

cancer [22, 137]. AIMP2 stimulates the ubiquitin-mediated degradation of

TRAF2 by facilitating the association of c-IAP1 (cellular inhibitor of apoptosis 1),

the E3 ubiquitin ligase, with TRAF2. As a result, AIMP2 promotes the

TNF-α-dependent pro-apoptotic effects. Interestingly, the tumor suppressive role

of AIMP2 in the TNF-α signaling pathway was observed in chemo-resistant ovarian

cancer cells in which p53 was functionally inactive [22]. This study suggests

that AIMP2 induces apoptosis through multiple signaling pathways and can still

be effective even when one of the related routes has been disrupted during

tumorigenesis.

AIMP2-DX2. Splicing regulates gene function at a transcriptional level. AIMP2-

DX2 has been reported to be highly elevated in tumor cells, and its expression to be

positively correlated with cancer stage and survival of patients [21]. AIMP2-DX2

was also involved in the activation of NF-kB, which plays a role in the chemo-

resistance of ovarian cancer [22, 137]. The main function of AIMP2-DX2 is to

compete with the full-length AIMP2 for association with binding partners. It

contributes to tumorigenesis by blocking the pro-apoptotic function of the full-

length AIMP2 (Figs. 4 and 7).

Based on the function of AIMP2, AIMP2-DX2 hinders the interaction of AIMP2

with FBP (unpublished data), p53, and TRAF2 under the stimuli of TGF-β, DNA
damage stress, and TNF-α, respectively. Based on domain mapping of AIMP2 for

its interaction with p53 [55], the residues critical for its binding to p53 were amino

acids 162–225, which span the interface between exon 3 and exon 4 peptides. This

region is still present in AIMP2-DX2, supporting studies showing that AIMP2-DX2

binds to the target proteins and thereby competitively hinders the ability of AIMP2

to interact with target proteins.
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AIMP3. AIMP3 heterozygosity increased the rate of spontaneous tumors in aged

mouse [16]. A decreased level of AIMP3 has also been demonstrated in cancer cell

lines and patient tissues. At the molecular level, AIMP3 is released from the MSC

by DNA damage stress such as UV irradiation. Levels of uncharged tRNA are

increased under UV irradiation, which activates GCN2 kinase which in turn

suppresses protein synthesis by phosphorylating eIF2α (eukaryotic initiation factor

subunit α) at S51 residue [138]. GCN2 has also been reported to phosphorylate

MRS at S662 residue, and this modification induces a conformational change in

MRS which releases bound AIMP3 [90] (Figs. 7 and 9).

MRS is a strong binding partner of AIMP3 in the MSC [127, 128]. In normal

condition, AIMP3 is located in the MSC interacting with MRS. MRS and AIMP3

associate with eIF2γ together and AIMP3 transfers methionine-charged initiator

tRNA (Met-tRNAi
Met), but not elongator tRNA, from MRS to eIF2γ-containing

initiation complex. By doing so, AIMP3 seems to be involved in the accurate and

efficient control of translation initiation in the MSC. This study also shows that

AIMP3 has the ability to bind specific nucleic acids like Met-tRNAi
Met, suggesting

the possible involvement of AIMP3 in the direct recognition of damaged DNA.

It seems that further modification of AIMP3 such as phosphorylation is required

for its nuclear translocation to induce DNA damage response [16], suggesting that

fine control of AIMP3 is required for regulating cell homeostasis. It is, therefore,

not surprising that deregulation of AIMP3 expression causes spontaneous tumor or

senescence [16, 56]. AIMP3 also responds to genotoxic stress or the oncogenes Ras

or Myc and prevents cell transformation by inducing p53 [17]. In transformed

AIMP3 heterozygous cells, cell division and chromosomal structure were severely

affected [17]. Senescence is a homeostatic mechanism to prevent continuous

proliferation of cancer cells. Overexpression of AIMP3 induces cellular senes-

cence. Mice overexpressing AIMP3 exhibited progeroid phenotype [56] due to

the proteasome dependent degradation of mature lamin A. Whether crosstalk

between the molecular pathways of p53 activation and lamin A degradation can

control tumorigenesis remains to be studied.
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Fig. 9 Tumor suppressor

AIMP3 is activated by MRS

modification. UV irradiation

triggers GCN2-mediated

MRS phosphorylation (red
dot) and induces

conformational change in

MRS to release AIMP3. Free

AIMP3 enhances DNA

damage response through its

interaction with ATM/ATR
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4 Therapeutics

4.1 Aminoacyl-tRNA Synthetases

For many years, antibiotics have been developed by targeting ARSs in pathogenic

microorganisms [139, 140]. Mupirocin is the representative commercial inhibitor of

eubacterial and archaeal IRS used for the treatment of Gram-positive pathogens

[141]. Tavaborole (formerly AN2690) is an antifungal agent that targets the LRS

editing site, and is used in clinical trials for onychomycosis, with positive results

from the first of two planned Phase 3 studies (www.anacor.com).

Recent studies have suggested that targeting human ARSs may provide

new strategies for developing therapies for human diseases. Halofuginone is a

derivative of febrifugine, the active principal of the Chinese herb changshan

(Dichroafebrifuga) which is used as an anti-malarial treatment in Chinese

traditional medicine [142]. Halofuginone targets prolyl-tRNA synthetase (PRS)

in EPRS and is in clinical trials for the treatment of cancer and fibrosis

[111, 143]. Halofuginone acts as a prolyladenylate-mimetic and inhibits

aminoacylation activity of PRS. Unlike other inhibitors of ARSs, which mimic

aminoacyl-adenylates and out-compete the substrate ATP, halofuginone-mediated

PRS inhibition requires ATP. By associating with ATP as well as PRS, halofuginone

occupies two active sites of PRS: the proline binding pocket and the binding pocket

for the tRNA interaction [143]. As a result, halofuginone-mediated PRS inhibition

triggers amino acid starvation response, inhibits the differentiation of Th17 cells,

and suppresses fibrosis [111]. The unique mechanism of action of halofuginone

suggests that such a strategy of dual site inhibition should be tested for other ARSs.

In addition, the amino acid starvation response might represent another target

pathway for developing anticancer and anti-inflammatory therapeutics.

Borrelidin, a nitrile-containing macrolide, is isolated from Streptomyces

[144]. It was first used in the treatment of infectious diseases such as malaria

because it suppresses translation by inhibiting the catalytic activity of bacterial

TRS. Borrelidin inhibits eukaryotic TRS as well, and by doing so it increases the

levels of uncharged tRNAs and activates GCN2 kinase-mediated stress response,

and ultimately it induces translation inhibition and cell apoptosis [145]. Borrelidin

also seems to target secreted TRS for inhibiting angiogenesis [26]. Treating human

endothelial cells and chorioallantoic membrane with TRS triggers tube formation

and angiogenesis, respectively. The borrelidin derivative BC194 significantly

suppresses TRS-mediated endothelial cell proliferation and vessel formation.

Based on these studies, both intracellular and extracellular TRS are targets of

borrelidin, and the catalytic activity of TRS appears to be related to cancer cell

proliferation and angiogenesis. The mechanism of TRS and mode of action

of borrelidin warrants further study. BC194 showed reduced cytotoxicity and the

same levels of anti-angiogenic properties compared to borrelidin [146, 147]. These

results suggest that TRS could be a useful target for anti-metastasis therapeutics.

Furthermore, TRS might mediate progression of ALL and metastasis of
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osteosarcoma and melanoma, based on studies showing that borrelidin inhibited

growth of these cell lines and mouse model [145, 148, 149].

WRS T2 has potent angiostatic activity, and is in pre-clinical testing for the

inhibition of neovasculization [38, 73]. In addition, it is headed to initiate clinical

trials for the treatment of wet age-related macular degeneration or acute myocardial

infarction [150] (http://www.pacificu.edu/optometry/ce/courses/20591/armdpg4.

cfm; http://www.eyecyte.com/clinical.htm). aTyrPharma (www.atyrpharma.com)

and Pangu BioPharma have been founded to develop drugs targeting secreted

ARSN, and they are developing several products in therapeutic areas such as

blood, immune, and metabolic disorders.

Other ARSs also represent potential therapeutic targets. These include a mimetic

peptide that mimics the apoptotic activity of GRS, synthetic compounds which

inhibit the pro-metastatic interaction between KRS and 67LR, and leucine

derivatives or compounds which prevent the interaction between LRS and RagD

GTPase to block mTORC1 signaling. In addition, Neomics Co., Ltd. (http://www.

neomics.com) is developing therapeutics against ARSN targets to develop therapies

for immune disease and cancer.

4.2 ARS-Interacting Multi-functional Proteins

AIMP1’s role as an antitumor cytokine was directly tested in the xenograft model of

stomach cancer [133]. A single intravenous injection of AIMP1 (up to 10 mg/kg)

showed significant reduction of tumor volume and weight within a week. However,

the stability of AIMP1 is so low that a strategy to prolong its effects needs to be

considered. The antitumor effect of AIMP1 has also been demonstrated using

immune cell therapy. Tumor-bearing mice immunized with fibroblasts that were

genetically modified to harbor the ovalbumin epitope and AIMP1 showed

prolonged survival compared to the control group expressing the ovalbumin epitope

only [151]. The higher immune response was explained in part by CD8-mediated

cytotoxicity of cancer cells. Fusion of anti-CD3 single-chain Fv and AIMP1

enhanced the Th-mediated immune response, supporting the use of AIMP1 to

boost antitumor immunity [132]. AIMP1-targeting strategies will require further

optimization but these approaches demonstrate the most promising application of

AIMP1 for anticancer therapeutics.

AIMP2-DX2 is another attractive target for anticancer drug development, and can

employ small molecules, specific siRNAs or viral vectors to inhibit the expression of

AIMP2-DX2. For example, suppression of AIMP2-DX2 using lentivirus-mediated

shRNA in lung cancer cells inhibited cell growth by blocking glucose uptake and

growth factor mediated signaling pathways [152]. A trans-splicing ribozyme was used

to induce selective death of AIMP2-DX2 expressing lung cancer cells [153]. The

ribozyme specifically targets the AIMP2-DX2 transcript, and delivers the suicide gene

into the cancer cells, resulting in growth retardation. Due to the so-far limited

application of genetic manipulation for human therapies, multiple approaches to

perturb the tumorigenic function of AIMP2-DX2 should be investigated.
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5 Future Perspectives

ARSN has long been recognized as housekeeping proteins. Due to an accumulation

of new evidence, these are now being accepted as regulators whose functions are

critically related to induction, maintenance and progress of human disease, espe-

cially cancer. ARSN consists of 23 proteins and has as many as 123 cancer-related

binding partners, CAGs, suggesting the potential pathophysiological implications

of ARSN in tumorigenesis [6]. However, much work needs to be done to uncover

exhaustively their role in cancer.

ARSN consists of multifunctional proteins and their expression, modification,

and localization are exquisitely regulated. ARSN maintains cellular homeostasis

under physiological conditions. However, upon various signals and stimuli, it is

mobilized to provide an “emergency response” by controlling key regulators like

tumor suppressors and oncogenes (Fig. 7). Because research has focused on reveal-

ing the function of individual ARSN, most published data suggest that ARSNworks

as individual entities. However, several ARSN have been shown to be activated

under the same circumstances: AIMP2 and AIMP3 are activated by UV; EPRS,

SRS, WRS, and YRS respond to IFN-γ; EPRS, SRS, TRS, WRS, and YRS may

affect angiogenesis; and GRS and KRS may play roles in adversely affecting tumor

microenvironment. Considering the delicacy and accuracy of the mechanisms

controlling living organisms, ARSN may communicate and act systemically and

cooperatively. Given the availability of new technologies and devices, and evidence

for how genomics and proteomics has widened the understanding of biology and

brought to bear a pool of new drug target candidates, it is time to use a systems-

based approach to understand the networking within ARSN as well as between

ARSN and CAGs. Whereas cancer-specific markers, novel modifications, and

variations in genes and proteins have been the focus of much investigation in recent

years, little progress in these areas has been made for ARSN research. “Omics”

approaches using more focused and well-designed strategies to target selected gene

pools will be helpful for identifying more meaningful candidates of ARSN in the

context of cancer.

Recently, important ARS substrates and intermediate or end products have come

to prominence. These include amino acids, tRNA, adenosine polyphosphate such as

Ap4A, and aminoacyl-adenylates, which can control cell proliferation, translation,

transcription, and apoptosis [23, 40, 154–157]. The regulation of these factors and

their functional relationship with ARSN will be a promising theme with regard to

cancer. The involvement of ARSN in amino acid-related cancer metabolism has

also been reported [10]. QRS blocks ASK1-mediated apoptotic signal with gluta-

mine supplemented [23]. In addition, LRS-driven mTORC1 activation suggests that

mTORC1-mediated metabolism regulation is critical for the effect of anticancer

agents and anticancer drug discovery [158, 159].

Currently translational components are emerging as key regulators in

tumorigenesis [160]. Introduction of human LRS to treat MELAS syndrome,

a type of neurodegenerative disorder, and the consequent correction of causative
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tRNA mutant effect provided a step toward the use of human ARSs in new

therapeutics for other disease indications [7, 161]. For cancer research,

halofuginone-PRS and borrelidin-TRS provide a bright prospect for the possibility

of ARS as novel drug targets. Importantly, these studies suggest that inhibiting

specific functions of human ARSs, even their catalytic activity, can have clinical

benefits without significant cytotoxicity. We believe the direction of ARSN-

targeting strategies will be to find inhibitors or mimetics through two paths: one

is to modulate ARSN’s enzymatic activity and the other to target its interactions

with other important binding partner proteins.
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Pathogenic Implications of Human

Mitochondrial Aminoacyl-tRNA Synthetases

Hagen Schwenzer, Joffrey Zoll, Catherine Florentz, and Marie Sissler

Abstract Mitochondria are considered as the powerhouse of eukaryotic cells.

They host several central metabolic processes fueling the oxidative phosphoryla-

tion pathway (OXPHOS) that produces ATP from its precursors ADP and inorganic

phosphate Pi (PPi). The respiratory chain complexes responsible for the OXPHOS

pathway are formed from complementary sets of protein subunits encoded by the

nuclear genome and the mitochondrial genome, respectively. The expression of the

mitochondrial genome requires a specific and fully active translation machinery

from which aminoacyl-tRNA synthetases (aaRSs) are key actors. Whilst the

macromolecules involved in mammalian mitochondrial translation have been

under investigation for many years, there has been an explosion of interest in

human mitochondrial aaRSs (mt-aaRSs) since the discovery of a large (and grow-

ing) number of mutations in these genes that are linked to a variety of neurodegen-

erative disorders. Herein we will review the present knowledge on mt-aaRSs in

terms of their biogenesis, their connection to mitochondrial respiration, i.e., the

respiratory chain (RC) complexes, and to the mitochondrial translation machinery.

The pathology-related mutations detected so far are described, with special atten-

tion given to their impact on mt-aaRSs biogenesis, functioning, and/or subsequent

Note: Rigorously, amino acid conversion of a given mutation should be preceded by the letter

“p.” to indicate that the protein level is considered. For example, the 172C > G nucleotide change

engenders the p.R58G mutation in DARS2 (referencing the gene) or mt-AspRS (referencing the

protein). For sake of simplicity, the “p.” is omitted throughout the chapter.
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activities. The collected data to date shed light on the diverse routes that are linking

primary molecular possible impact of a mutation to its phenotypic expression. It is

envisioned that a variety of mechanisms, inside and outside the translation machin-

ery, would play a role on the heterogeneous manifestations of mitochondrial

disorders.

Keywords Aminoacyl-tRNA synthetase � Human mitochondrial disorders �
Pathology-related mutations � Respiratory chain defects
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1 Mt-aaRSs and Mitochondrial ATP Synthesis

In order to facilitate the understanding of the connection between human mt-aaRSs

and ATP synthesis, the route from their place of encoding (the nucleus) to their

place of biogenesis (the cytosol) and their place of use (the mitochondria) is

schematized in Fig. 1.

1.1 Mitochondrial Respiratory Chain Complexes

One of the most prominent functions of mitochondria is the production of cellular

free energy in the form of ATP, in a process known as oxidative phosphorylation

(OXPHOS). This process takes place in five large multi-subunit complexes

(the respiratory chain complexes) that are located in the inner mitochondrial

membrane (Fig. 2a). Complexes I to IV, accompanied by the mobile elements

Coenzyme Q and cytochrome c, allow for the activity of Complex V, the

ATP synthase. In mitochondria, the final oxidation of nutrients releases CO2

(mainly through the Krebs cycle) concomitantly with the reduction of NADþ into

genomic-DNA
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 s
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 o
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ex

es

respiratory chain complexes

Fig. 1 From mitochondrial aminoacyl-tRNA synthetases to mitochondrial ATP synthesis. The

route from the place of encoding of mt-aaRSs (the nucleus) to their place of biosynthesis

(the cytosol) and their place of use (the mitochondria) is schematized. Mt-aaRSs biogenesis comprises

mRNAs expression and processing (1), mt-aaRSs synthesis (2), import process into mitochondria

(3a addressing; 3b translocation; 3c processing), and proper folding, oligomerization, and stability

upon entry to mitochondria (4). Mt-aaRSs functioning includes amino acid activation, tRNA

recognition, tRNA charging (5). Mt-aaRSs are devoted to the mitochondrial translation, and

thus, to the synthesis of the 13 mt-DNA-encoded respiratory chain (RC) complexes (6), for which
the activity (7) ultimately lead to ATP production (8). Of note, all other sub-units of the RC

complexes (~70) are also imported from the cytosol
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NADH þ Hþ and FAD into FADH2. Oxidation of these hydrogen carriers involves

the transfer of protons and electrons to the respiratory chain Complexes I and II

respectively, followed by the channeling of these electrons through Complexes III

and IV, where the electron is finally accepted by oxygen to form metabolic water.

During electron transport, proton pumps in Complexes I, III, and IV become activated,

leading to the expulsion of protons from the mitochondrial matrix to the mitochondrial

intra-membrane space. The generated proton gradient (chemical potential) combined

with the electron’s movement (electrical potential) lead to return of protons to the

matrix, thus activating ATP synthase by a proton-motive force. This enzyme binds

ADP to inorganic phosphate and generates ATP. In summary, final oxidation of

nutrients into CO2 and H2O takes place inside mitochondria and is directly correlated

to oxygen consumption and ATP synthesis by the respiratory chain complexes [1].

Fig. 2 The respiratory chain complexes. (a) Organization of the complexes along the mitochondrial

inner membrane. Complex I: NADH: ubiquinone reductase; Complex II: Succinate-coenzyme Q

reductase; Complex III: Coenzyme Q: cytochrome c oxidoreductase; Complex IV: Cytochrome c
oxidase; Complex V: ATP synthase. Q stands for Coenzyme Q, and cyt c for cytochrome c.
Sub-units composition of the five complexes in given is Table 1. (b) Composition of the

13 mt-DNA-encoded sub-units
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Respiratory chain complexes are large multi-protein complexes. Interestingly,

the sets of proteins involved are of dual genetic origin. In humans, a total of

84 subunits and an additional 28 assembly factors are nuclear-encoded while

13 subunits are encoded by the mitochondrial genome (Table 1). These corre-

spond to seven subunits of Complex I (NADH:ubiquinone reductase), one subunit

of Complex III (Coenzyme Q: cytochrome c oxidoreductase), three subunits

of Complex IV (cytochrome c oxidase), and two subunits of Complex V

(ATP synthase). Complex II (succinate:coenzyme Q reductase) is the only complex

formed exclusively by nuclear-encoded subunits. The size of the 13mt-DNA-encoded

proteins ranges from 68 amino acids (aa) (ATP8) to 603 aa (ND5) (Fig. 2b). The

proteins are rather hydrophobic with 59.4% � 8.5% aliphatic and aromatic residues,

29.8% � 7.8% neutral residues, and 10.8% � 2.6% charged residues. Leucine

residues are present at the highest levels (14.4%); isoleucine, serine, and threonine

are present at more than 7%, while some residues represent less than 3% (arginine,

aspartate, cysteine, glutamine, glutamate, and lysine) of the protein compositions. It

should be noted that a full and active set of mitochondrial translation components has

been maintained for the synthesis of solely these 13 mt-DNA-encoded subunits.

1.2 The Human Mitochondrial Translation Machinery

The human mitochondrial genome is a circular double-stranded DNA of

16,569 bp [2]. This genome is tightly packed (with a single non-coding domain,

the D-loop) and codes for the 13 respiratory chain subunits, in addition to

2 ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs). All three families of

RNAs – mRNAs, rRNAs, and tRNAs – are processed from large primary transcripts

according to the tRNA punctuation model [3]. The mitochondrial translation

apparatus (Fig. 3) further involves a large number of proteins that are all nuclear-

encoded, and are synthesized in the cytosol, before being imported into mito-

chondria for maturation. These include the full set of ribosomal proteins and

ribosomal assembly proteins (translation initiation, elongation, termination factors)

and tRNA maturation and modifying enzymes (enzymes cleaving the 50- and

30- ends of tRNAs primary transcripts, enzymes fixing the non-coded CCA

30-end, enzymes of post-transcriptional modification). More than 100 proteins

have been reported so far as being actors of the mitochondrial translation machi-

nery [4–7] and will not be further discussed herein. Last but not least, a full

set of nuclear-encoded aaRSs is required. These enzymes catalyze the specific

esterification of tRNA 30-ends with the corresponding amino acid so that the

aminoacyl-tRNA (aa-tRNA) can be taken up by the translation factors and brought

to the ribosome where the nascent protein is synthesized [8, 9]. The present

knowledge of human mt-aaRSs will be discussed extensively below.
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1.3 Link Between Mitochondrial Translation, Mitochondrial
Respiration, and Mitochondrial Disorders

Asmentioned above, ATP synthesis by mitochondria is dependent on the coordinated

expression of nuclear and mitochondrial genes. First, there is a need to coordinate

the biogenesis of the respiratory chain complexes along the inner mitochondrial

membrane so that partner proteins find each other to form the individual multi-

protein complexes. Second, there is also a need to coordinate the setup and

maintenance of mitochondrial translation machinery. Above all, this involves

efficient partnerships between mt-DNA-encoded RNAs and nuclear-encoded proteins,

especially between rRNAs and ribosomal proteins to form active ribosomes

and between tRNAs and aaRSs to allow for accurate synthesis of aa-tRNAs.

Accordingly, there are key links between the aminoacylation activity of aaRSs

in charge of the synthesis of the 13 mt-DNA-encoded proteins, and the activity

of respiratory chain complexes. It can be anticipated that any dysfunction of a

single macromolecule of the translation machinery may have severe impacts on

the activity of the respiratory chain complexes.

Mitochondrial disorders were defined as pathologies with aberrant oxidative

phosphorylation (OXPHOS). Potential causes include an aberrant ROS production,

elevation of NADH/NADþ ratio and lactate production, and/or ATP production

deficiency. Defects were observed in a large variety of organs, and could manifest

at any stage of life [10]. They were described in the late 1980s as exclusively

Fig. 3 The mitochondrial translation machinery. The human mt-DNA codes for 13 respiratory chain

subunits (mRNAs), 2 ribosomal RNAs (rRNAs), and 22 transfer RNAs (tRNAs). All other re-

quested proteins, such as, e.g., ribosomal proteins and ribosomal assembly proteins, translation initia-

tion, elongation, and termination factors, tRNA maturation and modifying enzymes, mt-aaRSs, are

encoded by the nucleus, synthesized in the cytosol, and imported into the mitochondria
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related to mutations within the mt-DNA and thus maternally inherited. Additional

disorders were subsequently associated with mutations within nuclear genes coding

for proteins of mitochondrial location, and thus followed Mendelian inheritance.

Mitochondrial disorders are nowadays classified according to the genetic origins of

the involved-mutations. (1) The first category, actually the firstly reported, concerns

mt-DNA-encoded RNAs. All the 22 mt-DNA-encoded tRNAs have been linked

to pathology-related mutations. The most striking examples concern the tRNALys

and tRNALeu, currently described as “hot spots” for mutations, and correlated

respectively with Myoclonus Epilepsy with Ragged Red Fibers (MERRF [11]) and

Mitochondrial Encephalomyopathy with Lactic Acidosis and Stroke-like episodes

(MELAS [12]). More than 230 mutations in tRNA genes are presently referenced

in the 2012 MITOMAP Human Mitochondrial Genome Database (http://www.

mitomap.org). Mt-DNA also codes for 2 rRNAs, with around 50 disease-related

mutations described that are most frequently connected with aminoglycoside-induced

deafness or non-syndromic sensorineural deafness (DEAF). (2) The second category

concerns mt-DNA-encoded proteins. They are all sub-units of the respiratory chain

complexes, making those complexes sensitive to mt-DNAmutations. As an example,

mutations in ND5 (subunit 5 of complex I) can lead to MELAS, Leigh syndrome,

MERRF, or Leber’s Hereditary Optic Neuropathy (LHON) defects (reviewed in,

e.g., [13]). (3) The third category, the most diverse, concerns nuclear-encoded

proteins of mitochondrial location. On the one hand, mutations can affect proteins

of the RC, which are directly contributing to OXPHOS (e.g., mutation in cytochrome

oxidase subunits which are linked with Leigh syndrome, reviewed in [14]). On

the other hand, mutations can affect proteins involved in the mt-DNA maintenance

(e.g., DNA polymerase gamma, reviewed in [15]) and/or translation (e.g., mitochondrial

elongation factor, reviewed in, e.g., [16]) interfering indirectly with OXPHOS.

AaRSs of mitochondrial location belong to the last category. The recent discovery

of mutations within mt-aaRS genes and the growing number of reported cases

is opening a path to an emerging field of investigation (reviewed in, e.g., [6, 17]),

and is the reason for a strong interest in the understanding of fundamental function

of the mt-aaRSs and their implication in mitochondrial disorders.

Before reviewing in detail the molecular aspects of point mutations on mt-aaRSs

properties, the various approaches available for the evaluation of respiratory chain

complex activities used as tools either for diagnosis or for molecular investigation

of this links between translation and respiration will be described.

1.4 Biochemical Analysis of Mitochondrial Respiration:
A Potential Diagnostic Tool for the Detection
of Mitochondrial Translation Defects

Because mitochondria provide much of the cellular energy, mitochondrial disorders

preferentially affect tissues with high energy demands, including brain, muscle,

heart, and endocrine systems. Consequently, mitochondrial defects play a central

role in hereditary mitochondrial diseases, ischemia reperfusion injury, heart failure,
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metabolic syndrome, neurodegenerative diseases, and cancer [18, 19]. There are

remarkably diverse causes for mitochondrial disorders. These may be linked to

the dual genetic systems encoding components of the respiratory chain complexes,

to the need for mitochondrial translation machinery, but also to mechanisms

required for the biosynthesis and maintenance of mt-DNA and to the biogenesis

of the organelle itself. Moreover, each cell may contain hundreds to thousands

of copies of the mitochondrial genome. The distribution of the affected tissues and

the proportion of mutant to wild-type mt-DNA (termed heteroplasmy) lead

to clinical manifestations, which are remarkably variable and heterogeneous.

An additional breakthrough came from the later discovery of mutations within

nuclear genes as the causes for similar diseases. Therefore, the establishment of

a mitochondrial disorder diagnosis can be very difficult. It requires an evaluation

of the family pedigree, in conjunction with a thorough assessment of the clinical,

imaging, and muscle biopsy analysis [20]. Isolated OXPHOS deficiencies are gene-

rally caused by mutations in genes encoding subunits of the OXPHOS system.

Combined deficiencies in the respiratory chain complexes may reflect the conse-

quence of mutations in mt-DNA-encoded tRNAs or rRNAs, or are due to rearrange-

ments or depletion of mt-DNA [21]. They may also reflect a dysfunction of the

mitochondrial translation machinery.

Table 2 summarizes some of the various experimental procedures used to evaluate

the impact of a mutation on the different steps from mt-aaRS expression to mito-

chondrial ATP synthesis. It includes the initial screening procedure of muscle biopsy

analysis, i.e., histochemistry and immunohistochemistry. The activity of the five

multiprotein enzymatic complexes can be assayed globally by measuring the mito-

chondrial inner membrane electrochemical potential, oxygen consumption, or ATP

synthesis, or assayed individually by measurement of their enzymatic activities.

This is performed by polarography. The structural integrity of the multiprotein

complexes, evaluated by blue native gel electrophoresis is also increasingly used

Table 2 Some of the various experimental procedures used to evaluate the impact of a mutation

on the different steps from mt-aaRS expression to mitochondrial ATP synthesis

Steps of mt-aaRSs life cycle Methods

1 aaRS mRNAs expression/

processing

RT-PCR, qPCR, northern blot

2 aaRS synthesis/stability Western blot, inhibition of cytosolic translation

3 aaRS import GFP-fusion protein, immuno-cytochemistry, in vitro

import assay, in vitro maturation assay

4 aaRS folding/oligomerization/

stability

Protein refolding, coexpression of diffently tagged

proteins

5 amino acid activation [P32]/colorimetric-based ATP-PPi exchange assay

tRNA recognition Aminoacylation assay

tRNA charging Northern blot, aminoacylation assay

6 Synthesis of mt-DNA encoded

RC sub-units

BN-PAGE, pulse-chase experiment

7/8 RC complex activity Histochemical and immunohistochemical methods,

polarography

Numbers on the left recall the steps displayed in Fig. 1
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for diagnostics [22]. Finally, once the diagnosis is performed, it is possible to

evaluate the impact of mutations on the rate of mitochondrial protein synthesis

using chase experiments on specific recombinant cell-lines [23].

Several histochemical and immunohistochemical methods can be used as reliable

morphological tools in order to visualize respiratory chain abnormalities on tissue

sections. Classical histochemistry techniques allow visualizing succinate dehydroge-

nase (SDH) and cytochrome c oxidase (COX) activity. Indeed, the most informative

histochemical impairment of mitochondria in skeletal muscle is ragged red fibers

(RRF), observed on frozen sections traditionally with the modified Gomori

trichrome method [24]. Since the accumulation of material other than mitochondria

sometimes simulates a RRF appearance, the identification of deposits suspected

of being mitochondrial proliferation should be confirmed by histochemical staining

of oxidative enzymes as SDH and COX. Muscle from mitochondrial myopathy

associated with mt-DNA mutations tends to show a mosaic expression of COX

consisting of a variable number of COX-deficient and COX-positive fibers,

and RRFs can be COX negative or COX positive. The mosaic pattern of COX

expression could be considered as the histochemical signature of a heteroplasmic

mt-DNA mutation affecting the expression of mt-DNA-encoded genes in skeletal

muscle [25]. Immunohistochemical methods allow the visualization of the expres-

sion of several mt-DNA and nuclear-encoded subunits of the respiratory chain. An

antibody against COX IV is routinely used as a probe for nuclear-encoded mito-

chondrial protein and an antibody against COX II as a probe for mt-DNA-encoded

protein. However, any other combination of antibodies can also be used.

Polarography (spectrophotometric assays) can be applied to both tissue samples

and cultured cells and is designed to assess the enzymatic activity of the individual

OXPHOS Complexes I–V, along with the Krebs cycle enzyme citrate synthase as a

mitochondrial control. Determining the enzymatic activities can be valuable in

defining isolated or multicomplex disorders and may be relevant to the design of

future molecular investigations [26]. Different assays have to be performed in order

to analyze each complex separately. Assays for Complexes I, II, II þ III, III, and IV

are routinely performed when there is a suspicion of mitochondrial defects. The

principle of polarographic approach is based on the fact that mitochondria require

oxygen to produce ATP. The rate of oxygen consumption from isolated mito-

chondria or directly in skinned fibers is a useful and valuable technique in the

research and evaluation of mitochondrial dysfunction and disease, because ADP-

dependent oxygen consumption directly reflects OXPHOS efficiency [27–31]. In

the presence of oxidizable substrates, freshly isolated mitochondria are introduced

into the polarograph and oxygen consumption is measured in the presence of

exogenously added ADP as well as several inhibitors. The typical parameters

determined from mitochondrial polarography include state III rate (maximal mito-

chondrial respiration with ADP), state IV rate (basal mitochondrial respiration),

and RCR (respiratory control ratio or state III rate/state IV rate). RCR is a good

indicator of the integrity of the inner membrane of the isolated mitochondria and

is sensitive for indicating OXPHOS defects. The ratio of ADP consumed/oxygen

consumed during the experiment is a direct reflection of phosphorylation efficiency
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and can indicate abnormalities of the ATP synthase activity or uncoupling between

the activities of Complexes I to IV and complex V (ATP synthase). It is possible to

explore the respiratory parameters of skeletal muscle with permeabilized muscle

fibers, thus skipping a mitochondria purification step [32]. Muscle fibers are

permeabilized by saponin, allowing respiratory substrates and inhibitors to reach

the mitochondria [31, 33].

Blue native polyacrylamide (or agarose) gel electrophoresis (BN-PAGE)

allows for the isolation of intact respiratory chain complexes and analysis of their

subunit content (reviewed in [34]). Briefly, after solubilization of mitochondria

in the presence of dodecylmaltoside, large complexes are first separated by native

gels electrophoresis on low percentage polyacrylamide or agarose gel. A second

dimension electrophoresis is then performed under non-native conditions in the

presence of SDS and β-mercaptoethanol using a 10% polyacrylamide gel. Individual

subunits are detected by western blotting or mass spectrometry. The two-dimensional

separation approach can also be adapted to perform in gel activity assays to address

the dynamics of protein synthesis and complex assembly (in combination with pulse-

chase labeling of proteins in cultured cells).

In conclusion, a variety of biochemical approaches are available to evaluate

mitochondrial function. These form a powerful toolkit that can be used to diagnose

the mitochondrial origin of a disorder. However, the gap is large between the

dysfunction of the respiratory chain (as a whole, or as individual complexes) and

the understanding of the dysfunction at the molecular level. Indeed, considering the

translation rate of each of the 13 mt-DNA-encoded proteins as the sole outcome

resulting from defects in tRNAs and/or aaRSs is too simplistic. The links between

the mitochondrial translation of a given aaRS on the one hand, and ATP production

on the other, involve a number of issues that need to be explored. Some of these

will be discussed in what follows. One must also take into account the possibility

of alternative functions of mt-aaRSs, outside their strict housekeeping role in

translation.

2 Mt-aaRSs in Mitochondrial Translation

The housekeeping function of aaRSs is to provide aminoacylated-tRNAs (aa-tRNAs)

for translation. Enzymes connect tRNAs with their corresponding amino acid in an

efficient and specific way through a two-step reaction named aminoacylation. In the

first step, the amino acid is activated by ATP into an aminoacyl-adenylate (followed

by the release of PPi). In the second step, the activated amino acid is transferred onto

the cognate tRNA, releasing AMP. The formation of the 20 canonical aa-tRNA

species in human mitochondria requires the import of a complete set of mt-targeted

aaRSs encoded by the nuclear genome. The faster evolution rate of mt-DNA than the

nuclear genome [35, 36] leads to abnormal RNAs, shrunken in size and often lacking

important signals. For instance, most mt-tRNAs have shortened sizes, miss crucial

folding and recognition nucleotides as compared to “classical” tRNAs, and are more

flexible [6, 7, 37, 38]. Mechanisms compensating for the degeneration of mt-tRNAs
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remain mainly unsolved and raise the question of molecular adaptation of partner

proteins, especially mt-aaRSs. The structural and functional deciphering of the set of

aaRSs of human mitochondrial location is at the early stages.

2.1 Nuclear-Encoded aaRSs of Mitochondrial Location
and Evolutionary Considerations

The nuclear gene annotation of the human aaRSs of mitochondrial location was

completed a decade ago [8]. Access to gene sequences highlighted that the set of

aaRSs dedicated to translation in human mitochondria is mainly different from the set

acting in the cytosolic translation (Fig. 4). This concerns 17 out of the 19 pairs of

aaRS. The two exceptions concern the GlyRSs and LysRSs. GlyRSs are generated

from two translation initiation sites on the same gene, leading to one enzyme with a

mitochondrial targeting sequence (MTS), mt-GlyRS, and a second without, cytosolic

GlyRS [39, 40]. With the LysRSs, an alternative mRNA splicing pathway allows

for the insertion – or not – of the nucleotide sequence coding for the MTS, leading

to two mature mt- and cytosolic LysRSs differing only by a few residues at their

N-terminus [41]. No gene coding for mt-GlnRS, the 20th synthetase, has been found

so far, leaving open the question about how glutaminylation in human mitochondria

is performed. Among possible explanations, it is proposed that either the sequence of

human mt-GlnRS has evolved so much that it has become unrelated to any of the

known GlnRSs, or its function is fulfilled by an mt-addressed version of cyt-GlnRS

(as proposed in yeast [42]), or that the synthesis of mt Gln-tRNAGln occurs via an

indirect pathway (the transamidation pathway) involving misacylation of tRNAGln by

a non-discriminative GluRS followed by Glu-amidation [43]. The existence of an

indirect pathway in mitochondria was demonstrated in the cases of plants [44, 45],

yeast [46], and more recently humans [47]. However, the coexistence of direct and

indirect pathways for Gln-tRNAGln synthesis in yeast and mammalian mitochondria

is still under consideration [48, 49].

Despite the conventional view of the endosymbiotic origin of mitochondria [50],

the source of nuclear genes for mt-addressed aaRSs is diverse and not necessarily

easy to trace back. Some of the mt-addressed aaRSs originate from the bacterial

domain, but none specifically from the alpha-proteobacteria, although the alpha-

proteobacterial contribution to the mitochondrial genome is well established.

This favors the hypothesis that mt-aaRSs have been acquired by numerous post-

endosymbiotic and/or lateral gene transfer events, from sources representative

of all kingdoms of life [51]. The precise knowledge on the origin of all human

mt-aaRS genes is necessary for the investigation of pathology-related mutations

(see below) and will be of help in building up homology models in cases

where crystallographic structures for mt-aaRS are not available. This global view

on the origin of all human mt-aaRS genes will be established soon (Sissler et al., in

preparation).
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2.2 Mt-aaRSs are Imported Proteins

Human mt-aaRSs are translated within the cytosol and subsequently imported into

the mitochondria thanks to the presence of MTSs. As is the case for the vast majority

of proteins of mitochondrial matrix and/or inner membrane location, these sequences

Fig. 4 Two sets of genes for human cytosolic and mitochondrial aaRSs. Achievement of human

genome sequencing and gene annotation of the human aaRSs of mitochondrial location [8] reveal

the presence of two distinct sets of nuclear genes for aaRSs (with two exceptions, see text). One set

(in red) codes for the aaRSs of cytosolic location. The second set (in blue) codes for the aaRSs of
mitochondrial location. The latter distinguishes by the presence of an encoded N-terminal mito-

chondrial targeting sequence (MTS, in yellow). The two sets of genes are translated via the

cytosolic translation machinery. Sequences that are subsequently addressed to mitochondria are

maintained unfolded in the cytosol, pending their entry into the organelle
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are predicted to be located at the N-termini of precursor mt-aaRSs [8]. However, to

date, no consensus sequences have been deciphered. An MTS typically consists of

~15–50 amino acids including numerous positively charged residues (e.g., lysines

and arginines), and forms amphipathic alpha-helices [52]. The MTS first directs

the precursor proteins to mitochondria where they are further translocated by the

translocase complexes of the outer (TOM) and inner (TIM) membranes (reviewed

in, e.g., [53–59]). Upon arrival in the matrix, MTS are proteolytically cleaved by

the mitochondrial processing peptidase (MPP). This process was recently shown

possibly to affect the half-life of the proteins [60]. Removal of the pre-sequence

exposes new amino-termini of the imported proteins, which may contain a

stabilizing or a destabilizing amino acid (bulky hydrophobic residues are typically

destabilizing). The N-end rule indeed states that regulation of the proteolytic

degradation is closely related to the N-terminal residue of proteins [61]. It has

recently been proposed that two additional peptidases (that function subsequently

to MPP) are implicated in protein stabilization by removing the newly exposed

N-terminal destabilizing residue(s). The first is the intermediate cleaving peptidase

Icp55, which removes a single amino acid. The second is the mitochondrial

intermediate peptidase Oct1, which removes an octapeptide. Accordingly, the

processing of imported proteins is closely connected to protein turnover and quality

control (reviewed in [54]).

Cleavage (maturation) sites of the MTS for human mt-aaRSs are so far

mostly defined according to theoretical predictions based on computer programs

(e.g., Predotar http://urgi.versailles.inra.fr/predotar/predotar.html, MitoProt http://

ihg.gsf.de/ihg/mitoprot.html, TargetP http://www.cbs.dtu.dk/services/TargetP/, and

iPSORT http://ipsort.hgc.jp/). However, the expression of recombinant human

mt-aaRS proteins, deprived of theoretically predicted MTSs, appears to be difficult

due to low solubility and the tendency of proteins to aggregate [9, 62]. This is

likely to indicate that many predictions may be incorrect. Indeed, inaccurate

prediction of the cleavage site was previously shown to be responsible for subopti-

mal expression of human mt-LeuRS. Only the LeuRS variant deprived of its

39 N-terminal amino acids was sufficiently overexpressed in Escherichia coli,
efficiently purified, and fully active, while the variant deprived of the predicted

21 amino acids remained insoluble [63, 64]. Along the same line, the re-design

of the N-terminus of human mt-AspRS enhances expression, solubility, and

crystallizability of the mitochondrial protein [65, 66]. Discrepancies are also

apparent between the predicted cleavages sites, the starting amino acid of the

recombinant proteins, and the first residue visible in the established crystallo-

graphic structures to date (reviewed in [65]).

None of the above-mentioned examples have the experimental exact

cleavage points of the mature proteins been established so far. These examples

however emphasized that the preparation of stable recombinant molecules would

gain from optimized criteria to predict MTS cleavage sites. A more systematic

effort to determine experimentally the precise N-terminus of mature mito-

chondrial proteins (as done for, e.g., the yeast mt proteome [60]) would be

of help to determine unambiguously the sequence of a functional mt protein.
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However, this analysis remains difficult to perform experimentally (by sequencing

or mass spectrometry) due to the minute amount of protein that can be isolated

from human mitochondria and because of the risk of secondary proteolysis.

2.3 Structural Insights of mt-aaRSs

When considering their primary structures, all mt-aaRSs fall into the expected

classes of the aaRSs as originally defined in [67, 68], with signature motifs being

respectively HIGH and KMSK for class I enzymes, and motifs 1, 2, and 3 for class

II enzymes. Striking divergences are, however, observed when considering their

modular organizations. Modular design of the aaRSs is a result of a patchwork

assembly of different functional modules during evolution. Minimal cores are the

catalytic domain and the tRNA anticodon binding domain that are possibly

surrounded by additional components for structural or functional purposes. Those

are either remnants from early ancestors or structural inventions for functional

expansion (e.g., [69]). Themost striking observation concerns the divergence between

the tetrameric cytosolic PheRS (α2β2) and the monomeric (α) version found in

human mitochondria [70], a situation also observed for PheRSs in yeast [71].

Human mt-PheRS possesses the minimum set of structural domains, making this

enzyme the smallest exhibiting aminoacylation activity and the only class II

monomeric synthetase [72]. Another striking observation is that two independent

coding sequences have been found for mt-GluRS and mt-ProRS, as opposed to a

single gene for both activities in the human cytosol leading to the bifunctional

GluProRS [73].

Although the first crystallographic structure of a bacterial aaRS was published

three decades ago (TyrRS from Bacillus stearothermophilus [74]), the first

3D structures of mt enzymes were only established recently: a bovine structure in

2005 (mt-SerRS [75]), the first human structure in 2007 (mt-TyrRS [76]), followed

by two additional ones in 2012 (mt-PheRS [72] and mt-AspRS [66]) (Fig. 5).

The time lag between resolving structures of bacterial aaRS and mammalian

mt-aaRSs was mainly due to the difficulties involved in producing large amounts

of stable mitochondrial proteins (defining the N-terminus leading to a soluble

protein). Resolution of crystallographic structures and investigation of biophysical

properties of mt-aaRSs reveal similarities, but also distinctive features, when

compared to related prokaryotic homologs (the four mt-aaRSs for which crystallo-

graphic structures have been obtained are of prokaryotic origin [51]).

Structural idiosyncrasies (Fig. 5) concern, for instance, the very unique structural

organization of mt-PheRS (monomer instead of heterotetramer [77]) or the presence

of two distinctive insertions in mt-SerRS (an 8 aa amino-terminal “distal helix” and a

carboxy-terminal “C-tail” composed of an over 40 Å long flexible loop stretching

away from the body of the monomer [75]). More generally, it has been observed that,

besides having similar architectures to prokaryotic homologs, mitochondrial enzymes

are distinguished by more electropositive surface potentials (specifically along the
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Fig. 5 Known crystallographic structures of mammalian mt-aaRSs. (A) Bovine mt-SerRS [75],

where the specific “distal helix” and “C-tail” are emphasized in green and red, respectively. In
addition, the bacterial-type N-terminal long α-helices hairpin arm is shown in orange. (B) Human

mt-AspRS [66], where the bacterial insertion domain is highlighted in light green. (C) Human

mt-TyrRS [76], where the CP1 and the α-helical domains are indicated in red and gray, respectively.
Note that the S4-like domain is missing in this structure. (D) Human mt-PheRS in the –closed– state

[77], and in the –open– state, complexed within Thermus thermophilus tRNAPhe (inwhite) [72]. Bind-
ing of tRNA engenders a drastic conformational change of mt-PheRS through ~160� hinge-type
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tRNA binding surface) or by enlarged grooves for tRNA accommodation. The latest

aspect is visible for instance in mt-AspRS, where the angle formed by the bacterial-

specific insertion domain and the catalytic domain is more opened by 26�C [66]. This

can also be seen in mt-PheRS where the PheRS/tRNAPhe complex formation

was shown to be accompanied by a considerable rearrangement through an ~160�

hinge-type rotation from a –closed– to an –open– state of the PheRS and the global

repositioning of the anticodon binding domain upon tRNA binding [72, 77]. In

addition, an alternative interaction network has been observed at the subunit interface

of the dimeric mt-AspRS (weaker in terms of salt-bridges and hydrogen bonds).

Biophysical investigations also demonstrated a thermal stability reduced by as

much as 12�C for mt-AspRS, compared to E. coli AspRS [66]. Finally, a gain of

plasticity is proposed for both the mt-TyrRS, where the KMSKS loop is rather remote

from the active site, explaining the relative lacks of constraints in the structure [76],

and the mt-AspRS, where unusual thermodynamic properties of tRNA binding

are observed [66]. It has been suggested that the gain of plasticity may be a more

general property of mt-aaRSs, as they have to deal with degenerated mt-tRNAs [66].

2.4 Some Functional Peculiarities

The bacterial origin (established for many of the mt-aaRSs) predicts that most of the

mt-aaRSs should behave as prokaryotic aaRSs. However, this is not the case, raising

interesting questions regarding the evolution of macromolecules of the mitochondrial

translation machinery. The human mt-AspRS has been extensively studied along

these lines. It shares 43% of identical residues (including residues specific for all

AspRSs), the same modular organization (including the bacterial-type insertion

and C-terminal extension domains), and the same architecture as E. coli AspRS,
a representative bacterial homolog [66]. However, and despite the fact that the

two enzymes are likely descendants from a common ancestor, numerous functional

idiosyncrasies/discrepancies were reported. Indeed, the mt-AspRS exhibits a reduced

catalytic efficiency [8, 9], requires a minimal set of recognition determinants within

its cognate tRNA [78], displays a higher sensitivity to small substrate analogs [79], is

able to cross aminoacylate bacterial tRNAs (while the bacterial enzyme unilaterally

recognizes bacterial tRNAs [80, 81]), and shows an increased intrinsic plasticity

when compared to its bacterial homolog [66].

It is proposed that all structural and functional peculiarities of the mt-aaRSs

(exemplified here by the mt-AspRS) with respect to the bacterial homologs may

represent an evolutionary process, allowing nuclear-encoded proteins to cooperate

with degenerated organelle RNAs [66].

�

Fig. 5 (continued) rotation and the global repositioning of the anticodon binding domain. For all

structures the catalytic core is in yellow, the anticodon binding domain in orange, and the hinge

region in black. When appropriate, the second dimer is displayed in light gray
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3 Mt-aaRSs in Human Disorders

As already evoked, a breakthrough took place in 2007 with the discovery of a first

set of mutations present in the nuclear gene of an mt-aaRS, namely mt-AspRS [82].

This first discovery was followed very rapidly by the description of numerous

additional mutations not only on the same gene but also on other mt-aaRS-coding

genes, so that half of them are presently known to be affected [6, 17]. This

discovery sheds light on a new family of nuclear genes involved in human disorders

allowing the new naming of “mt-aaRS disorders.”

3.1 Discovery of aaRS-Related Disorders

Mutations inDARS2, the nuclear gene coding for mt-AspRS, were first found in 2007

in patients with cerebral white matter abnormalities of unknown origin [82]. These

abnormalities were part of a childhood-onset disorder called Leukoencephalopathy

with Brain stem and Spinal cord involvement and Lactate elevation (LBSL). Since

this first discovery, mutations in eight additional mt-aaRS-encoding genes have been

reported (Table 3). They hit RARS2 (patients with PontoCerebellar Hypoplasia type

6, PCH6), YARS2 (Myopathy, Lactic Acidosis and Sideroblastic Anemia, MLASA

syndrome), SARS2 (HyperUricemia, Pulmonary hypertensions and Renal failure in

infancy and Alkalosis, HUPRA syndrome), HARS2 (Perrault Syndrome, PS),

AARS2 (Infantile Mitochondrial Cardiomyopathy), MARS2 (Autosomal Recessive

Spastic Ataxia with Leukoencephalopathy, ARSAL), EARS2 (Early-onset Leuko-

encephalopathy with Thalamus and Brainstem involvement and High Lactate),

and FARS2 (Infantile mitochondrial Alpers Encephalopathy). An observation

among the numerous reported cases is that despite a dominant effect on brain and

neuronal system, sporadic manifestations also occur in skeletal muscle, kidney,

lung, and/or heart.

3.2 The Present-Day List of Pathology-Related Mutations
Within mt-aaRS Encoding Genes

Nine mt-aaRS genes are currently known to harbor a total of 65 mutations,

found in patients in 64 different genetic combinations (Table 4). All mutations

can also be visualized on schematic representations of modular organizations

of the proteins (Fig. 6). The most prominent affected gene is DARS2, located
on chromosome I. It comprises 32,475 bp, codes for 17 exons and is translated

into a 645 aa long mt-AspRS. To date, 28 different mutations are known: 8 nonsense

mutations (frameshift, premature stop), 16 missense mutations (amino acid exchange),

and 4 insertions/deletions have been described in 13 different reports. These mutations
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are distributed over nearly all exons and, thus, are found in all protein domains,

including the predicted MTS (S45G) and the hinge region (C152F and M134_

K165del). In addition to these mutations found on one allele of the gene, almost

all LBSL patients have a mutation in a polypyrimidine tract at the 30-end of

intron 2, which is found on the second allele. This mutation affects correct splicing

of the third exon, which leads to a frameshift and a premature stop (R76SfsX5).

This frameshift mutation is “leaky,” leading to a decrease but not zero expression

of full-length mt-AspRS. Beside these typically compound heterozygous states of

LBSL patients, homozygous DARS2 mutations have been described more recently.

Homozygous patients harbor either the R76SfsX5 mutation or the R609Wmutation

(in the bacterial insertion domain).

The EARS2 gene codes for mt-GluRS and is located on chromosome XVI.

It comprises 32,980 bp, nine exons and encodes a 523 aa long protein. Today,

16 different mutations are known: 3 nonsenses, 12 missenses, and 1 insertion.

Fig. 6 Display of pathology-related mutations on modular organizations of mt-aaRSs. Color code

of all domains is given
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The catalytic domain is dominantly affected. The two mutations (R7X and M1X)

localized in the predicted MTS are nonsense mutation and certainly lead to truncated

translation products. Among those, only one mutation (K65E) is in a homozygous

state. The gene RARS2 codes for mt-ArgRS, is located on chromosome VI, consists

of 75,618 bp, 20 exons, and codes for a 562 aa long protein. Mutations in this

gene affect all parts of the protein except the dinucleotide-binding domain. Ten

different mutations are reported: a single nonsense (Q12fsX25), seven missenses,

and two deletions (K158del, R504_L528del). In addition, three homozygous

patients were found harboring a combination of two silent mutations (K568K

and K291R) with one additional mutation (IVS2 þ 5) causing exon 2 skipping.

The patient’s major transcript lacked exon 2, but a faint, normal-sized fragment

was also seen. The gene FARS2 is 403,026 bp long, codes for mt-PheRS, and is

located on chromosome VI. It has six exons and codes for a 451 aa long protein.

Today four different missense mutations have been reported. Just the Y144C one

(in the anticodon binding domain) is in a homozygote state. The gene HARS2 codes
for mt-HisRS, is located on chromosome V, and consists of 6,900 bp and 13 exons.

The corresponding protein is 506 aa long. There is presently only one reported

case in which patients are compound heterozygotes. The mutation on one allele

is a missense (V368L). The mutation on the second allele produces either a

missense replacement (L200V) or creates an additional splice site, inducing the

deletion of 11 aa (L200_K211del). The YARS2 gene, coding for mt-TyrRS, is

localized on chromosome XII, is 8,630 bp long, harbors five exons, and codes for

a 477 aa long protein. For this aaRSs, only two homozygote mutations are known,

both being localized in the catalytic domain. The AARS2 gene codes for mt-AlaRS,

is 13,672 bp long, localized on chromosome VI, has 22 exons, and codes for a

985 aa long protein. There are presently two-reported cases in which patients

are harboring missense mutations (either homozygote or compound heterozygote),

all localized in the catalytic domain. The SARS2 gene codes for mt-SerRS, is

located on chromosome XIX, is 15,127 bp long, and contains 16 exons. Only one

homozygote mutation is reported, localized in the catalytic domain of the 518 aa

long protein. It should be noted that the MARS2 gene, located on chromosome II,

is composed of just one exon of 1,779 bp length. It codes for a 593 aa long

protein, named mt-MetRS. Interestingly, no “classical” mutation has been reported

for this gene but complex rearrangements were shown to be the cause of ARSAL.

The single-exon composition of the gene permits duplication events of either the

full exon or part of it, leading to the homozygous state or compound heterozygous

state of the patients. An additional situation with a large insertion in one of the

alleles has also been reported.

In summary, none of the chromosomes is a “hot spot” for pathology-related

mutations affecting mt-aaRSs, and neither exons nor protein domains have obvious

favored mutation sites. Presently, DARS2 is the most frequently hit gene. However

this may not indicate a peculiar mutational exposure of this gene, but is more

likely to be due to intensive investigations of this firstly reported example of an

mt-aaRS gene correlated with a disease.
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3.3 Compound Heterozygous vs. Homozygous States

Among the 64 reported combinations of mutations, 53 are compound heterozygous

and 11 are homozygous (excluding the puzzling combinations found for MARS2;
see below). In all cases, the parents are unaffected heterozygous carriers of one

mutation, leading to autosomal recessive mutations that affect the two alleles

in the children. Figure 7 schematically summarizes all observed situations that

are combining splicing, missense, nonsense, deletion, and rearrangements defects.

Compound heterozygous status is dominantly observed. In most of the cases,

mutations in the first allele produce a splicing defect, resulting in reduced expression

of the protein. The second allele carries a missense mutation. Such combinations

were reported for DARS2 [82–85] and RARS2 [86, 87]. In both situations the splicing
defect is “leaky,” so that a small amount of wild-type protein remains expressed,

which is likely to be sufficient to support basal aminoacylation activity. The

residual expression of wild-type protein is mandatory in the situation where the

splicing defect is combined with nonsense mutations (which completely abolishes

protein expression) as was reported for, e.g., DARS2 (R76SfsX5/Q357X [88])

and RARS2 (Q12fsX25/L13RfsX15 [86]). Other examples of nonsense mutations

are found, but combined with missense mutations of likely moderate consequences.

This is, for instance, reported for EARS2 (R7X or Y398X combined with

R108W [89]). Another possible impact of mutation is the deletion of one or more

amino acids within the protein. Mt-HisRS harboring the L200_K211 deletion has

been suggested to be unstable when mutants are transiently expressed in human

cells [90]. Deletions have also been reported in RARS2 and DARS2 (combined in

the latest with the abundant R76SfsX5 mutation). However, their possible impacts

on protein expression level or stability remains unclear [82, 83, 91, 92]. As a last

example, combinations of two different missense mutations have been reported

for EARS2, FARS2, RARS2, DARS2, and AARS2. In these cases, it is assumed

that proteins are expressed but folding, structure, stability, and/or activity could be

affected (see below).

Figure 7 recalls the natural oligomeric status of mt-aaRSs: some are monomers

(mt-PheRS, mt-GluRS, mt-ArgRS), some are dimers (mt-AspRS, mt-SerRS,

mt-TyRS, mt-HisRS, mt-MetRS), and one (mt-AlaRS) is homotetramer. A conse-

quence of heterozygosity is the production of two distinct polypeptide chains that

can randomly associate to build a dimer (or a tetramer), which theoretically leads to

an equal proportion between the two possible homodimers (each harboring the

same mutation) and the heterodimer (where each constitutive monomer is harboring

a different mutation). However, it has been reported that some of the mutations

have an impact on the oligomerization rate, leaving out the random association of

mutated polypeptide chains. For instance, mt-HisRS, having the V368L mutation,

oligomerizes more efficiently than any combinations, including the wild-type

polypeptide [90].

The discovery of homozygous mutations was quite unexpected. In fact,

mutations in DARS2 were found initially only in a compound heterozygous state,

suggesting that the activity of mutant mt-AspRS homodimers may be incompatible
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with life. It was then proposed that dimers carrying two different mutations

would have more residual functional activity than those carrying the same

mutation, and thus would not yield to a lethal phenotype [93]. The recent discovery

of homozygous mutations of DARS2 correlated with LBSL in a German patient

and in a Japanese family [94, 95] ruled out this conviction. Therefore, the sole

truncated protein
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The natural oligomeric status of mt-aaRSs is recalled on the right. nd stands for not determined
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possibility for homozygous mutations to be compatible with the survival of the

patient is that the mutation does not exert a too severe effect. As an example, the

homozygous R76fsX5 mutation in DARS2 from an LBSL patient induces a splicing

defect that was demonstrated to be “leaky.” This allows the expression of a

small amount of wild-type protein likely to be sufficient to support some basal

activity [96]. Today, homozygous missense mutations are found in AARS2, DARS2,
EARS2, FARS2, RARS2, YARS2, and SARS2. Their “moderate” effect is not obvious

since none of the observed-mutations (e.g., K65E in EARS2, Y144C in FARS2,
D390G in SARS2, or F52L and G46D in YARS2) conserve any of the physico-

chemical properties of the amino acids (isostericity, net charge, hydrophobicity, . . .).
It has however been demonstrated that mt-TyrRS carrying the F52L mutation

remains catalytically active, with only a twofold reduced aminoacylation rate [97],

emphasizing that volume/polarity of the amino acid cannot be the only parameter

to take into account. Possible neighborhood effect and structural impacts are

discussed below.

In this discussion, MARS2 is an exception. No “classical” missense or nonsense

mutations are observed, but instead complex gene rearrangements have been

reported. As already mentioned, this gene is composed of a single exon. A local

genomic instability and/or recombination errors have been hypothesized to be

the cause of template switching during DNA replication [98]. As a consequence,

duplication events of either the full exon or part of it are observed in patients,

leading to either homozygous or compound heterozygous states. An additional

situation with a large insertion of 300 bp in one of the alleles has also been reported.

4 Diverse Molecular Impacts

A mutation in an mt-aaRS gene can have numerous molecular consequences,

affecting either the biogenesis of the enzyme itself, and/or its import and

maturation within the organelle, and/or its functional properties. Figure 1 (Part 1)

schematized the link of these different steps with ATP synthesis. Biogenesis of

mt-aaRSs involves expression and processing of the corresponding mRNA, protein

expression, and stability in the cytosol and addressing to mitochondria. Importing

into mitochondria requires several steps. It is followed by maturation steps of

imported proteins upon entry into mitochondria. Housekeeping function of mature

mt-aaRS corresponds to amino acid activation, tRNA recognition, and tRNA

aminoacylation. Pathology-related mutations may thus have a direct effect on the

mitochondrial translation machinery by impacting mt-aaRS biogenesis, localization

(see Sect. 4.1) and/or function (see Sect. 4.2). As a consequence, the translation

efficiency/rate of the full set of (or specific) mt-DNA-encoded subunits of respira-

tory chain complexes may be affected as well, impacting respiratory

chain complexes activities and, finally, ATP synthesis (see Sect. 4.3).
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4.1 Impact of Mutations on mt-aaRSs Biogenesis

4.1.1 Defects in mt-aaRS mRNAs Processing and Expression

The previously mentioned complex gene rearrangement of MARS2 leads to an

increased amount of transcript (due to duplication of full size gene and/or of

regulatory elements). However, no increase in the amount of proteins is observed.

It was suggested that corresponding mRNAs undergo transcriptional regulatory

event(s) drastically lowering mRNA stability and thus leading to a reduction of

40–80% of the normal protein level [98]. In DARS2 and RARS2, several intronic
mutations were reported to affect pre-mRNAs processing. Most of the LBSL patients

have mutations (of different types) within intron 2, which affects the correct splicing

of exon 3. Similarly, some PCH6 patients have an IVS2 þ 5(A > G) mutation,

which leads to exon 2 skipping. Exclusion of exon 3 (in DARS2) or of exon

2 (in RARS2) causes a frameshift (since the two exons are asymmetric) and generates

a premature stop codon. In the two situations, it is speculated that the leaky nature of

the splicing defect allows for the synthesis of a small (sufficient) amount of wild-type

mRNA in most tissues [94, 96, 99, 100]. However, the selective vulnerability within

the nervous system is explained by tissue-specific differences in the concentration of

the splicing factors (reduced in neural cell) and the presence of rather weak splice

sites. In agreement, 50-splice site of exon 3 in DARS2 and 30-splice site of exon 2 in

RARS2were shown to deviate markedly from the consensus and to have low splicing

scores (even in the absence of disease-causing mutations). As a consequence, the

exclusion of related exons induced by the mutations is augmented in neural cells [96,

101]. Another example of mis-splicing concerns mutation Q12R(Q12fsX25) in

RARS2. This mutation interferes with a splicing-enhancer element and causes the

retention of 221 bp from intron 1, a consequent frameshift, and the truncation of

protein after residue 25 [87].

4.1.2 Defects in mt-aaRSs Expression and Stability

A defect in protein expression and stability can straightforwardly be associated

with surveillance pathways, such as, e.g., nonsense-mediated mRNA decay.

The main function of these pathways is to reduce errors in gene expression by

eliminating mRNA transcripts that contain deletions or premature stop codons

(resulting from, for instance, mis-splicing events). However, the easy correlation

between decreased mRNA stability and decreased protein stability is not obvious.

Pierce and co-workers have identified in HARS2 a mutation in a compound hetero-

zygous state (L200V), which creates an alternative splice-site and leads to

an in frame deletion of 12 codons in exon 6 (L200_K211). The level of the

spliced-mRNA is significantly increased in the affected child compared to the

unaffected (but carrier) father. Transient expression of the spliced-mRNA into

HEK293T cells results in a poorly detectable mutant protein, suggesting its instability.

Pathogenic Implications of Human Mitochondrial Aminoacyl-tRNA Synthetases 277



However, the mechanism involved in stability deficiency for the mutant protein

remains unclear [90]. In three of the PCH6 patients, compound heterozygous

mutations I9V/R504_L529, R245Q/R469H, and W241R/Q12R were found in

RARS2. It was shown by western blot experiments on cultured fibroblasts that the

expression level of the total proteins was reduced down to approximately 28% of

the wild-type content. However, the level of mt-ArgRS-encoding mRNAs, as

measured by quantitative PCR, remains low but normal in the patients, excluding

transcripts instability induced by the mutations [91]. Three mutations (C152F,

Q184K, and D560V) within DARS2 were also shown to have an impact on the

expression of mt-AspRS. Western blotting on transiently transfected HEK293T

cells with mutated sequences indicates strongly reduced steady state levels of the

mutant proteins. Further analyses on cycloheximide (to inhibit production of newly

synthesized proteins) treated cells indicate a decreased stability of ~50% of the

three mutant proteins as compared to the wild-type protein [102].

4.1.3 Defects in mt-aaRSs Import

Several pathology-related mutations are found within (or close to) the predicted

MTS. Mutations M1X and R7X, in EARS2, are nonsense and likely lead to

untranslated and truncated products, respectively. None will have the opportunity

to be imported into mitochondria [89]. Two mutations, Q12R(Q12fsX25) and

I9V, are located within the MTS-encoding sequence of RARS2. The mutation

Q12R was predicted to enhance import efficiency of mt-ArgRS. As already

discussed, this mutation also and mostly interferes with a splicing-enhancer

element and causes the retention of 221 bp from intron 1, leading to a frameshift

that truncates the protein after residue 25 (Q12fsX25) and likely prevents its

import into the mitochondria [87]. The role of the I9V mutation on import of

mt-ArgRS into mitochondria is difficult to anticipate since both amino acids are

hydrophobic/aliphatic residues, with very similar physico-chemical properties.

Predictions on the probability of the I9V mutant to be imported into mitochondria

indeed suggest a modest effect of the mutation [91]. Confocal microscopy

imaging revealed that mutation S45G located in the predicted MTS of mt-AspRS

affects neither the targeting nor the binding of the protein to the mitochondria.

However, by combining in vitro import and processing assays, the translocation

step was found to be impaired by the mutation [103]. A more recent study

investigating the impact of nine mutations found in DARS2 on sub-cellular locali-

zation of mt-AspRS by immuno-cytochemistry (using antibodies against transiently

expressed tagged mutant proteins in HEK293T cells) did not confirm a localization

defect [102].
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4.2 Impact of Mutations on mt-aaRSs Function

4.2.1 Impact on mt-aaRSs Enzyme Activities

The housekeeping activity of the aaRSs is to provide aminoacylated-tRNAs

(aa-tRNAs) for translation. The effectiveness of aminoacylation can be detected

either by in vitro or by in vivo methods (Table 2). ATP-PPi exchange assays and

in vitro aminoacylation reactions can be used to establish kinetic parameters kcat, KM

for ATP, amino acid, and/or tRNA. As examples, mutations L200V and V368L

(HARS2) and I329T (FARS2) were shown to affect ATP-PPi exchange ability of

mt-HisRS [90] and mt-PheRS [104], respectively. As an alternative procedure of the

ATP-PPi exchange experiment, Cassandrini and co-workers applied a colorimetric-

based measurement of Pi production [105]. The authors demonstrated that crude

mitochondrial extracts, extracted from cultured skin fibroblasts of patients harboring

either R245Q/R469H or W241R/Q12R mutations on mt-ArgRS, have residual

activities in Pi formation of only 33% and 19%, respectively. However, they also

demonstrate that the level of the protein itself is affected by the mutations [91].

Impacts of mutations on in vitro aminoacylation efficiency of recombinant mt-aaRSs

have been investigated at several instances. It has been reported, for example, that

mutations within mt-AspRS impact the enzymatic activity (measured as nmol of

incorporated amino acid per milligram of enzyme per minute) in a maximum range

of ~135-fold (for R263Q, [102]). Other studies have revealed impacts of the Y144C

and the F52L mutations on respectively mt-PheRS and mt-TyrRS catalytic

efficiencies (relative ratios of kcat/KM, expressed in s�1 μM�1) of 2.3-fold [104]

and 9-fold [97]. It should be noted that these effects remain in a moderate range

as compared to what has been observed for pathology-related mutations on

mt-tRNAs (e.g., >5,000-fold for variants of human mt-tRNALys, [106]).

Measurement of in vivo steady state levels of aa-tRNAs is performed by

separation of aminoacylated- and non-aminoacylated-tRNAs on acidic gels. In vivo

steady state levels of aa-tRNAs were investigated using total RNA extracted from

patients biopsies or cultured cells and northern blotting on acidic gels (reviewed in,

e.g., [107]). The total amount of tRNAArg is reduced in patient cells by comparison

to the amount found in cells from healthy individuals. They observed, however,

that remaining tRNAArg were fully aminoacylated, probably by the few wild-type

mt-ArgRS that escaped from the splicing defect engendered by the L13RfsX15

mutation. It is thus suggested that uncharged tRNA might undergo degradation

[91, 101]. Belostostky and coworkers showed that the amount of tRNASer(AGY)

in cells harboring the D390G mutation in mt-SerRS was reduced to 10–20%

as compared to unaffected control, and that the residual pool of tRNASer(AGY)

was not aminoacylation. Interestingly, the same mutation affected neither stability

nor aminoacylation properties of tRNASer(UCN) [108]. In contrast to these

observations, no effect on the steady state level of Met-tRNAMet was observed in

patient cells, despite a clear reduced amount of mt-MetRS [98].
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Additional methods were developed to investigate the possible impact of

mutations on enzyme activity in vivo. For instance, human mutations were modeled

on yeast strains, deleted from either the MSR1 or the HTS1 gene (homologues of

human RARS2 and HARS2, respectively). Homologue mutants of R469H and

R245Q were able to complement MSR1-deleted strains under fermentable condi-

tions (a situation where the respiratory chain is dispensable), but unable (R469H) or

barely able (R245Q) to complement MSR1-deleted strain under respiratory

conditions. In contrast, a homologue mutant of W241R fully complements the

same yeast strain [91]. The homologue mutant L200_K211del was unable to

complement a yeast HTS1-deleted strain, and the corresponding human sequence

couldn’t be expressed in bacteria or in human cells, suggesting that this mutant is

likely to be unable to provide any activity in vivo and confirming the instability of

the protein [90]. As an alternate experimental procedure, the retroviral expression

of YARS2 rescues the translation defect observed in patient muscle cells [109].

Finally, the correlation between mutations in MARS2 and the ARSAL pathology

was confirmed by using the fly as a model organism [98].

As an outcome, defects in the aminoacylation properties of the mt-aaRSs are

not necessarily sufficient to explain the pathogenicity of a mutation. Therefore,

the cellular environment and additional physiological conditions have to be consi-

dered to understand clearly their pathogenic impacts. As examples, tissue-

related concentration of the different substrates (e.g., [104, 110]) and/or alternated

yet unidentified functions of the mt-aaRSs (e.g., [82, 86, 109]) have been

conjectured.

4.2.2 Structure–Function Connections

AaRSs are modular enzymes, composed of well-defined and organized domains, with

conserved amino acid residues having either a structural or architectural role, or a

function in the chemistry of substrate recognition or in the aminoacylation reaction.

Evidence suggests that replacement of key conserved residues may alter essential

physico-chemical properties (side chain length, net charge, polarity, hydrophobicity,

hydrophilicity, . . .) and thus may have a key impact on the properties of the protein.

Present-day knowledge of the 3D structures of mt-aaRSs, or of aaRSs from evolu-

tionary related species, is of great help for connecting the structural impact of

pathology-related mutations with its possible functional consequences. For instance,

investigation of the crystallographic structures of prokaryotic HisRSs revealed that

the mutation L200 and V368 are both implicated in packing interactions with

highly conserved hydrophobic amino acids, involved respectively in ATP binding

and in histidine recognition [90]. The two mutations (L200V and V368L) may

destabilize the packing interactions, engendering movements that are perturbing

some secondary structure elements and possibly reducing binding affinities for

either ATP or histidine. In agreement, activities of both mutant proteins, measured

by ATP-PPi exchange assay, are significantly reduced relative to the wild-type

protein. In a second example, the structural and functional impacts of three
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pathology-related mutations affecting mt-PheRS could be connected [104]. The

crystallographic structure of the enzyme [72, 77] reveals that I329 is located within

the ATP-binding site. Replacement of this residue by the small and uncharged

threonine should result in a widened ATP-binding site likely decreasing the affinity

for the small substrate. In agreement, ATP-PPi exchange kinetic assay confirms a

2.5-fold decreased affinity for ATP for the mutant enzyme, while the binding for

phenylalanine remains unaffected. In addition, D391 and Y144 are situated on both

sides of the contact surface between the catalytic core and the anticodon-binding

domain of mt-PheRS and are stabilizing (by forming hydrogen bounds with key

conserved residues) the –closed– state of mt-PheRS. The enzyme was shown to

undergo drastic conformational changes upon tRNA binding towards the functional

–open– state [72] (Fig. 5). Mutations D391V and Y144C are likely to alter the

rotation mechanisms upon tRNA binding and thus to affect the conformational

stability of the protein. Along this line, a clear decrease for tRNAPhe binding

(increased KM) was observed, but only for the Y144C mutant enzyme. Instead,

a decreased affinity for phenylalanine was measured for the D391V mutant, despite

D391 not being situated in the catalytic core. As an explanation, the authors are

emphasizing that D391 is involved into a close network of interactions encom-

passing conserved residues of motif 2 (Y188) and near motif 3 (R330). The D391V

replacement may cause R330 and other neighboring residues to adopt different

conformations, leading to perturbations in a loop, which is critical for binding

and coordination of phenylalanine [104]. The ninefold loss of catalytic efficiency

(kcat/KM) measured for the F52L mutant of mt-TyrRS by in vitro aminoacylation

assay [97] might also be explained by the localization of this residue near the catalytic

center, as observed within the crystallographic structure of the enzyme [76].

In contrast, 3D representations of aaRSs are not always sufficient to explain

or predict the molecular effect of pathology-related mutations. As previously

underlined, the V368L mutation was shown to reduce the enzymatic activity of

mt-HisRS, in agreement with its location inside the conserved HisB motif (which is

specific to HisRSs and contributes to histidine binding pocket). However, this

same mutation was also shown to influence the rate of protein dimerization,

although it is not localized at the dimerization interface [90]. Similarly, R592 and

L155 are respectively situated in 21.15 Å of a site that could have an editing

activity, and in the surrounding of conserved catalytic residues of mt-AlaRS.

However, their mutations neither affect editing activity nor aminoacylation

properties of the enzyme, leaving the connection between structural predictions

and functional mechanisms unclear [110]. Mt-SerRS has the functional peculiarity

of being able to recognize two isoacceptor tRNAs (tRNASer
AGY and tRNASer

UCN).

Investigation of the crystallographic structure of bovine mt-SerRS revealed key

residues responsible for recognition but also discrimination of the two isoacceptors.

Those residues are situated within the helical arm of the synthetase and within

or flanking the “distal helix” (Fig. 5), shown to be a structural peculiarity of the

mitochondrial enzyme [75]. Analysis of aminoacylation properties revealed that

the D390G mutation significantly impacts the acylation of tRNASer
AGY but does

not alter that of tRNASer
UCN. Unexpectedly, the D390 residue is not situated in

Pathogenic Implications of Human Mitochondrial Aminoacyl-tRNA Synthetases 281



the isoacceptors discriminating area but in a beta-strand from the catalytic core,

far away from the “distal helix” and the helical arm [108].

Despite these few examples where the connection between the structure and

the function is not obvious, any future knowledge on crystallographic structures

and/or on biophysical properties of mt-aaRSs will be of help to understand the

mechanistic aspect and functional impacts of some of the pathology-related

mutations. It will also be of help to predict and direct functional investigations.

As an example, the crystallographic structure of the yeast cytosolic ArgRS was

investigated to assess the possible consequences of the M404K and K158del

mutations and to predict a tRNA binding deficiency for the first mutation, and

an altered aminoacylation property for the second [92]. Similar predictions could

then be drawn for other pathology-related mutations.

4.3 Impact of Mutations on Mitochondrial Translation
and Activity of the Respiratory Chain Complexes

As stated above, ATP synthesis is dependent on the coordinated expression of

nuclear and mitochondrial genes and requires precise recognition between tRNAs

and mt-aaRSs to allow for accurate synthesis of aa-tRNAs. Accordingly, key links

between the aminoacylation activity of mt-aaRSs in charge of the synthesis of the

13 mt-DNA-encoded proteins and the activity of respiratory chain (RC) complexes

are foreseen. It can be anticipated that any dysfunction of a single macromolecule

of the translation machinery may have severe impacts either on the translation

and/or on the activity of the mt-DNA-encoded RC subunits (for all complexes

except Complex II, of complete nuclear origin). However, this view appears too

simplistic. Figure 8 summarizes observed molecular defects (at the levels of mRNAs

expression and mt-aaRSs biosynthesis and functioning) and possible defects in

the activity of the RC complexes for all reported mutations. It also schematizes

that the routes linking the molecular impact of a mutation with its possible

phenotypic effect are not yet always fully deciphered.

4.3.1 Translation and/or Activity of the Respiratory Chain

Complexes Sub-units are Differentially Affected

Defects in the translation of mt-DNA-encoded RC subunits were reported to be

correlated with mutations within YARS2 [97, 111], MARS2 [98], and FARS2 [104].

In addition, defects in the activity of those complexes were reported to be

correlated with mutations within YARS2 [97, 111], SARS2 [108], RARS2 [92, 101],

MARS2 [98], FARS2 [104], EARS2 [89], DARS2 [112], and AARS2 [110]. However,
affected subunits may vary from one case to another. Combinations of translation

and/or activity defects are numerous. For example, the translation of all complexes

is affected by mutation in YARS2, while solely the expression of Complex IV
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is impaired by mutations in FARS2. Similarly, the activity of all the complexes was

shown to be impaired by a mutation in SARS2, while only Complex IV is moderately

affected by the M404K/K158del mutations in RARS2, leaving unaffected the

activities of Complexes I and III. To be noticed as well, gene rearrangement of

MARS2 engenders defects in the translation of all subunits, but noticeably causes

activity defects solely in Complex I.

4.3.2 The Same Affected Gene, but Different Impacts

on Translation and/or Activity of the Sub-units

A striking observation is that mutations affecting the same gene have different

consequences. For instance, mutations M342V/Q12R and IVS2 þ 5(A>G)/K291R/

K568K, both located in RARS2, respectively do not affect and drastically impair

respiratory chain complexes [92, 101]. More confusingly, the same combination of

Fig. 8 Summary of the impacts of pathology-related mutations on the different steps of mt-aaRS

life cycle and subsequent products activities. Mt-aaRSs (on the outer circle) are represented

using the one-letter code. Mt-aaRSs affected by pathology-related mutations are in green; those
yet unrelated to human pathologies are in gray. Observed molecular defects at the levels of

mRNAs expression and mt-aaRSs biosynthesis and functioning are represented in blue in the

middle circle. Possible defects on activity of the RC complexes are schematized in orange in the

inner circle. The routes that link the molecular impact of a mutation with its possible phenotypic

effect and lead to mitochondrial disorders are schematized (plain and dashed arrows). Mutations

displayed in red were shown to engender obvious connections between mt-aaRS expression

and/or aminoacylation defects with RC dysfunctioning. However, these routes are diverse, and

interruptions indicate either the absence of full investigation, or the absence of clear molecular link

(discontinuous or dashed arrows)
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mutations (IVS2 þ 5(A>G)/K291R/K568K) does not engender the same effects

on three affected individuals. This combination of mutations reduced activities of

Complexes I, III, and IV in muscles from patient II-2, but reduced activity of

Complexes I in muscles from patient II-4, or activity of Complex IV from patient

II-5 [87].

4.3.3 Tissues Specificity

Phenotypic manifestations of mutations have been investigated several times

on mitochondria extracted from cell cultures established from biopsies specimens

obtained from patients. Here again, discrepancies are observed depending on

the investigated tissues. Fibroblasts are frequently used, although investigations

performed on those cells showed effects on RC subunits solely for mutations within

EARS2 [89]. Conversely, measurements made on muscle, brain, or heart cells show

defects on RC subunits at several instances (muscle cells affected by DARS2,
RARS2, YARS2, SARS2, AARS2, EARS2, and FARS2mutations, brain cells affected

by AARS2 and FARS2 mutations, and heart cells affected by AARS2 mutations).

Consequently, discrepancies can be observed when testing the effect of a

given mutation on different types of cells. For instance, the F52L mutation found

in YARS2 does not show any impact on mitochondrial translation in fibroblasts,

but engenders drastic impairment in skeletal muscle and myotubes [97]. Similarly,

mutations in AARS2 affect the RC activity in only muscle and brain cells, but not

in liver cells [110]. Of note, it is not yet possible to make a direct link with the

tissue prevalence of the disease (see Table 3) since cellular models haven’t been

systematically investigated.

In summary, the diverse effects of mutations on the respiratory chain complexes

highlight the numerous routes linking the molecular impact of a mutation with

its possible phenotypic effect. These routes are summarized and schematized in

Fig. 8. Some examples show obvious connections between mt-aaRS expression

and/or aminoacylation defects with RC dysfunctioning (e.g., mutations in MARS2,
YARS2, and SARS2). Conversely, it can be seen that, for some of the reported cases,

investigations are not yet complete so that it is not possible to draw the pathogenic

pathway (e.g., mutations in HARS2, EARS2, AARS2, DARS2, RARS2, and FARS2).
Another situation is visible in the scheme, where the molecular routes are diverse

for the set of mutations affecting the same gene (mutations in, e.g., DARS2, RARS2,
and FARS2). It can thus be hypothesized that a diversity of mechanisms, with tissue

specificity, contributes to the heterogeneous manifestations of mitochondrial disorders.

5 Outlook

Human mitochondrial aminoacylation systems deserve specific attention as a

consequence of their recently recognized connection with human pathologies.

Understanding the fundamental properties/peculiarities of aminoacylation systems
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is critical to resolving the link between mutation and pathology. In the past 20 years

a large number of human neuromuscular and neurodegenerative disorders have

been reported to be correlated with point mutations in the mt-mRNAs, mt-rRNAs,

and especially in mt-tRNAs (reviewed in, e.g., [5, 6, 10, 113–115]). Among the

mutations leading to “mitochondrial disorders,” more than 230 are distributed all

over the 22 tRNAs. Numerous studies have attempted to unravel the molecular

impacts of the mutations on the various properties of the tRNA that lead to a

mosaı̈city of phenotypic effects. Whilst there is no general rule, a trend towards a

structural perturbation as initial molecular impact of mutations can be retained

[116, 117]. However, the housekeeping function of tRNAs, namely their capacity to

become esterified by an amino acid, is not systematically affected in mutated

variants, so that alternative functions of tRNAs or at least alternative partnerships

have to be considered [118]. The discovery of a new family of impacted genes,

the mt-aaRSs, further extends the complexity of mitochondrial disorders.

The distance between the birth of an mt-aaRS and its final role in ATP synthesis

is very long, so that the gap between the comprehension of the molecular impact

of mutations in macromolecules and a dysfunction of the respiratory chain is very

large. Also, considering the sole/common outcome from any defect in mt-aaRSs

(or in mt-tRNAs) results from an effect on the translation rate of each of the

13 mt-DNA-encoded proteins is a view that rapidly appeared too simplistic. Indeed,

the major outcome from the present review is that there is no common combination

of affected steps that correlates the 64 reported cases (combining 65 mutations

within nuclear-encoded mt-aaRS genes) to the various observed phenotypic

expressions. There is obviously no “favored” mt-aaRS gene. Nine are reported

today, but their recent, rapid and exponential correlations with human pathologies

suggest as evidence that all mt-aaRS genes are likely to be affected by pathology-

related mutations, but remain to be revealed. There are also no “favored” affected

parts of the protein, which is in agreement with the fact that all steps of the mt-aaRS

life cycle can be impacted. Finally, despite the fact that primary observations would

suggest an exclusive connection of mt-aaRS disorders to the nervous system and

to inherited neurological diseases, sporadic manifestations were lately observed in,

e.g., skeletal muscle, kidney, lung, and/or heart. Thus, links between the activity

of a given aaRS to mitochondrial translation on one hand and ATP production

on the other, involve a number of issues that need to be further explored. Those

issues may consider a possible combined effect of mutations affecting other gene

(s), such as, for instance, affecting the tRNA modifying enzyme as observed in

MLASA patients [109]. Those issues should also take into account the possibility

that aminoacylation may turn out not to be the sole function of mt-aaRSs in a

living cell, and that these enzymes may also participate in other processes and/or

be implicated in various fine-tuning mechanisms, as already shown for various

bacterial and eukaryal aaRSs; see below. Thus it becomes obvious that we have

to integrate mt-aaRSs into a functional network at the cellular level. In other words,

it is of outstanding interest to nail down all the potential interacting components

of mt-aaRSs and study their dynamic location within the cell.
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In support of this assumption, developments in genomics and post-genomics,

associated with conventional biochemical studies, led to the finding of unexpected

non-conventional auxiliary functions for human cytosolic aaRSs and connections

to other cellular activities (reviewed in, e.g., [119]). Examples include enzymes

secreted as procytokines that, after activation, operate in pathways linked to

the immune system or angiogenesis (e.g., cyt-TyrRS, cyt-TrpRS [120, 121]), or

involved in the vascular development (cyt-SerRS [122]). In addition, accumulating

evidence indicates that disruption of non-canonical functions of cytosolic aaRSs

connects to various types of diseases, including neural pathologic conditions and

cancer [123]. For example, point mutations in human cytosolic TyrRS and cytosolic

GlyRS are associated with Charcot-Marie-Tooth (CMT) diseases. Examination

of the aminoacylation activities demonstrates that CMT disease can occur without

loss of aminoacylation activity [124, 125]. Finally, nowadays evidence indicates

that macromolecular assemblies might be sources for proteins with auxiliary

functions. Multiprotein complexes containing aaRSs are widely found in all three

domains of life, playing roles in apoptosis, viral assembly, and regulation of

transcription and translation (reviewed in [126]. As an example, the cytosolic

translational apparatus in human cells is highly organized. Nine of the cytosolic

aaRS are assembled into the MARS complex (with three auxiliary proteins), which

has been emphasized as an anchoring platform for multitasking proteins [127–129].

Those were shown to be recognizable not only by displaying atypical functional

activities (possibly linked to structural inventions [69, 119, 130]), but also by their

atypical cellular organization, atypical selection pressure, or by atypical “omics”

behaviors. The organization of the aaRS within human mitochondria remains

mostly unknown at present but will merit full attention in the near future.
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Abstract Aminoacyl-tRNA synthetases (AARSs) play a pivotal role in protein

synthesis and cell viability. These 22 “housekeeping” enzymes (1 for each standard

amino acid plus pyrrolysine and o-phosphoserine) are specifically involved in

recognizing and aminoacylating their cognate tRNAs in the cellular pool with the

correct amino acid prior to delivery of the charged tRNA to the protein synthesis

machinery. Besides serving this canonical function, higher eukaryotic AARSs,

some of which are organized in the cytoplasm as a multisynthetase complex of

nine enzymes plus additional cellular factors, have also been implicated in a variety

of non-canonical roles. AARSs are involved in the regulation of transcription,

translation, and various signaling pathways, thereby ensuring cell survival. Based

in part on their versatility, AARSs have been recruited by viruses to perform

essential functions. For example, host synthetases are packaged into some

retroviruses and are required for their replication. Other viruses mimic tRNA-like

structures in their genomes, and these motifs are aminoacylated by the host synthe-

tase as part of the viral replication cycle. More recently, it has been shown that

certain large DNA viruses infecting animals and other diverse unicellular

eukaryotes encode tRNAs, AARSs, and additional components of the protein-

synthesis machinery. This chapter will review our current understanding of the

role of host AARSs and tRNA-like structures in viruses and discuss their potential

as anti-viral drug targets. The identification and development of compounds that

target bacterial AARSs, thereby serving as novel antibiotics, will also be discussed.

Particular attention will be given to recent work on a number of tRNA-dependent
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AARS inhibitors and to advances in a new class of natural “pro-drug” antibiotics

called Trojan Horse inhibitors. Finally, we will explore how bacteria that naturally

produce AARS-targeting antibiotics must protect themselves against cell suicide

using naturally antibiotic resistant AARSs, and how horizontal gene transfer of

these AARS genes to pathogens may threaten the future use of this class of

antibiotics.

Keywords Aminoacyl-tRNA synthetases � Horizontal gene transfer � Human

immunodeficiency virus type-1 � Rous sarcoma virus � tRNA-like structure � Trojan
Horse inhibitors
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1 Introduction

Decoding the genetic material from DNA to RNA to protein is the major and most

energy consuming process in the cell. In addition to ribosomes, mRNA, and tRNA,

this process requires amino acids, nucleotides, and specialized proteins. The key

link between transcription (DNA to mRNA) and translation (mRNA to proteins) is

provided by aminoacyl-tRNA synthetases (AARSs), an essential family of enzymes

responsible for the identification and aminoacylation of cognate tRNAs [1]. The

two-step aminoacylation reaction involves activation of the amino acid with ATP to

form an aminoacyl-adenylate intermediate followed by transfer of the activated

amino acid to the 30end of the tRNA. Over the past decade, AARSs have emerged as

multifaceted molecules participating in a variety of non-canonical functions in

addition to their role in protein synthesis. Diverse functions such as signaling,

stress response, and transcriptional regulation have been attributed to these

“housekeeping” enzymes [2]. In addition to the emerging non-canonical and

diverse roles of AARSs in the cell, their exploitation by viruses for replication is

another well-known function of synthetases.

The link between tRNA biology and virology can be found at many levels. The

occurrence of tRNA-like structures (TLSs) at the 30end of certain positive-strand

RNA plant viruses is intriguing [3] and is discussed in Sect. 2. These TLSs are built

on distinct design principles, yet they possess key properties of tRNAs with the

incorporation of conserved features and aminoacylation identity elements. A possi-

ble role in supporting high rates of viral protein synthesis has been suggested for

these TLSs [4].

Retroviruses also exploit tRNAs and tRNA-like elements for their replication

(discussed in Sect. 4). In retroviruses and long terminal repeat retrotransposons,

cellular tRNAs are used as primers for reverse transcription [5]. In some

retroviruses a host cell tRNA is selectively packaged into the virion, where it is
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placed onto the complementary primer binding site (PBS) of the viral RNA

genome. The tRNA is used to prime the reverse transcriptase-catalyzed synthesis

of minus-strand strong-stop DNA, the first step in reverse transcription [6]. A select

number of tRNAs have been identified as primer tRNAs in retroviruses. For

example, tRNATrp is the primer for all members of the avian sarcoma virus–avian

leukosis virus group examined to date [7, 8]. tRNALys1,2, representing two tRNALys

isoacceptors differing by one base pair in the anticodon stem, is the primer tRNA

for Mason-Pfizer monkey virus and human foamy virus [9]. On the other hand,

tRNALys,3 serves as the primer for mouse mammary tumor virus and lentiviruses,

such as equine infectious anemia virus, feline immunodeficiency virus, simian

immunodeficiency virus, and HIV-1 [10]. tRNAPro is the common primer for

Moloney murine leukemia virus [11]. In some cases the packaging of these primer

tRNAs into retroviruses is quite selective in that there is an increase in the

percentage of the primer tRNA in going from the cytoplasm to the virus. For

example, in avian myeloblastosis virus, the relative concentration of tRNATrp

changes from 1.4% to 32% [12].

In HIV-1, both primer tRNALys,3 and the other major tRNALys isoacceptors,

tRNALys1,2, are selectively packaged. The relative concentration of tRNALys

changes from 5–6% in the cytoplasm to 50–60% in the virus [13]. In murine

leukemia virus, selective packaging of primer tRNAPro is also observed. A cytoplas-

mic concentration of 5–6% tRNAPro increases to 12–24% of low molecular weight

RNA [11]. Selective packaging of primer tRNAs in retroviruses is consistent with

the importance of these molecules in catalyzing a crucial step in viral replication.

In addition to specific packaging of a primer tRNA from the host milieu, some

retroviruses also package the corresponding cognate synthetase. In HIV-1, lysyl-

tRNA synthetase (LysRS) is packaged with high specificity [14, 15]. There are

approximately 20–25 molecules of LysRS packaged into HIV-1, which is in good

agreement with the amount of tRNALys primer packaged per virion. The 1:1

stoichiometry of viral LysRS:tRNALys suggests that they enter the virus as a

complex [9]. In this chapter we will explore how LysRS mediates tRNALys packag-

ing, along with other recent discoveries that suggest additional roles for LysRS in

HIV-1. The putative role of tryptophanyl-tRNA synthetase (TrpRS) as a “carrier” for

the tRNATrp primer in Rous sarcoma virus (RSV) will also be discussed (Sect. 4).

In addition to plant viruses and retroviruses, nucleocytoplasmic large DNA

viruses have recently emerged as new players in exploiting the functional

capabilities of AARSs and their associated translational machinery [16]. Some of

the tRNA genes found in the genomes of Chlorella-infecting phycodnavirus con-

tain intron-like insertions in the anticodon loop and have been observed to be

aminoacylated during the infectious cycle, thereby aiding in protein synthesis

[17]. The giant mimivirus of the Mimiviridae family is the largest known double-

stranded DNA virus infecting Acanthaamoeba polyphaga. Its enormous genome of

1.2 million base-pairs encodes 6 tRNAs, 4 AARSs, along with a full set of

translation initiation, elongation, and termination factors [18]. Although the signifi-

cance of these factors for viral replication is not entirely clear, a brief description is

included here (Sect. 3).
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The role of AARSs in viruses suggests the possibility for the development of

novel therapies aimed at targeting these host factors. Many challenges exist,

however, due to their essential function in the host cell. On the other hand, due to

species-specific differences in AARS domain structure and tRNA discrimination,

this family of enzymes has long been recognized as a potential drug target in

countering bacterial infections. With the tremendous progress in structural and

biochemical characterization of synthetases in recent years, the repertoire of

drugs from natural sources and synthetic libraries has increased. The emergence

of multi-drug-resistant strains of pathogenic microorganisms has increased the need

for new classes of antimicrobial agents. New strategies aimed at targeting the active

sites are therefore being developed for bacterial protein synthesis systems, as

discussed in Sect. 5 of this chapter.

2 tRNA-Like Structures in Plant Viruses

The genomes of positive strand RNA viruses simultaneously serve as mRNAs for

expressing viral genes and as templates for RNA replication. The presence of TLSs

within the genomes of positive strand plant viruses is considered a relic of a self-

replicating RNA from a period prior to protein synthesis [3, 19, 179]. TLSs are

divided into three types based on their aminoacylation by valine, histidine, or

tyrosine. These TLSs are 30-terminal elements that are built around a pseudoknotted

aminoacyl-acceptor stem, which makes them ideal elements to be recognized by

cognate AARSs in an infectious event [3, 20, 21]. Three tRNA-related properties of

these TLSs include: aminoacylation, complex formation with eEF1A�GTP, and
30adenylation. One of the best studied examples of a viral TLS is an 82-nucleotide

sequence identified at the 30 end of the turnip yellow mosaic virus (TYMV) genome

(Fig. 1) [22]. It most closely resembles tRNAVal and is therefore a strong substrate

for aminoacylation by valyl-tRNA synthetase (ValRS). The structure consists of

two arms, the 12-bp acceptor-T arm and the anticodon-D arm, joined by four

nucleotides that mimic the variable loop. A valine anticodon and the C residue at

the 30-end of the anticodon loop constitutes this TLSs key valine identity element

[23]. The most important identity nucleotide for aminoacylation is A56 in the

middle of the anticodon, followed by C55 also in the anticodon. The three signature

properties of valylation, eEF1A�GTP ternary complex formation, and 30adenylation
are displayed by this TLS, and valylation by ValRS imparts infectivity to TYMV

[3, 19].

In contrast to the TYMV TLS, the histidine-specific TLSs of tobamoviral RNAs,

which includes Tobacco mosaic virus (TMV) [24], possess an acceptor-T arm that

is recognizable by histidyl-tRNA synthetase, while the other arm has no resem-

blance to the anticodon-D arm. The TMV TLS has an acceptor-T arm that is built in

a similar way to that of TYMV, except that the arm is only 11-bp long. The rest of

the TLS involves a considerably more complex structure than the TYMV TLS and

has rather weak similarity to tRNA, except for a GUU histidine anticodon (GUG in
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some strains). Even though some deviations exist, the presence of key tRNAHis

identity elements at the end of the aminoacyl-acceptor stem makes the TMV TLS

compatible for aminoacylation by the cognate synthetase [25].

Similarly, TLSs that mimic tRNATyr and are recognized by tyrosyl-tRNA syn-

thetase (TyrRS) have been reported for brome mosaic virus. This virus possesses a

complex 134-nucleotide long TLS with a 6-bp aminoacyl-acceptor stem containing

a pseudoknot that serves to bring together distant nucleotides [24]. Although a

distinct anticodon domain is not present, aminoacylation by TyrRS is still possible

due to the presence of tRNATyr identity elements in the acceptor stem [3].

3 Aminoacyl-tRNA synthetases and tRNAs Encoded

by Nucleocytoplasmic Large DNA Viruses

Nucleocytoplasmic large DNA viruses (NCLDVs) are eukaryotic viruses infecting

animals and diverse unicellular eukaryotes. These viruses replicate either exclu-

sively in the cytoplasm of the host, or possess both cytoplasmic and nuclear stages

in their life cycle [26].

Chlorella viruses are NCLDVs that replicate in certain strains of the unicellular

green alga Chlorella. Genome analysis of the Chlorella virus PBCV-1 revealed 702
open reading frames of which 377 were predicted to encode functional proteins and

121 of these resembled proteins in the databases [17]. Surprisingly, the predicted

genes included components of the translational machinery including tRNA genes.

For example, 14 tRNA genes have been detected in the genome of the CVK2 virus

and some of these tRNAs have been reported to contain intron-like insertions in the

anticodon loop. Seven of the 14 tRNAs have been observed to be aminoacylated

during the infectious cycle and thus are presumably active in protein synthesis [17].

It has been proposed that the presence and functioning of these tRNAs contributes

to the preferential translation of the viral proteins.

Fig. 1 The 30 tRNA-like
structure (TLS) and upstream

pseudoknot (UPSK) present

at the 30 end of TYMV RNA.

Figure taken from [178].

The circled nucleotides

correspond to the critical

identity elements for

aminoacylation by ValRS.

The loops corresponding to

the D-, T-, and anticodon

(A/C) loops are indicated
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Mimivirus is one of the largest known DNA viruses with a genome length of 1.2

million bp [16]. The genome sequence of this virus, which infects Acanthamoeba,
revealed the presence of numerous genes central to the steps of translation, thereby

apparently violating the established dependence of viruses exclusively on the host

translational machinery for protein synthesis [18]. Its genome encodes six tRNA-

like genes (three Leu and one each of Trp, Cys, and His) in addition to homologs of

ten proteins with functions central to protein synthesis. Encoded AARSs include

ArgRS, CysRS, MetRS, and TyrRS. Mimivirus tRNAs have been shown to be

functional in aminoacylation, with MetRS and TyrRS conforming to the tRNA

identity rules for archaea/eukarya [18]. Phylogenic studies support an evolutionary

scenario involving genome reduction as opposed to recent acquisition from cellular

organisms [16, 18]. This conclusion is also supported by a recent genome analysis

of a mimivirus relative with an even larger genome [27]. Megavirus chilensis, a
giant virus isolated off the coast Chile, encodes the four AARSs found in the

mimivirus genome plus three additional AARS genes (IleRS, TrpRS, and

AsnRS). Although the presence of AARSs and TLSs encoded within the genomes

of these viruses is well established, their function is not entirely clear. However, the

lack of any unique structural features supports a role in the viral protein synthesis

process in infected cells [18].

4 Host tRNAs and Aminoacyl-tRNA Synthetases

in Retroviruses

Retroviruses are classified as infectious particles consisting of an RNA genome

packaged in a protein capsid (CA) and surrounded by a lipid envelope. This lipid

envelope contains polypeptide chains that bind to membrane receptors of the host

cell to initiate the process of infection. Retrovirus particles also contain the enzyme

reverse transcriptase, which synthesizes a DNA copy of the viral RNA template.

The cDNA produced contains the genetic instructions that allow infection of the

host cell to proceed. The initiation of reverse transcription requires a cellular tRNA

primer, which in some cases is selectively incorporated during virion assembly [9].

In lentiviruses, including HIV-1, tRNALys,3 serves as the primer tRNA. The mech-

anism of tRNA primer recruitment and the role of AARSs in this process have been

most thoroughly studied in HIV-1, and will be comprehensively discussed here.

4.1 Packaging of Lysyl-tRNA Synthetase in HIV-1

HIV-1 is the causative agent of acquired immunodeficiency syndrome. Its intricate

and complex replication cycle requires extensive involvement of host factors,

which are specifically hijacked from their normal function in the cell.
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Host cellular tRNALys,3 is required to prime the first step of reverse transcription

in the viral life cycle [5]. The resultant proviral DNA is translocated into the

nucleus of the infected cell where it integrates into the host cell’s DNA and codes

for viral RNA and proteins. The mature viral structure includes glycosylated

envelope proteins and proteins resulting from processing of the large precursor

proteins Gag and GagPol [28]. Both Gag and GagPol are translated from full-length

viral RNA, which is also packaged into assembling virions where it serves as the

genomic RNA. During maturation, Gag is cleaved by HIV-1 protease to yield

matrix, CA, nucleocapsid, and p6 proteins. Protease, reverse transcriptase, and

integrase are enzymes produced as a result of GagPol processing. During the

assembly step of the viral life cycle, Gag, GagPol, vRNA, and specific cellular

components are selectively packaged into the virion for initiating subsequent

infectious cycles [29].

Host-encoded tRNALys,3, which serves as the primer for reverse transcription, is

selectively packaged into HIV-1, along with the other major human tRNALys

isoacceptors (tRNALys1,2). Human LysRS, the enzyme that aminoacylates tRNALys,

is the only known cellular factor that specifically recognizes all tRNALys species.

The selective packaging of tRNALys isoacceptors into HIV-1 raised the possibility

that LysRS also participates in viral tRNA packaging. The packaging of tRNALys

requires Gag, GagPol [13], and LysRS, also selectively packaged into HIV-1 [14].

Indeed, overexpression of LysRS increases tRNALys packaging into HIV-1

particles [30] and siRNA knockdown of LysRS decreases the tRNALys amounts

incorporated [31]. Thus, LysRS is the limiting factor for tRNALys packaging [30].

Increasing the concentration of viral tRNALys,3 in HIV-1 by overexpressing exoge-

nous tRNALys,3 also results in increased annealing of the tRNA onto the primer

binding site and enhanced viral infectivity [30]. Furthermore, packaging of

tRNALys isoacceptors requires binding to LysRS [32], but aminoacylation of the

tRNA is not required [33].

Human LysRS is a class II synthetase, forming a closely related sub-group

(known as IIb) with aspartyl- and asparaginyl-tRNA synthetases [34, 35]. Class II

synthetases are generally functional dimers or tetramers and their active site

consists of an antiparallel β-sheet structure and three highly degenerate consensus

sequences (motifs 1, 2 and 3). Motif 1, which is comprised of α-helices 5, 6, and 7

(H7) and part of a β-sheet (β6), constitutes the dimer interface, whereas motif 2 and

3 together constitute the aminoacylation active site [36–38]. Although an

α2 homodimer is the functional oligomerization state for aminoacylation, hLysRS

crystallizes as an α2α2 tetramer [37]. Within the cytoplasm, LysRS is also part of the

high molecular weight multisynthetase complex (MSC) present in higher

eukaryotes [39]. Within the MSC, LysRS specifically interacts with the scaffold

protein p38/AIMP2 and is present in a unique α2β1:β1α2 orientation, which is

designed to control both retention and mobilization of LysRS from the MSC [40].

The source of LysRS packaged into HIV-1 is still unclear. One report suggests

that the packaged viral LysRS is of host mitochondrial origin [41]. However, earlier

studies suggested that packaged LysRS does not appear to originate from any of its

identified steady-state cellular compartments, which include the cytoplasmic MSC,
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nuclei, mitochondria, or cell membrane. Instead, newly-synthesized cytoplasmic

LysRS has been shown to interact with HIV-1 Gag before entering any of these

compartments upon viral infection [15]. More recently it has been suggested

that interactions also occur between LysRS and the Pol domain of the GagPol

precursor [42].

The packaging of LysRS into HIV-1 is specific; out of nine AARSs and three

additional components of the mammalian MSC tested, only LysRS has been shown

to be packaged [15]. The domains critical for interaction between LysRS and Gag

have been identified to include the motif 1 domain of LysRS and the C-terminal

domain (CTD) of CA [43]. Deletions that extend into HIV-1 CA-CTD or LysRS

motif 1 helix 7 (H7) abolish the interaction between Gag and hLysRS in vitro.

Furthermore, deletion of motif 1 eliminates LysRS packaging into Gag viral-like

particles [43]. Interestingly, both of these primarily helical regions (motif 1 of

LysRS and HIV-1 CA-CTD) are critical for homodimerization of the individual

proteins. The interaction between Gag and LysRS has previously been investigated

by fluorescence anisotropy (FA) measurements and gel chromatography [44]. An

apparent equilibrium binding constant (Kd) of 310 nM was measured for the Gag/

LysRS interaction, and CA alone bound LysRS with a similar affinity (~400 nM) as

full-length Gag. Gag and LysRS variants containing point mutations in their

dimerization motifs that effectively eliminated homodimerization still interacted

in vitro, suggesting that dimerization of each protein per se is not required for the

interaction. A gel chromatography study conducted with the wild-type proteins is

consistent with formation of a heterodimeric LysRS–Gag complex [44]. How the

monomer–dimer equilibrium is perturbed in vivo to favor the packaging of the

monomeric form of LysRS is unknown.

Nuclear magnetic resonance and mutagenesis studies mapped the CA residues

critical for the interaction to the helix 4 (h4) region of CA-CTD [45]. More recently,

an ab initio energy minimized “bridging monomer” model of the HIV-1 CA-CTD/

LysRS/tRNALys ternary complex has been proposed, which is also consistent with

an interaction between h4 of CA-CTD and the H7 region of LysRS [46]. Circular

dichroism experiments along with in silico studies also support this h4/H7 interac-

tion [47]. Key residues within the helix 7 of LysRS that contribute to Gag interac-

tion have also recently been more finely mapped. Residues along one face of this

helix play a dual role in maintaining the dimer interface of LysRS, as well as

mediating the binding to CA [48]. Serving as an attractive host-viral therapeutic

target, cyclic peptide inhibitors have been discovered that inhibit the Gag–LysRS

protein–protein interaction in vitro [49]. In this work, high-throughput screening

of a combinatorial library initially identified novel cyclic peptide ligands against

HIV-1 CA. The most promising peptides bound CA with ~500 nM affinity and

inhibited the CA–LysRS interaction in vitro with IC50 values of ~1 μM. Further-

more, nuclear magnetic resonance studies of two peptides, along with mutational

analyses and in silico docking studies, suggested that both bind to a site on the CA-

CTD that has been previously identified as the interface for LysRS interaction.

AARSs function in a wide array of cellular processes that are distinct from

aminoacylation and changes in oligomeric state, as well as post-translational
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modifications, have been shown to regulate these alternate functions [2, 50].

Eukaryotic LysRS, in particular, has been implicated in a wide variety of non-

canonical roles. The dynamic nature of LysRS within the cell is illustrated by its

mobilization to the nucleus. In response to an immunological challenge within mast

cells, specific phosphorylation of S207 of LysRS has been shown to result in its

release from the MSC and nuclear import. LysRS catalyzes diadenosine

tetraphosphate synthesis in the nucleus and binding of this dinucleotide to the

Hint-1 repressor protein results in transcriptional activation of genes via the

microphthalmia-associated transcription factor [51]. It was recently shown that a

single conformational change triggered by phosphorylation drives the switch of

LysRS function from translation to transcription [52].

More recently, laminin-induced phosphorylation of LysRS at residue T52 was

shown to result in release of LysRS from the MSC and trafficking to the membrane

[53]. Membrane association of LysRS and association with the laminin receptor

regulate the receptor and its effect on cell migration. Whether the post-translational

modification state of LysRS is altered during HIV-1 infection, thereby modulating

oligomerization and facilitating interaction with components of the tRNALys pack-

aging complex, remains to be tested.

4.2 tRNA-Like Elements in the Genome of HIV-1

Selective packaging of the primer tRNA is required for optimizing both tRNALys,3

annealing to the viral RNA PBS and infectivity of the HIV-1 population [9]. The

nucleocapsid domain of HIV-1 Gag facilitates annealing of tRNALys,3 to highly

conserved complementary sequences in the HIV-1 genomic RNA [54–57]. The

longest of these sequences is the 18-nucleotide PBS, which is complementary to the

30 end of tRNALys,3. The PBS is located in the 50-untranslated region of the ~9.4 kB
HIV-1 RNA (Fig. 2). Although the entire length of the viral RNA contains second-

ary structural elements whose functions are in most cases still unknown [58], the

50 UTR is especially rich in complex secondary structures with known functions in

many steps of the virus life cycle [59]. In addition to the 18 nucleotides that

hybridize with the tRNA acceptor-TΨC stem, additional interactions occur between

viral RNA and complementary sequences in the variable arm and anticodon stem-

loop of tRNALys,3 [60].

In addition to the PBS located in the 50 UTR, a 9-nt long sequence complemen-

tary to nucleotides 38–46 of tRNALys,3 was identified near the 30 end of the HIV-1

genomic RNA [61, 62]. It was suggested that this interaction stimulates the minus-

strand transfer step of reverse transcription. Recently a much longer sequence

element that resembles the entire tRNALys,3 gene embedded in the 30 end of the

HIV-1 genomic RNA and closely related lentiviral genomes has been discovered

[63] (Fig. 2). This sequence includes the previously identified 9-nt sequence, is

extensively complementary to tRNALys,3, and even contains a vestigial intron

inserted in approximately the position expected for a tRNA intron. The inclusion
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of this extended sequence in the acceptor template further enhances the efficiency

of minus-strand transfer beyond that observed with the 9-nt segment.

Molecular mimicry of the human tRNALys anticodon domain by HIV-1 genomic

RNA has recently been reported [64]. This tRNA-like element (TLE) is located

proximal to the PBS (Fig. 2) and high affinity binding of LysRS to the U-rich TLE

occurs in the context of a larger LysRS binding domain that includes elements of the

psi packaging signal. This LysRS–genome interaction increases the efficiency of

tRNALys annealing to the viral RNA and appears to be important for optimal viral

infection. Additional studies are needed to determine whether molecular mimicry of

the entire tertiary structure of the tRNA occurs in this region of the genome.

4.3 Packaging of Tryptophanyl-tRNA Synthetase in Rous
Sarcoma Virus

RSV is an avian retrovirus and was the first oncovirus to be discovered. It causes

sarcoma in chickens and, as with all retroviruses, it reverse transcribes its RNA

5’ 3’HIV-1 genomic RNA

HIV-1

TLE
PBS

LysRS/tRNALYS,3

tRNALYS,3gene

Fig. 2 tRNA elements in

HIV-1. Highlighted at the 50

end of the viral genome is the

tRNA anticodon loop-like

element (TLE, red) [64]. The
TLE binds human LysRS and

is proximal to the primer

binding site (PBS, green).
Shown at the 30 end is a

sequence in the U3-R region

that is complementary to the

entire tRNALys,3 sequence

(tRNA gene, blue) [63]
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genome into cDNA before integration into the host DNA [65]. RSV selectively

packages host cell tRNATrp, raising the possibility that TrpRS might also be

packaged [12]. Experiments performed with RSV isolated from infected turkey

embryo fibroblasts revealed the presence of TrpRS in the viral lysate. Furthermore,

the packaging of TrpRS was specific as LysRS and prolyl-tRNA synthetase were

not detected. The number of TrpRS molecules as quantified by dot-blot analysis

was found to be 12 molecules/virion [6]. The RT region of RSV Gag-Pol appears to

be crucial for tRNATrp recruitment [6], but the interactions that dictate TrpRS

packaging are currently unknown.

Although eukaryotic TrpRS is not part of the MSC, like LysRS it has been

demonstrated to have a number of ex-translational functions. TrpRS is highly

induced by interferon-γ (IFN-γ) [66–68] and it is secreted and inhibits vasculature

development [69–71]. This angiostatic function is activated by removal of an

appended N-terminal domain [70]. TrpRS has previously been shown to localize

to the nucleus [72, 73]. Recently it has been shown that upon IFN-γ stimulation in

mammalian cells, nuclear localization is increased. Nuclear TrpRS forms a com-

plex with DNA-dependent protein kinase (DNA-PKcs) and with poly (ADP-ribose)

polymerase 1 (PARP-1) via the appended eukaryote-specific WHEP domain of

TrpRS. Nuclear TrpRS stimulates poly ADP-ribosylation of DNA-PKcs and this in

turn leads to p53 phosphorylation and activation [69]. Interestingly, RSV Gag also

traffics to the nucleus and is believed to interact with viral RNA in this cellular

compartment [74, 75]. Whether the emerging ex-translational nuclear roles of

LysRS and TrpRS, as well as their roles as signaling molecules, are linked to

their retroviral function requires further investigation.

5 Aminoacyl-tRNA Synthetases as Targets for Therapeutic

Development in Bacterial Infections

The use of antibiotics to fight infectious diseases has had a profound effect on

human health and is thought to be a major contributing factor in doubling human

lifespan over the last 100 years [76]. However, inappropriate use of anti-infectives

in both medicine and animal husbandry has exacerbated the threat of microbial

antibiotic resistance, ultimately leading to the evolution of bacterial pathogens with

multiple-antibiotic resistance to a large number of first line of defense antibiotics

[77, 78]. To combat the resistance threat, both chemical derivatives of existing

antibiotics and novel anti-infectives have been actively sought. This task has been

made difficult by the limited number of essential cellular processes that can be

targeted. In this regard, inhibiting protein synthesis has been one of the most

effective approaches with numerous antibiotics targeted towards the ribosome,

such as chloramphenicol and tetracycline [79].

AARSs are essential cellular components of the protein translation machinery

that ligate a specific amino acid to its canonical tRNA. The 20 standard AARS
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enzymes appear to represent an abundant group of proteins towards which small

molecule anti-infectives could be developed. This view is supported by the large

number of naturally occurring secondary metabolites that achieve antibiosis by

targeting these enzymes [80]. Despite the fact that all AARSs share the same

reaction mechanism, the high level of phylogenetic divergence between bacterial

and eukaryote/archaea enzymes can allow AARS inhibitors to discriminate effec-

tively between pathogen and host AARSs [76]. Yet despite the obvious attractive

features, very few AARS inhibitors have been successfully utilized as anti-

infectives [81]. In fact, only one AARS inhibitor to date is being used in the clinic,

mupirocin [82, 83] (sold under the name Bactroban). Mupirocin is a very successful

topical agent against Staphylococcus aureus infections, validating AARS enzymes

as effective antibiotic targets [84].

In this section we will provide an overview of the enzymatic and biological

properties of AARSs and examine the general inhibition mechanisms employed by

both natural and synthetically derived AARS-targeting antibiotics. We pay particu-

lar attention to recent work on a number of tRNA-dependent AARS inhibitors. We

also look at new advances in a new class of natural “pro-drug” or cleavable

antibiotics, called the Trojan Horse AARS inhibitors, which employ “molecular

subterfuge” to trick pathogens into actively taking up and processing these

compounds into toxic moieties. Finally, we will explore how bacteria that naturally

produce AARS-targeting antibiotics must protect themselves against cell suicide

using naturally antibiotic resistant AARSs and how horizontal gene transfer of these

AARS genes to pathogens may threaten the future use of this class of antibiotics.

5.1 Aminoacyl-tRNA Synthetase Inhibitor Mechanisms

AARSs catalyze the covalent attachment of each of the 20 amino acids to its cognate

tRNA in the first and essential step of protein synthesis. Thus, AARSs create the

rules of the genetic code, since each tRNA species contains the anticodon triplet

of the code corresponding to the attached amino acid. All AARSs catalyze the

aminoacylation reaction in two steps: in the first step, the amino acid (AA) is

activated to form the tightly bound high energy aminoacyl-adenylate (AA-AMP);

in the second step the AA-AMP reacts with the 20-OH or 30-OH of the terminal ribose

at the 30-end of tRNA to form the aminoacylated-tRNA [85]. Each amino acid is

activated by a particular AARS. The enzymes are divided into two classes of ten

enzymes each. The classes, in turn, are defined by their active site architectures – a

Rossmann nucleotide binding fold of alternating β-strands and α-helices characterize
class I enzymes, and a seven-stranded β-structure flanked by α-helices characterize
class II enzymes. Apart from a few exceptions [86], each amino acid-specific AARS

belongs to a particular class throughout the tree of life.

AARSs have acquired numerous domains and insertions during the course of

evolution that have enhanced their catalytic properties. For example, weakly

conserved anticodon-binding domains increase the affinity and ability of AARSs
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to recognize and discriminate between different tRNA species [87]. AARSs have

thermodynamic limitations on their specificity to distinguish between similar amino

acids and therefore often employ conserved proofreading or editing domains to

hydrolyze misacylated-tRNAs to ensure the fidelity of translation [88]. The occur-

rence of other domains in AARSs can be more idiosyncratic, sometimes even

exhibiting species-specific differences. This variable domain composition is

further complicated by significant phylogenetic divergence between AARS cata-

lytic domains derived from a bacterial or an archael/eukaryotic lineage [89].

Importantly, a number of natural products that act as AARS inhibitors exist

which validate AARSs as antibiotic targets. AARS inhibitors exploit an array of

different mechanisms to inhibit their respective target enzymes that reflect the

multi-domain nature of, and complex reactions catalyzed by, AARSs. Most

inhibitors bind to the highly conserved synthetic active sites and act as competitive

inhibitors of the respective substrate amino acid or mimics of the obligate reaction

intermediate, the aminoacyl-adenylate. However, a number of inhibitors bind to

other regions of the AARS outside the active site, either allosterically affecting the

synthetic active site or binding to alternative active sites, such as the editing

domain. We outline these basic inhibitor mechanisms below.

5.1.1 Amino Acid Analogs

A number of naturally derived AARS inhibitors bind to the catalytic site of AARSs

and act as competitors for a particular amino acid. The most well studied of these

compounds is indolymycin, a tryptophan analog produced by Streptomyces griseus
(Fig. 3a), that is a ~400-fold more selective inhibitor towards bacterial TrpRSs than

that from eukaryotes [90, 91]. Although indolmycin is not effective against

Enterobacteriaceae, steptococci, and enterocci pathogens [84, 91], it is effective

against S. aureus MRSA strains [92], opening the door for its development as a

clinical anti-infective. Chaungxinmycin, another tryptophan analog with close

similarity to indolmycin, has also been reported to inhibit Gram-negative and

Gram-positive bacteria, including Escherichia coli and Shigella dysenteriae in

mouse infection models [93]. However, chemical derivatives of this compound

showed minimal improvement compared to wild-type chaungxinmycin, suggesting

a limited number of binding interactions are possible between the inhibitor and the

TrpRS active site [93].

AARS inhibitor amino acid analogs are not limited to tryptophan, but also

include the isoleucine analog cispentacin [94] and synthetic analog icofungipen

[95] that inhibit isoleucyl-tRNA synthetase (IleRS), proline analog halofuginone

that inhibits eukaryotic proline aminoacylation activity in the fused EPRS enzyme

[96], and phenylalanine analog ochratoxin A that is active against bacterial, yeast

and higher eukaryote PheRSs [97]. Some of these compounds have high affinity for

their respective AARS, such as SB-219383, a synthetic carbocyclic analog of

tyrosine based on a microbial metabolite that has been reported to inhibit potently

S. aureus TyrRS with low nanomolar potency [98, 99].
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In addition to the amino acid analogs that simply compete with an amino acid

binding to its canonical AARS, a non-protein amino acid with antimicrobial

activity can compete with an amino acid and also be misaminoacylated onto the

tRNA substrate, even in the presence of a proofreading domain. The toxic effect of

this type of compound is therefore both at the AARS level and also at the translated

protein level. An example of this is furanomycin [100], which is an IleRS inhibitor

from Streptomyces sp. [101] (Fig. 3b).

Fig. 3 Chemical structures of varied AARS inhibitors. Structures adapted from [83, 90, 101, 115,

118, 128]
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5.1.2 Aminoacyl-Adenylate Mimics

All AARSs catalyze the aminoacylation of a particular tRNA via an AA-AMP

reaction intermediate tightly bound to the active site of the highly conserved catalytic

domain. A substantial number of natural inhibitors mimic these reaction

intermediates to form specific tight binding inhibitor–AARS complexes that compete

with binding of both the ATP and amino acid substrates. Mupirocin or pseudomonic

acid is the most prominent example of such inhibitors and is a potent inhibitor of

IleRSs [82, 102, 103] (Fig. 3c). Sold under the name Bactroban, this compound is the

only clinically approved antibiotic that targets AARSs. Mupirocin is used to treat

topical infections caused by the bacterial pathogens Haemophilus influenzae,
Neisseria gonorrhoeae, and Neisseria meningitides, and is the most effective topical

anti-infective against methicillin resistant S. aureus [104]. Mupirocin inhibits IleRSs

from bacteria, fungi, and archaea but not from higher eukaryotes [105], an essential

trait for an effective AARSs-targeting antibiotic. Mupirocin binds to the IleRS active

site by containing elements that mimic the Ile-AMP intermediate. Structural studies

of the IleRs-mupirocin complex show that the pyran ring and C1–C3 of mupirocin

binds to the enzyme’s ATP binding site while the 14-methyl terminus of the inhibitor

interacts with the isoleucine binding site [106]. A number of natural pseudomonic

acid derivatives exist with different structures and affinities [105], while synthetic

derivatives have been designed with femtomolar binding affinities [107]. Steady and

pre-steady state kinetic studies on the inhibitory mechanism of mupirocin on

S. aureus IleRS have shown that it behaves differently from stable Ile-AMP analogs,

which inhibit the amino acid activation reaction by acting as simple competitor

inhibitors of ATP and isoleucine (with a Ki ¼ ~1 nM for Ile-AMS – Fig 3d) [108].

Mupirocin binds to the IleRS in an initial encounter complex with a Ki ¼ 2 nM

before a slow isomerization of the EI complex occurs, leading to a tight binding EI*

complex (Ki ¼ 50 pM) [109]. Despite mupirocin’s extreme potency and discrimi-

nation towards bacterial IleRS, stability and bioavailability issues associated with

the compound have prevented its use as a systemic medication.

The Trojan Horse AARS toxins agrocin 84, albomycin, and microcin C are

composed of two units: (1) a cleavable uptake moiety that allows the antibiotic to

make use of bacterial transport systems and (2) nucleotide toxins that have been

found to be stable mimics of an AA-AMP intermediate and inhibit a particular

AARS. These fascinating inhibitors are described in more detail below.

The fact that all of the 20 AARS enzymes employ a common mechanism of

tRNA aminoacylation via an enzyme-bound intermediate has obviously raised

interest in using the basic AA-AMP structure as a platform to produce rationally

designed antibiotics [76]. Direct AA-AMP analogs bind to the AARS synthetic

active sites and act as simple competitors of both AA and ATP substrates as was

found with Ile-AMS (Fig 3d) [109]. These analogs have stable linkages, such as

sulfamoyls, between the nucleoside component and the amino acid group replacing

the labile phosphoanhydride of the respective AA-AMP intermediate. These analogs

have proven to be extremely potent inhibitors of AARSs in vitro, often binding to
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their respective enzymes with low nanomolar to high picomolar affinity. There are

of course some drawbacks with these most basic mimics of AA-AMP: first, they can

show a limited degree of phylogenetic discrimination between AARSs from bacte-

rial and eukaryotic lineages and, second, their hydrophilic nature leads to a rather

limited uptake by microbes [76]. The lack of phylogenetic discrimination is to be

expected, as the ancient conserved active sites of these enzymes (both eukaryote and

bacteria) catalyze the same reaction. One way of overcoming this feature has been to

use the AA-AMP structure as a framework from which chemical libraries have been

developed to create molecules that exploit subtle differences in the active sites of

bacterial pathogen AARSs and those found in higher eukaryotes. One notable

example is CB432, an Ile-AMP mimic in which the adenine ring has been replaced

with a phenyltetrazole group. This molecule was a low nanomolar inhibitor showing

a 60- to 1,100-fold discrimination between bacterial pathogen IleRSs compared to

the human enzyme. This was in stark contrast with a simple Ile-AMP analog with a

sulfamoyl linkage, CB138, which only showed a tenfold discrimination between

bacterial and eukaryotic enzymes [76]. A large number of studies have been

performed on the AARS inhibition properties of stable-AMP analogs derived from

both rational design and chemical library screening approaches, as excellently

reviewed elsewhere [84]. Unfortunately, these approaches have not yet been trans-

lated into any clinically relevant anti-infectives.

A second promising approach to overcome the discrimination issue for AA-

AMP analogs is to focus on inhibitors that target AARSs not present in the

cytoplasm of higher eukaryotes, but found in particular pathogens. One example

of such an enzyme is the class I LysRSs found only in archae and, importantly,

spirochetes [86]. The class I LysRSs still catalyze the aminoacylation of tRNALys

via a Lys-AMP intermediate as class II LysRSs do but there are clear differences

between the active sites of the enzymes. The differences between the class I LysRS

of the spirochete pathogens and class II LysRS of the eukaryotic host have been

proposed as promising targets exploited for the development of anti-infectives

against such diseases as syphilis (Trepenoma pallidum) or Lyme disease (Borrelia
burgdoferi) [110, 111].

The potential of chemical libraries to contain AARS inhibitors has not been

restricted to variants of molecules based on an AA-AMP framework. A number of

compounds with AARS inhibitory properties have been isolated from libraries that

do not resemble the standard AA-AMP analogs, yet have still been found to bind to

the catalytic active site of AARS enzymes. AARS inhibitors with novel structural

frameworks may not only be potent inhibitors but may also have improved uptake

and bioavailability properties. A prominent example of such a molecule is

REP8839 (Replidyne, CO) developed from high-throughput screening assays of

chemical libraries targeting AARS enzymes from Gram-positive S. aureus strains.
An initial MetRS inhibitor hit with a promising IC50 of 350 nM and little similarity

to the Met-AMP reaction intermediate was significantly improved to produce

REP8839 (Fig. 3e), a fluorovinylthiophene containing a diaryldiamine compound

[112]. REP8839 was found to be a tight binding inhibitor of S. aureus MetRS with

an IC50 value of <1.9 nM and also induced the formation of ppGpp, the signal for
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the cell’s stringent response [113]. The inhibitor was found to prevent the first

stage of the aminoacylation reaction – methionine activation – and was competitive

with the methionine substrate, suggesting that the inhibitor binds to the MetRS

active site [114]. Surprisingly, REP8839 is uncompetitive with respect to ATP,

suggesting that, unlike AA-AMP analogs, the presence of ATP in the active site

actively promotes the binding of the inhibitor. ATP was found to increase signifi-

cantly the half-life of the REP8839-enzyme complex [114]. REP8839 shows very

promising antibacterial properties against Gram-positive pathogens Streptococcus
pneumoniae and Streptococcus pyogenes and is being evaluated as a topical

treatment of methicillin resistant S. aureus skin infections [115, 116].

5.1.3 Allosteric AARS Inhibitors That Bind Outside the Active Site

Inhibition of AARS enzymes is not just limited to small molecules that bind to the

catalytic active site. Borrelidin, an 18-membered macrolide-polyketide antimicro-

bial isolated from Streptomyces sp. [117] (Fig. 3f), has been shown to inhibit

threonyl-tRNA synthetase (ThrRS) enzymes from E. coli and Saccharomyces
cerevisiae as well as from Chinese hamster ovary cells. Work by Ruan et al. has

revealed that borrelidin is a slow, tight binding inhibitor of the threonine activation

reaction catalyzed by E. coli ThrRSs. Interestingly, it is non-competitive with

respect to threonine and ATP [118]. This indicates that borrelidin must bind outside

the active site. Screening of random E. coli ThrRS borrelidin-resistant mutants

indicated that the antibiotic was bound to a unique hydrophobic patch near the

active site close to a Zn2+ binding site on the protein [118]. Surprisingly, the

compound has also been reported to inhibit a cyclin-dependent kinase in S.
cerevisiae [119], causes apoptosis in select cancer cell lines [120], and has anti-

angiogenic effects on human endothelial cells in vitro [121]. In addition, borrelidin

has been shown to have anti-malarial activity [122]. These findings are being

actively pursued with studies showing inhibition of Plasmodium falciparum when

used in conjunction with artemisin [123] and mupirocin [124].

5.1.4 Novel tRNA-Dependent AARS Inhibitors

Another under explored approach to inhibit AARSs is to target the interaction of the

enzyme with its canonical tRNA. Unlike amino acids and ATP, tRNAs are sub-

stantial macromolecules (~27 kDa) making numerous interactions with AARS

enzymes, not only with the catalytic domain but also with the anticodon binding

domain, editing domain, and a number of additional domains. These RNA–protein

interactions can be critical for aminoacylation reactions but, importantly, they may

well be domain- or even species-specific interactions. As a consequence, there is in

all likelihood a number of RNA–protein domain interactions that could be targeted

by novel antimicrobials [76]. Initial attempts to target AARSs in this manner were

investigated with an aminoglycoside antibiotic tobramycin. This antibiotic
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normally acts by binding to the aminoacyl (A) site of the 16S ribosomal RNA

subunit [125]. Walter et al. used in vivo aminoacylation assays to demonstrate that

tobramycin inhibits the second stage of the aminoacylation reaction of yeast AspRS

by binding to, and changing the conformation of, tRNAAsp [126]. Future work

might advance these studies to develop new antimicrobials that bind to AARSs or

tRNA and prevent these key RNA–protein interactions.

The interaction of the tRNA substrate with its corresponding AARS is a dynamic

one. There is substantial movement of the CCA 30-end of a respective tRNA from

its original binding position outside the catalytic active site to dipping into the

active site during the second stage of the reaction, and allowing aminoacyl transfer

of the amino acid to the tRNA to occur. In addition, for those enzymes with

additional proofreading domains, the aminoacylated CCA 30-end is required to

translocate from the catalytic active site to the editing domain so the CCA 30-end
can be interrogated for misaminoacylated amino acids. A second exciting approach

suggested by Schimmel et al. [76] towards inhibiting AARSs via their tRNA

interaction is to design/discover small molecules that bind to the editing domains

of AARSs with the intention of interfering with the binding of tRNA or trapping it

in this domain and thus preventing its involvement in the aminoacylation reaction

carried out in the catalytic domain. Recent studies have described two exciting new

AARS inhibitors which target leucyl-tRNA synthetases and exploit dramatically

different inhibition mechanisms, both of which employ tRNA and its translocation

from the editing to the catalytic active site as an integral part of the inhibition

mechanism [127, 128].

The first small compound is AN2690 [128] (5-fluoro-1,3-dihydro-1-hydroxy-

2,1-benzoxaborole, Anacor Pharmaceuticals, CA), obtained from a chemical

library screen of compounds for antifungal activity towards S. cerevisiae. Sponta-
neous AN2690-resistant mutants were found to have mutations in the CDC60 gene,
which will encode the cytoplasmic expressed LeuRS. The mutations found all

mapped to the proofreading domain of this enzyme. In vitro enzyme kinetics and

structural studies showed that AN2690 specifically inhibits yeast LeuRS activity by

binding to the editing domain of the enzyme and trapping the 30-end of the tRNALeu

isoacceptor there, thus stopping subsequent rounds of catalysis [128]. AN2690

contains a boron atom in a benzoxaborole ring (Fig. 3g) which, after weak binding

of the small molecule to the LeuRS editing active site, reacts with the 20-OH and

30-OH residues of a deacylated tRNA to form a stable adduct that is relatively long

lived, if not irreversible, leading to a tight binding inhibitor of LeuRS [129]. This

work validates AARS editing domains as bona fide targets and the contribution

tRNA can make in AARS inhibition mechanisms. The small size of the compound

and its surprising selectivity, are both extremely promising properties for an

antibiotic. The AN2690 is now in clinical trials for the treatment of the fungal

disease onychomycosis [130].

AN2690 derivatives with improved discrimination towards fungal pathogens, as

well as the development of novel antibacterials based on this compound, are being

actively sought. Structural studies of the inhibitor bound to the isolated editing

domain of the cytoplasmic LeuRS from the fungal pathogen Candida albicans and
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comparison with the corresponding domains from human and bacterial LeuRSs

have revealed new insights into AN2690 specificity [131]. For these studies,

tRNALeu could be dispensed with as an AN3018-AMP adduct (an AN2690-AMP

derivative) could effectively mimic the covalently linked AN2690-tRNALeu 30-end
complex. The analysis revealed that bacterial editing domains lack a helix present

in both fungal and human proteins, which in the eukaryotic domains forms a

number of interactions with the adduct burying it in the active site. The lack of

this helix may well explain the relatively weaker affinity of AN2690 towards some

bacterial LeuRSs [132] and allow the development of more effective derivatives

directed towards bacterial LeuRSs. Small differences between the C. albicans and
Homo sapiens domains may also be exploited to improve discrimination of the

compound [131].

The second recently identified LeuRS inhibitor agrocin 84 (TM84) (Fig. 4a)

employs a quite different tRNA-dependent mechanism compared to AN2690. The

actual inhibitor is TM84, which is the processed toxic moiety from the naturally

occurring Trojan Horse inhibitor agrocin 84 (see below). TM84 shares a close

structural similarity to Leu-AMP [127] but contains a stable 50-N-acyl
phosphoramidate bond rather than a labile phosphoanhydride.TM84 was found to

be a potent inhibitor of its natural target, LeuRS from the plant pathogen

Agrobacterium tumefaciens [127]. However, despite close similarity to a stable

analog of Leu-AMP, TM84 has been found to be a very weak inhibitor of the first

stage of the aminoacylation reaction, namely, the activation of leucine by ATP

[133]. This was surprising since standard aminoacyl adenylate analogs have been

found to compete actively with the amino acid and ATP substrates to inhibit amino

acid activation [108]. Subsequent biochemical and biophysical analyses revealed

that TM84 requires the active participation of the third substrate tRNALeu to form a

tight binding LeuRS�tRNALeu�TM84 ternary inhibition complex. This is despite the

Fig. 4 Trojan Horse AARS

inhibitors. Adapted structures

of agrocin 84 [141],

albomycin d2 [146], and

microcin C [148] depicted

with uptake moieties in red,
and toxins in black
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fact that leucine activation is tRNA independent. Isothermal titration calorimetry

shows that TM84 has a relatively weak affinity for the enzyme in the absence of

tRNA (Kd TM84 ¼ 152 � 20 nM) but this is enhanced by two orders of magnitude

to ~ 1 nM in the presence of the nucleotide [133]. An X-ray crystal structure of this

ternary complex provides an explanation for these results. TM84 does indeed bind

to the synthetic active site but the tRNALeu adopts an “aminoacylation-like”

conformation with the CCA 30-end dipping into the catalytic domain. TM84

forms novel interactions with both the terminal adenosine 30-OH and also with

the second lysine of the class I defining KMSKS peptide. The placement of the

tRNA acceptor stem and positioning of the interacting KMSKS loop over the active

site effectively encapsulate the ligand [133]. The biological rationale for this

unusual tRNA-dependent inhibition mechanism is currently being explored.

5.2 Trojan Horse tRNA Synthetase Inhibitors

Trojan Horse AARS inhibitors are members of a class of highly specific, hydro-

philic antibiotics that gain access to a targeted bacterium through a specific trans-

port system by mimicking a particular bacterial substrate. Having gained access

to the interior of the cell by subterfuge, these antibiotics are then processed by

existing enzymes inside the cell into a toxin which inhibits a particular AARS.

Interestingly, despite the fact that members of this class of AARS inhibitors use a

two-step “Trojan Horse” mechanism of action, the genes that biosynthesize these

compounds are not related. The reason why nature has evolved these compounds to

use these elaborate mechanisms to gain access inside the cell is an area of active

research, but the fact is that these hydrophilic compounds can easily bypass the cell

envelope barrier to enter bacterial cells. Natural Trojan Horse inhibitors are of

particular interest because they have overcome the problem encountered by many

synthetic AA-AMP analogs, namely high affinity for their enzymes in vitro but low

uptake levels in vivo.

5.2.1 Agrocin 84

One example of a Trojan Horse AARS inhibitor is the highly specific anti-

agrobacterial antibiotic agrocin 84 that is processed in pathogenic agrobacterial

cells into a potent LeuRS inhibitor-TM84 [127]. Agrocin 84 is produced by the

bacterial biocontrol agent Agrobacterium radiobacter, strain K84 [134, 135] that is

used worldwide to prevent the economically important plant disease known as

crown gall [136]. The role of agrocin 84 in the biocontrol of crown gall is to inhibit

specifically the growth of the causative agent – pathogenic strains of A. tumefaciens
[137]. A. tumefaciens induces the formation of plant tumors (galls) through the

transfer of fragments of oncogenic DNA (T-DNA) from certain tumor-inducing (Ti)

plasmids into infected plant cells [138]. The T-DNA encodes genes for host-cell
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proliferation and for enzymes that biosynthesize carbon compounds, called opines

[139], which are exuded from infected cells and utilized as an energy source by the

tumor-inducing agrobacteria that colonize the tumor surface. Agrocin 84 is selec-

tively toxic to pathogenic A. tumefaciens strains because it is actively imported by

the same Ti plasmid-encoded opine permease that transports a unique tumor-derived

sugar phosphate opine-agrocinopine A [140]. The bacteriocin acts as a Trojan

Horse: having gained access to the interior of the agrobacterium by subterfuge it is

then processed into a toxic moiety that prevents growth of the pathogen by inhibiting

the aminoacylation of tRNALeu [127].

Agrocin 84 contains a 9-(30-deoxy-β-D-2,3-threopentafuranosyl) adenine

nucleoside-like core linked to two substituents by unusual phosphoramidate bonds

[141] (Fig. 4a). A 50-phosphoramidate bond links the “nucleoside-like” core to

a D-threo-2, 3-dihydroxy-4-methylpentanamide while a second phosphoramidate

bond links a D-glucosyloxyphosphoryl group to the adenine base (Fig. 4a). This is

the only known example of a 6-N phosphoramidate bond found in nature [142].

Although this moiety is required for selective uptake of agrocin 84 into susceptible

cells, it is not required for toxicity [143]. After agrocin 84 is imported into the

pathogenic A. tumefaciens cell, via the Ti plasmid encoded agrocinopine A perme-

ase, the phosphoramidate linkage of the N6-glucofuranosyl moiety of agrocin 84 is

cleaved, leaving the toxic moiety of agrocin 84 (TM84). Interestingly, TM84 closely

resembles in structure Leu-AMP, a critical enzyme-bound reaction intermediate for

all LeuRSs, having a relatively stable 50-phosphoramidate bond instead of the labile

phosphoanhydride linkage. It was hypothesized that the stable TM84 imparts its

antibiotic effect on the agrobacterium by binding to the catalytic domain of the

A. tumefaciens genome encoded LeuRSAt and acting as a simple Leu-AMP mimic.

Recent work on TM84 (outlined above) now indicates that TM84 employs a unique

tRNA-dependent inhibition mechanism [133].

What is particularly interesting about agrocin 84 for antibiotic research is that we

know the exact bacterial pathogen that this AARS inhibitor targets in nature as well

as the substrate the compound mimics and the biological rationale for the tripartite

relationship between the plant host, the A. tumefaciens C58 pathogen and the

A. radiobacter strain K84. In its natural environment A. radiobacter strain K84

lives alongside the pathogen on an established crown gall and benefits from the

tumor’s opine harvest, since it expresses an opine permease and metabolic enzymes

to process agrocinopine A. A number of open questions still remain however about

this relationship such as how production of agrocin 84 is regulated and why does it

specifically target LeuRS rather than another AARS? Another interesting aspect of

this system is that agrocin 84 specifically targets the pathogen, but does not inhibit

the non-pathogenic commensal agrobacterium, which lacks the agrocinopine per-

mease in its genome. Common broad range antibiotics do not discriminate between

commensal and pathogenic bacterial strains, killing both. The inability of this

antibiotic to target a commensal bacterium presumably limits the development of

resistance in the agrobacterial population as a whole. This is a very desirable

property for any antibiotic and is worthy of future investigation.
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5.2.2 Albomycin

Another example of a Trojan Horse AARS inhibitor is albomycin, produced by

Streptomyces sp. strain ATC700974 and effective against E. coli, Salmonella
typhimurium, S. pneumoniae, S. aureus, and Yersinia enterocolitica [144, 145].

Albomycin contains a siderophore-like uptake moiety coupled to an aminoacyl-

thioribosyl pyrimidine toxin (Fig. 4b) and is actively transported inside the targeted

bacterial cell by a ferrichrome ABC-type transport system [146]. After transport,

peptidase N cleaves the peptide bond of albomycin, releasing the aminoacyl-

thioribosyl pyrimidine toxic moiety [144]. The albomycin active toxin was actually

discovered in Streptomyces sp. fermentation media and named SB-217452, having

presumably broken down after secretion. Importantly, SB-217452 was found to be a

potent inhibitor of SerRS from S. aureus [147].

5.2.3 Microcin C

Microcin C is a post-translationally modified peptide produced by Enterobac-
teriaceae [148] and targets a range of Gram-negative bacteria including E. coli,
Klebsiella sp., and Salmonella sp. [149]. Microcin C is composed of a heptapeptide

with an adenosine nucleotide linked to the peptide’s C-terminus by an N-acyl
phosphoramidate bond (Fig. 4c). The phosphate of the nucleotide is further

decorated by a 3-aminopropyl group. The six N-terminal amino acids in the peptide

act as an uptake moiety that is recognized by a particular permease, the YejABEF

ABC-type transporter [150], located on the inner membrane of sensitive cells. After

transport into the cell, the peptide is deformylated and then processed by broad-

specificity peptidases A, B, or N into a hexapeptide and a toxic moiety that was

found to be a potent AspRS inhibitor [151]. The toxin resembles a stable Asp-AMP

reaction intermediate and competes with Asp and ATP for binding to AspRS [151].

Six genes are responsible for biosynthesizing microcin C. The peptide part of the

microcin C is produced from the smallest known gene (mccA), encoding a seven

amino acid peptide [180]. After translation on the ribosome the terminal asparagine

of the peptide is cyclized into N-succinimidyl ester by the MccB enzyme via an

Asn-AMP intermediate that subsequently reacts with a second ATP molecule to

form the N-acyl phosphoramidate bond linked adenosine unit and a peptide with a

C-terminal aspartic acid [152]. This metabolite is then further decorated with the 3-

aminopropyl group on the phosphate (MccD and MccE). Cell suicide is prevented

by MccF, a serine protease homolog that cleaves the phosphoramidate bond of any

microcin C and toxic moiety not secreted or MccE which acetylates the toxic

moiety to make it inactive [153].

The ribosomal derived uptake moiety of microcin C is particularly amenable to

mutational analysis and has allowed the molecular requirements of the transporter

system and processing peptidases to be probed [154, 155]. Importantly, the

C-terminal asparagine could not be altered as the R group of this amino acid is
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required for formation of the N-acyl phosphoramidate bond, ruling out the possibil-

ity of the biosynthesis of AA-AMP analogs directed against other AARSs. How-

ever, synthetic derivatives of microcin C with alternative terminal amino acids (Leu

and Glu) linked by sulfamoyl groups to adenosine residues have been constructed.

These modified microcins can be successfully transported and cleaved by sensitive

E. coli cells and can inhibit their respective AARSs [156]. The exact nature of the

peptide substrates that microcin C mimics is unclear at the present time, but as more

is revealed about their biological function, the more promising redesign of this

Trojan Horse inhibitor as an anti-infective becomes.

The Trojan Horse AARS inhibitors are genetically unrelated, yet nature has

found a common theme by evolving potent hydrophilic antibiotics that can effi-

ciently bypass the cell wall to target select bacterial strains. Understanding the

biological working of these inhibitors may allow us to design more pathogen-

selective antibiotics that might be more resistant to the ever-present threat of

antibiotic resistance. Presumably more of these Trojan Horse AARS inhibitors

remain to be discovered in the vast array of microbial secondary metabolites.

5.3 Antibiotic Resistant AARS Genes and the Threat of
Horizontal Gene Transfer to Pathogenic Bacteria

5.3.1 Naturally Occurring Self-immunity AARS Genes and Antibiotic

Biosynthesis

Many of the microbes biosynthesizing AARS inhibitors also require the presence of

self-immunity AARS genes to prevent cell suicide. For example, the mupirocin

gene cluster from Pseudomonas fluorescens encodes an IleRS gene mupM that,

when transferred to E. coli, induces a resistance phenotype. The transcription of the
mupirocin biosynthesis genes in P. fluorescens is regulated by a homoserine lactone

signal quorum sensing system that ensures sufficient cells are present to produce

enough toxin to kill competitor bacteria in the local soil environment. Importantly,

the transcription of mupM is coordinated with the other biosynthesis genes, ensur-

ing the MupM is present when the cells are making mupirocin, but not if the

antibiotic is not produced [157]. A second IleRS in P. fluorescens NCIMB 10586

has also been found, although it only shares 29% sequence identity with MupM

[103].

S. griseus NBRC 13350 and S. griseus ATCC 12648, producers of indolmycin,

have been found to express high-level indolmycin resistant TrpRS enzymes, in

addition to constitutively expressed, indolmycin-sensitive TrpRS enzymes (TrpRS-2)

[158]. Interestingly, the resistance enzyme is also resistant to chunagximycin,

another TrpRS analog produced from Actinoplanes tsinanensis. A number of

other Streptomyces strains, such as Steptomyces coelicolor, that do not produce

indolmycin, nonetheless encode dual resistance TrpRS genes (TrpRS-1) [90],
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consistent with the finding that actinomycetes, which produce two-thirds of all

antibiotics share a large number of antibiotic resistant genes with each other.

Interestingly, the TrpRS-1 gene is regulated via ribosome-mediated transcriptional

attenuation [159, 160]. The authors of this study suggest that the common regu-

latory elements found here may be found in the regulation of other antibiotic

resistant AARSs.

Streptomyces sp. strain ATC700974 encodes the biosynthetic gene cluster to

make the Trojan Horse SerRS inhibitor albomycin [161]. The organism’s genome

contains one serRS housekeeping gene encoding a protein called SerRS1, while a

second gene alb10 in the biosynthetic gene cluster encodes a second SerRS protein,

SerRS2. Both genes are capable of complementing a temperature-sensitive SerRS

E. coli strain, but only SerRS2 is capable of imparting the cell with albomycin

resistance [161]. While the SerRS1 protein is phylogenetically similar to other

SerRS proteins belonging to closely related Streptomyces species, SerRS2 is more

distantly related, probably due to horizontal gene transfer. Analysis of the enzy-

matic properties of both enzymes indicates that, while both have similar overall

catalytic efficiencies, SerRS2 has a 20-fold weaker Km for serine, whereas the

binding of tRNASer substantially increases the Km for SerRS1 in the aminoacylation

reaction. It has been suggested that the difference in serine affinities of sensitive and

resistant enzymes may be important in regulating the levels of the albomycin

produced by the Streptomyces sp. cell. Interestingly, both SerRS1 and SerRS2

were inhibited by serine hydroxamate, a serine analog, indicating that SerRS2

resistance was specific towards SB-217452 [161].

A. radiobacter strain K84, the organism that produces agrocin 84, also encodes a

second, plasmid borne self-immunity gene, agnB2, that encodes an active LeuRS

enzyme [127, 162, 163], in addition to the A. radiobacter genomically-encoded

LeuRS. The agnB2 gene is not essential for growth of A. radiobacter [164], and
transfer of this gene to pathogenic strains of A. tumefaciens C58 imparts resistance

to agrocin 84 [163]. In vitro aminoacylation assays of the AgnB2-LeuRS show the

enzyme is approximately 1,000-fold less sensitive to the toxic moiety of agrocin 84

(TM84) than the antibiotic sensitive LeuRSAt enzyme encoded in the pathogen

A. tumefaciens. This work supports the hypothesis that the bioconrol organism

carries a second, self-protective copy of a LeuRS to avoid cell suicide [127].

Many of the self-immunity AARS enzymes appear to have been obtained from

phylogenetically more distant organisms and then further refined by evolution. This

would indicate that, despite the fact that AARS synthetic active sites are highly

conserved, these enzymes are sufficiently phylogenetically diverse to exhibit sig-

nificant resistance to AARS inhibitors. This is of course a double-edged sword,

because although it implies that AARS targeting antibiotics may not inhibit AARS

enzymes from more distant organisms such as higher eukaryotic hosts, it may also

imply that divergent bacteria in the local vicinity can contribute AARS resistant

genes to the pan-genome of a targeted pathogen. Horizontal gene transfer of AARSs

seems to be particularly prevalent in the phylogenetic history of AARS, which may

be due to the selective pressure of naturally occurring AARS inhibitors [165–167].

This might be explained by the observation that AARS enzymes are more separate

Role of Aminoacyl-tRNA Synthetases in Infectious Diseases and Targets for. . . 317



and modular members of the protein translation machinery and so may be more

prone to horizontal gene transfer than, say, the segmental transfer of ribosomal

proteins, which make more protein–protein and protein–RNA interactions with

more conserved elements in the protein translation machinery [165–167].

The large number of genomes from soil-borne bacteria that contain multiple

copies of AARSs has raised the possibility that these AARS isozymes may, to some

degree, represent AARSs that are resistant to antibiotics present in the environment

[161]. Finding organisms that live in the same environment with duplicated AARS

genes might therefore be a promising strategy for discovering new AARS

antibiotics [161].

5.3.2 Development of Bacterial Resistance to AARS Inhibitors

in Pathogenic Strains

An inevitable consequence of the use of antibiotics for the treatment of infectious

disease is the evolution of antibiotic resistance in pathogenic strains. Antibiotics

based on AARS inhibition would not be expected to be an exception to this rule,

although some inhibitors may be more prone than others. The majority of work in

this area has been performed on mupirocin, the only clinically used AARS inhibi-

tor. Cultures from patients infected with S. aureus MRSA appear to have evolved

two types of resistance (mupirocin MIC for sensitive S. aureusMRSA � 4 μg/mL).

Low-level antibiotic resistance (MIC values from 8 to 64 μg/mL) and high-level

resistance (MIC values from �512 μg/mL)) [168]. The low level resistance is

characterized by point mutations in the target IleRS located around the ATP

binding regions of the enzyme, in close proximity to one of the class defining

catalytic motifs – the KMSKS loop [103]. High-level mupirocin resistant strains of

S. aureus are characterized by the presence of a second resistant IleRS obtained by

horizontal gene transfer from either eukaryotes or a bacterial gene mupA

(not related to the gene of the same name in the mupirocin biosynthesis cluster)

[157, 169].

The prevalence of antibiotic resistant AARS genes present in both bacteria that

produce AARS targeting antibiotics, and those that simply co-habit the same

environment as these organisms, underscores the extent to which horizontal gene

transfer occurs in nature. Screening of small molecule libraries for inhibitors of

methionyl-tRNA synthetase (MetRS) has revealed that subpopulations of the path-

ogen S. pneumoniae can even encode secondary MetRS enzymes (MetRS2) that are

resistant to synthetically-derived inhibitors including REP8839 [112, 114, 170].

The S. pneumoniae species appear to have obtained the metRS2 gene by horizontal

gene transfer from the Gram-positive pathogen Bacillus anthracis or close relatives.
B. anthracis also seems to have transferred the mupirocin-resistant gene encoding

the IleRS2 protein to S. aureus strains [171].
A. radiobacter strain K84 is the most successful bacterial biocontrol agent

discovered to date, having successfully protected an array of plant varieties against

crown gall. Production of the LeuRS inhibitor agrocin 84 is thought to play a major
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role in plant protection against A. tumefaciens C58 infection. However, the biocon-
trol organism is not immune to the development of agrocin 84 resistance in the

agrobacterium pathogen. Agrocin 84 resistant strains of A. tumefaciens C58 have

already arisen in the field after pre-inoculating the biocontrol bacteria on the roots

of young plants [172]. Closer analysis of these strains revealed that the pAgK84

plasmid from A. radiobacter strain K84, which encodes the genes required for

agrocin 84 biosynthesis and the agrocin 84 self-immunity LeuRS gene, agnB2, had
been transferred to the pathogen [136, 173]. This plasmid transfer threatened the

future viability of the A. radiobacter strain K84 as a successful biocontrol agent.

Importantly, the pAgK84 plasmid was engineered to prevent conjugation of the

biocontrol agent with the pathogen [174] and so stopped the transfer of the agrocin

84 self-immunity LeuRS gene, agnB2. This modified bacteria (A. radiobacter strain
K1026) was the first bioengineered bacteria released into the environment,

preventing the facile horizontal gene transfer of an antibiotic resistant AARS

gene to a pathogen. With the help of this engineered strain, the biocontrol of

crown gall has been successfully maintained for almost 40 years [175]. It is

noteworthy that the agnB2 self-immunity gene and the pAgK84 plasmid are only

maintained in the A. radiobacter strain K84, and not the pathogen, when the

bacteria live side by side in their natural setting. Only when the bacterial coloniza-

tion of the plant roots is altered, when A. radiobacter strain K84 is used as a

biocontrol agent, is there a selective advantage for the displaced pathogen to

maintain a copy of the agnB2 gene and/or pAgK84 plasmid obtained from the

local environment. The use of antibiotics outside their natural environment can

have unforeseen implications such as the evolution of multiple antibiotic resistant

pathogens. The limited knowledge about the true biological targets, concentrations,

and context in which antimicrobials act [176, 177] can acerbate these issues,

especially when a large number of co-habiting bacteria in complex environments

contain antibiotic resistant genes. This appears to be the case for AARSs [167].

Horizontal gene transfer is the main mechanism by which bacteria exchange/obtain

modified genetic material when under selective pressure. When selective pressure

is applied by an antibiotic, the targeted pathogen will readily take up a resistance

gene encoded in the metagenome of any organisms in the nearby environment,

assuming the fitness cost imposed by that gene is not too great. Identifying novel

AARS inhibitors that do not have associated self-immunity genes or natural resis-

tance genes found in the nearby environment would be a promising approach to

forestall the evolution of AARS antibiotic-resistant pathogens.

6 Conclusions

AARSs are promising targets for the development of new anti-infectives. Although

there are no known anti-viral agents targeting AARSs or their tRNA substrates used

in the clinic, the discovery that specific host cell AARS/tRNA pairs are packaged

into retroviruses such as HIV and RSV, and exploited for viral replication, offers an
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exciting opportunity for the future development of new agents targeting these

factors. Gaining a better understanding of host factor/virus interactions and

dissecting the pathway of virus recruitment will be key to the success of this

approach, which is challenging due to the essential function of AARSs in the host

cell. On the other hand, the essential nature of AARSs makes them attractive targets

for development of new therapeutics against bacterial infection. In principle, the

high level of phylogenetic diversity of AARS domain structure and species-specific

tRNA recognition should facilitate effective inhibitor discrimination between path-

ogen and host. In practice, mupirocin, a very successful topical agent against

S. aureus infections, is the only AARS inhibitor used in the clinic. Recent discoveries
of tRNA-dependent inhibitors and studies of natural cleavable antibiotics known as

Trojan Horse inhibitors are two of the promising new approaches being pursued to

tackle this challenging problem.
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Flexizymes, Their Evolutionary History

and Diverse Utilities

Toby Passioura and Hiroaki Suga

Abstract In contemporary organisms the aminoacylation of tRNAs is performed

exclusively by protein aminoacyl-tRNA synthetases. However, in vitro selection

experiments have identified RNA enzymes that exhibit the necessary characteristics

to charge tRNA molecules with acyl groups in a way that is compatible with

ribosomal translation, suggesting that such ribozymes may have fulfilled this

function prior to the evolution of proteinaceous life. The current chapter provides

a review of the history, structure, and function of these RNA aminoacyl synthetases,

and discusses their practical application to “genetic reprogramming” and other

biotechnologies.
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Abbreviations

ABT 2-Aminoethyl)amidocarboxybenzyl thioester

AMP Adenosine monophosphate

ARS Aminoacyl-RNA synthetase

cab 2-Amino-4-(2-chloroacetamido)butanoic acid

CBT Chlorobenzyl thioester

CME Cyanomethyl ester

DBE 3,5-Dinitro-benzyl ester

FIT Flexible in vitro translation

Gln Glutamine

Phe Phenylalanine

PheEE Phenylalanine ethyl ester

RNase Ribonuclease

tRNA Transfer RNA

Tyr Tyrosine

1 Introduction

Aminoacylation of the 30-terminus of tRNA is a fundamental biochemical reaction

common to all forms of life. In contemporary organisms the catalysis of these

reactions appears to be performed exclusively by protein aminoacyl-tRNA

synthetases (ARSs). However, a wide range of chemical reactions is potentially

catalyzed by RNA enzymes (ribozymes), including protein synthesis itself, which is

catalyzed by a ribozyme component of the ribosome. This notion implies that

organisms in which RNA was both the genetic and catalytic material may have

pre-dated proteinaceous life [1]. The evolution of programmed protein synthesis

from this so-called “RNA world” would have necessitated the existence of

ribozymes capable of catalyzing both the peptidyl-transferase activity evident in

the ribosome and the tRNA aminoacylation reaction that is performed by protein

ARSs in modern organisms. To date, no naturally occurring ribozymes which

catalyze the second reaction have been identified. However, in vitro evolution

and selection techniques have yielded a number of different ribozymes capable of

catalyzing RNA aminoacylation [2–5]. The identification of such ribozymes is of

significant biochemical interest and provides proof-of-principal evidence for the

“RNA world” hypothesis. Moreover, improved variants of these enzymes are now
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exhibiting substantial utility in cell biology as well as biotechnological and chemi-

cal synthesis applications. The present chapter details the history, structure and

utility of these ribozyme aminoacyl-tRNA synthetases.

2 Evolutionary History of Aminoacylation by Ribozymes

The earliest report of an RNA capable of catalyzing an amino-acylation reaction

was from Illangasekare and coworkers, who performed in vitro selection ex-

periments to isolate several ribozymes which self-aminoacylated their own CCG

30-terminii at the 20/30-hydroxyl using phenylalanyl-adenosinemonophosphate

(Phe-AMP) or tyrosinyl-AMP (Tyr-AMP) as a donor substrate [2]. Subsequently,

a ribozyme that catalyzed self-aminoacylation at an internal 20-OH using

N-biotinylated-Phe-AMP as a donor substrate was also identified [3]. These ribo-

zymes demonstrated the feasibility of RNA catalyzed aminoacylation of RNA;

however, they did not yield products that could act as substrates for ribosomal

translation. For this to occur, aminoacylation would be required to occur on the 30-
terminal (at either the 20 or 30 hydroxyl) of a tRNA molecule.

A ribozyme capable of acylating tRNA in a manner compatible with translation

was ultimately identified as a consequence of the discovery of a ribozyme that

catalyzed the reverse reaction, that is, acyl transfer from the 30-OH of a tRNA.

Through the use of in vitro selection, Lhose and Szostak had identified the acyl-

transferase ribozyme (ATRib), which catalyzed the transfer of N-biotinylated-Phe
from the 30-OH of a 30 tRNA fragment (50-CAACCA-30) to its own 50-OH [6]. Since

this reaction is energetically neutral, it was possible to exploit its reversibility to

evolve a ribozyme, referred to as AD02, which catalyzed a two-step reaction which

involved self-aminoacylation of its own 50-OH using an activatedN-biotinylated Gln,
followed by transfer of the acyl group to the 30-OH of a tRNA substrate [4]. AD02

exhibited a high degree of specificity for Gln as a substrate, but aminoacylated tRNAs

in a relatively non-selective fashion. Another in vitro evolution based on ATRib led

to the development of the BC28 ribozyme, which is able to transfer various amino

acids charged on its own 50-hydroxyl group to specific tRNAs through interactions

with the tRNA 30-terminus and anti-codon loop [7]. This demonstrated proof-of-

principle for the specific aminoacylation of a specific tRNA by a ribozyme; however,

the complex, two-step mechanism of AD02 and BC28 (and consequent modest

activity) precluded further development of these enzymes.

In order to derive a ribozyme with robust activity which (1) catalyzes the

aminoacylation of specific tRNA using a specific amino acid substrate and (2) selec-

tively aminoacylates the tRNA 30 terminus, a modular RNA library was employed

based on tRNA processing in modern prokaryotes. Prokaryotic precursor tRNAs are

transcribed with a variable 50-leader sequence which is cleaved from themature tRNA

through the activity of RNase P [8]. To date, no biological function has been ascribed

to these leader sequences, and it seems plausible that they are vestigial ribozymes from

the “RNA world” which previously functioned to self-aminoacylate each tRNA at the
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30-terminus prior to processing by RNase P. On the basis of this hypothesis, an RNA

library was constructed in which a random sequence was incorporated into the

50-leader region of a tRNA, and selectionwas performed based on self-aminoacylation

using N-biotinylated-Phe activated with cyanomethyl ester (CME – chosen for its

small size and absence of hydrogen bonding potential in order to avoid selection for

recognition of the leaving group rather than the amino acid moiety) as an aminoacyl

donor [5]. This selection yielded a single clone termed pre-24 which included the

90 nucleotide catalytic domain r24 (Fig. 1). Importantly, the r24 domain could be

cleaved from the tRNA by the activity of RNase P, yielding an aminoacylated

mature tRNA and thus demonstrating the feasibility of a precursor tRNA with

self-aminoacylating capacity as an ARS.

Structural and biochemical characterization of the r24 domain showed that it

could be truncated to 57-nucleotides (r24mini) with no loss of activity by the

removal of unnecessary sequences in stems P1 and P2 [9] (Fig. 1). r24 and

r24mini both contain an internal GGU guide sequence in loop 3 which hybridizes

to the ACC trinucleotide motif at positions 73–75 of the tRNA (i.e., the three

nucleotides immediately preceding the terminal adenosine which is the point of

attachment for aminoacylation). Moreover, in addition to its activity in cis, the r24

domain catalyzed the aminoacylation of tRNA in trans when each component RNA

(i.e., the r24mini RNA and tRNA) was transcribed separately [5]. Unsurprisingly

(given the initial in vitro selection conditions), catalysis by r24 was found to be

Fig. 1 Structural comparison of r24, r24mini, and Fx3. The r24 catalytic core (left panel) was
isolated by selection for self-aminoacylation of a contiguous 30 tRNA sequence using CME

activated Phe as a substrate. Structural analyses demonstrated that elements of the P1 and P2

domains of r24 were not required for activity, leading to isolation of the truncated r24mini (middle
panel). Selection experiments based on a semi-randomized r24mini showed that the majority of

the P3 domain, with the exception of the GGU guide sequence, was also not required for activity,

giving rise to the first flexizyme, Fx3 (right panel)
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highly Mg2+ dependent [10]. The site of tRNA aminoacylation was confirmed to be

specific to the 30-OH and not the 20-OH at the 30 terminus of the tRNA and

characterization of specificity for the activated amino acid substrate showed that

r24 recognized the aromatic ring of the Phe moiety [9, 11]. Consequently, r24

showed selectivity for L-Phe as a substrate although aminoacylation using D-Phe

and L-Tyr was also observed with lower activity. Moreover, its activity was not

affected by substitution of the leaving group, i.e., L-Phe activated by a thioester or

AMP instead of CME also acted as a substrate [5].

3 Flexizymes

The r24 family of ribozymes described above had shown that RNA enzymes

located in the 50-leader sequences of precursor tRNAs could selectively

aminoacylate the tRNA 30-terminus with a specific activated amino acid prior to

processing into a mature tRNA, thus demonstrating the capacity of ribozymes to act

as true ARSs in pre-proteinaceous life. However, the high efficiency and in trans

activity of the r24 ribozymes raised the possibility of utilizing these, or similar,

RNAs to misacylate tRNAs as a tool for genetic code reprogramming. For such an

application, ARS ribozymes would ideally have low specificity for both the tRNA

and the activated amino acid substrate to allow for greater versatility of

reprogramming.

In view of this, r24mini was used as the starting point for selection of ARS

ribozymes that retained high activity but exhibited broader substrate specificity.

Initially, the selection scheme was geared towards expanding the tRNA substrate

specificity. Randomizing the majority of bases in P3 and L3 and selecting for

aminoacylation (using activated N-biotinylated-Phe as a substrate) demonstrated

that no nucleotides in the P3 or L3 regions except for the GGU guide motif were

required for activity [12]. The resulting 45 nucleotide ribozyme was termed

flexizyme3 (Fx3) and had the ability to aminoacylate tRNAs with A, G, or U

nucleotides at position 73 using activated aromatic amino acid CMEs (Fig. 1).

While Fx3 was relatively promiscuous with respect to recognition of its tRNA

substrate, it exhibited strong selectivity for amino acids bearing aromatic side

chains. In order to identify an Fx3 derivative which accepted a wider range of

amino acid side chains, selection experiments were performed using a partially

randomized Fx3 RNA library and an amino acid substrate in which the aromatic

moiety was embedded in the leaving group (in this case the leaving group was 3,5-

dinitro-benzyl ester, DBE) rather than the side chain [13]. The product of this

selection was the so-called dinitro-flexizyme (dFx), a 46 nucleotide ribozyme that is

capable of acylating a range of tRNA molecules using an extremely wide range of

acyl donor substrates, provided that they are activated with DBE (Fig. 2). To date,

amino acids with non-standard side chains, D-amino acids, β-amino acids, N-alkyl-
amino acids, N-acyl-amino acids, and α-hydroxy acids have all been shown to be

efficient substrates for dFx [14–18].
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In parallel with the development of dFx, selection experiments designed to

increase the activity of the original Fx3 flexizyme led to the isolation of the en-

hanced flexizyme (eFx), which exhibits greater tRNA aminoacylation activity than

Fx3 using amino acid substrates bearing aromatic side chains and activated with

CME [13] (Fig. 2). eFx is also capable of accepting substrates with non-aromatic

side chains activated with chlorobenzyl thioester (CBT) through recognition of the

aromatic moiety in this leaving group, and can therefore catalyze tRNA

aminoacylation using a wide range of CBT activated amino acid-like substrates.

Between them, dFx and eFx are capable of catalyzing the acylation of tRNAs

with a very wide range of amino acids. However, because all of the substrates must

necessarily contain an aromatic moiety, there are some instances where the desired

activated substrate is poorly soluble in the aqueous buffer system required for

flexizyme-catalyzed acylation. To circumvent this limitation a third flexizyme

(aFx) was evolved to recognize (2-aminoethyl)amidocarboxybenzyl thioester

(ABT) as a leaving group (the amino group in ABT is protonated at neutral pH

and therefore increases the aqueous solubility of the activated substrate) [19]

(Fig. 2). With the improved utility provided by aFx, and by careful consideration

of which combination of flexizyme and leaving group to employ, the three

flexizymes discussed above (aFx, dFx, and eFx) are capable of catalyzing the

acylation of tRNAs with a near infinite range of amino acids or similar activated

substrates (specific examples are discussed below). In fact, the range of potential

acyl substrates for the existing set of flexizymes appears to be substantially larger

than the range of acyl substrates that are accepted by the ribosome. Since the

Fig. 2 Structural comparison of Fx3, dFx, eFx, and aFx. The three second-generation flexizymes,

dFx, eFx, and aFx, were each derived from Fx3 through selection experiments that altered the

aromatic moiety binding pocket of the ribozyme (boxed sequence in the Fx3 structure). The

binding pockets for dFx (which recognizes DBE in the leaving group), eFx (which recognizes CBT

in the leaving group or an aromatic moiety in a CME activated amino acid), and aFx (which

recognizes ABT in the leaving group) are all shown, along with the structures of their respective

activated amino acid substrates. Nucleotides that differ from the parental Fx3 sequence are

highlighted. The scissile bond between the leaving group and the acyl donor in each chemical

structure is indicated by a dashed line, and the aromatic moiety in each structure is highlighted
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majority of applications of flexizymes involve subsequent ribosomal translation,

the current set of flexizymes (aFx, dFx, and eFx) is sufficient for genetic

reprogramming with an extremely diverse set of substrates.

3.1 Flexizyme Structure

In collaboration with the Ferre-D’Amare group, we were able to determine the

crystal structure of the original Fx3 flexizyme [20]. To achieve this, Fx3 was

conjugated to a micro-helix RNA (analogous to the flexizyme binding site of

tRNA) and a functionally dispensable section of the P2 loop region was replaced

with a U1A protein-binding motif as a means of facilitating crystallization by co-

crystallizing with U1A. Additionally, in order to co-crystallize the flexizyme

with an activated amino acid substrate, the hydrolytically stable L-Phe-CME ana-

logue L-Phe-ethyl ester (PheEE – which acts as an inhibitor of flexizyme) was used.

Through this methodology, a crystal structure for the active form of Fx3 bound to

both its amino acid and tRNA substrates was obtained.

The flexizyme core is composed of one irregular and three A-form helices. A

hairpin bend near the 30-terminus of the flexizyme allows the terminal 3 nucleotides

to protrude away from the helical stack and makes them available for base pairing

to the 30-CCA-terminus of the tRNA substrate (forming helix P3 in the process).

This positions the acylation site of the tRNA adjacent to the minor groove of the

irregular helix. Protein ARSs can be classified on the basis of structure into class I

enzymes (approach the tRNA acceptor stem from the minor groove and

aminoacylate the 20-OH) and class II enzymes (approach the tRNA acceptor stem

from the major groove and aminoacylate the 30-OH) [21]. The crystal structure of
Fx3 showed that it was structurally analogous to class II enzymes, consistent with

its preference for aminoacylation at the 30-OH.
The active site of Fx3 is located in the irregular helix, which is composed of

three non-canonical (one A:G and two G:U) base pairs, unpaired A and U

nucleotides and a hydrated Mg2+ ion. This structure contains the amino acid binding

pocket of Fx3, which interacts with the aromatic moiety of the activated Phe but not

the amino moiety or leaving group. Although the crystal structures of the later

generation flexizymes (dFx, eFx, and aFx) have not been resolved, it seems likely

that the amino acid binding pocket in each of these enzymes retains the interaction

with the aromatic moiety present in the relevant substrate. As such, it is probable

that in eFx, substrates with aromatic side chains activated with CME are bound

by the flexizyme in the same orientation as was observed for Fx3 complexed with

Phe-EE. By contrast, dFx, and aFx (as well as eFx when used with substrates

activated by CBT) probably bind the amino acid substrate in an inverted position

relative to that observed for Fx3 complexed with Phe-EE, projecting the side

chain of the substrate away from the flexizyme core. This is consistent with the

diversity of bulky side chains that can be accommodated in these reactions.
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4 Utilities of Flexizymes

4.1 Flexible In Vitro Translation System

As described above, flexizyme technology allows for the acylation of tRNAs with a

diverse range of exotic amino acids and their derivative acyl donors. By introducing

these tRNAs into a fully reconstituted Escherichia coli in vitro translation system it

is possible to synthesize a wide range of structurally diverse peptides and proteins

[13–18, 22–33]. The combination of these two technologies (flexizyme and in vitro

translation) is referred to as the flexible in vitro translation (FIT) system (Fig. 3). In

this instance, the reconstituted translation system is comprised of a complex

cocktail of recombinant initiation factors, elongation factors, release factors, ribo-

some recycling factor, ARSs for all 20 canonical amino acids, methionyl-tRNA

formyltransferase, creatine kinase, myokinase, inorganic pyrophosphatase, nucleo-

tide diphosphate kinase, T7 RNA polymerase, total tRNA, purified ribosomes, the 4

canonical ribonucleotides, and the 20 canonical amino acids [34]. Introduction of

an appropriate DNA template containing a T7 promoter site (or an mRNA) into this

reaction mix thus leads to the translation of the introduced open reading frame. The

modularity and defined composition of this system (as compared to translation

in vivo or in cell lysate systems) means that, by simply omitting an amino acid from

the reaction, “vacant” codons are generated in the open reading frame. If an

appropriate tRNA that has been charged with an exotic amino acid by a flexizyme

is included in the reaction, it is thus possible to substitute the omitted canonical

amino acid with an exotic one. In this way, peptides or proteins containing multiple

non-canonical amino acids can be synthesized.

The FIT system has some distinctive advantages compared to other “genetic

reprogramming” technologies. Such technologies can generally be classified into

those which (1) employ non-enzymatic organic synthesis to create a tRNA charged

with a non-canonical acyl group and (2) employ enzymatic synthesis for the same

reaction. Whilst the first approach is technically feasible, such synthesis is laborious

and complex, and consequently has not been broadly applied. By contrast, (non-

flexizyme) enzymatic synthesis of acylated tRNAs has been used by a number of

different research groups to charge tRNAs with non-canonical amino acids both

in vitro and in vivo. Whilst a detailed discussion of this field is beyond the scope of

this review, these studies generally rely on the capacity of naturally occurring

protein ARSs to recognize close analogues of their endogenous amino acid sub-

strates [35–37]. This allows for the synthesis of tRNAs conjugated to homologous,

though not identical, amino acids to the twenty canonical species. In some cases,

molecular engineering of the ARS has been used to broaden further the possible

range of amino acid substrates [38]. This has proven to be a useful tool for a variety

of applications. However, the range of potential non-canonical amino acids that can

be used in these systems remains limited by the requirement for homology to
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canonical amino acids. Moreover, because of the selectivity of protein ARSs for

specific tRNAs, reassignment of codons (e.g., replacing the initiating Met with

a Phe) is problematic. The promiscuous nature of flexizymes with respect to both

amino acid and tRNA substrates largely obviates these limitations, and, to date,

more than 300 non-canonical amino acids have been incorporated into peptide

chains using this technology, making this an exceptionally powerful tool for

synthetic peptide and protein chemistry.

Fig. 3 The FIT system. Aminoacylation of the desired tRNA is performed using an appropri-

ate combination of flexizyme and activated amino acid, in this example dFx and 2-amino-4-(2-

chloroacetamido)butanoic acid-DBE (cab-DBE, top panel). Omitting a canonical amino acid

from an in vitro translation reaction opens up a “vacant” codon, which can be replaced with

the pre-acylated non-canonical amino acid-tRNA (in this example tryptophan is omitted,

middle panel). Translation of a template sequence in such a reaction results in the replacement

of the omitted amino acid with the non-canonical one in the resulting polypeptide (bottom
panel)

Flexizymes, Their Evolutionary History and Diverse Utilities 339



4.2 Random Non-standard Peptide Integrated Display

One of the most powerful applications for the FIT system is random non-standard

peptide integrated display (RaPID). This technique has been reviewed in detail

recently [39, 40] and so will not be covered extensively here. However, in brief,

this technique combines the FIT system with mRNA display (the conjugation of

in vitro transcribed peptides and proteins to their cognate mRNAs through a puromy-

cin linkage) to produce and screen extremely diverse (greater than 1012) libraries of

non-canonical and cyclic peptides for binding to targets of interest. In this way, potent

peptide inhibitors of a range of target proteins have been identified [24, 26, 33].

4.3 Site-Specific Protein Modification

Techniques such as site-specific mutagenesis and alanine scanning mutagenesis (in

which molecular engineering is used to substitute specific amino acid residues in a

protein of interest) have proven to be invaluable tools in the analysis of protein

structure and function. However, such techniques have been fundamentally limited,

to date, by the available choice of amino acids, with only the 20 naturally occurring

amino acid side chains available for chemical probing. Consequently, in many

cases relatively gross alterations of the protein of interest have been necessitated for

functional and structural studies (e.g., replacing a charged side chain with a methyl

group in the case of alanine scanning mutagenesis). Since the FIT system allows for

the site-specific integration of virtually any conceivable amino acid side chain, far

more nuanced probing of the roles of specific amino acid residues is possible. For

example, Öjemalm and coworkers performed scanning mutagenesis on a trans-

membrane alpha-helix using a range of linear aliphatic (ethyl through to octyl),

cyclic aliphatic (cyclopropyl, cyclopentyl, and cyclohexyl), and aromatic (vari-

ously substituted benzene, naphthalene, phenol, and heterocyclic groups) side

chains [41] (Fig. 4). By measuring the apparent free energy of membrane insertion

for each of the resulting proteins, they were able to relate subtle changes in the

physico-chemical characteristics of the helix to its membrane partitioning behavior

in a way that would have been impossible using only the canonical amino acids,

demonstrating the power of this approach to provide “high-resolution” information

about structure–function relationships.

4.4 Investigation of Translation Mechanisms

In the preceding section the utility of the FIT system for the subtle chemical probing

of protein function was discussed. Similarly, the capacity of flexizymes to acylate

tRNA with a diverse range of compounds has proven useful for determining the
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Cyclic
aliphatic Tyrosine-like Aromatic Tryptophan-likeLinear aliphatic

Fig. 4 Schematic illustration of protein structure–function probing using non-canonical amino

acids. Through the use of the FIT system, it is possible to vastly increase the diversity of

amino acid side chains in scanning mutagenesis. Examples of linear aliphatic, cyclic, aro-

matic, and heterocyclic side chains that can be used in such studies are shown in the upper
panels (tyrosine, phenylalanine, and tryptophan are included for comparison). By introducing

such non-canonical side chains at a specific site in a polypeptide (the lower left of the figure

demonstrates the substitution of an alanine in an alpha-helix by five of the non-canonical

amino acids from the upper panels) it is possible to determine the functional effects of subtle

changes in protein structure. By combining this approach with scanning mutagenesis, the

effect of introducing non-canonical side chains at different positions in the polypeptide can

also be determined, as exemplified by seven different naphthalene-moiety containing residues

in the lower right
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precise chemical and structural requirements for ribosome mediated acyl transfer.

This has proven to be especially true for the study of translation initiation. Because

flexizymes can be used to acylate any tRNA species, a diverse set of acyl donors can

be charged onto the translation initiating tRNAfMet
CAU [14, 23, 42]. In this way, the

structural limitations of the acyl group initiating translation have been extensively

investigated. Surprisingly, translation initiation appears to accept a wider range of

acyl substrates than elongation, with D-amino acids, N-methyl-amino acids, N-acyl-
amino acids, β-amino acids, and even short peptides (up to pentapeptides) serving

as efficient initiators of translation.

5 Future Directions and Conclusions

In addition to their academic value as proof-of-principle, aminoacylating ribozymes

that provide support for the “RNA world” hypothesis, flexizyme ARSs have proven

to be exceptionally useful tools for a variety of studies. However, the broad range of

potential applications for these ribozymes (a consequence of their substrate pro-

miscuity) leads us to believe that their usefulness is yet to be exploited fully.

The use of flexizymes to introduce non-canonical amino acids site-specifically

into proteins for structure–function studies (as described above) is still in its

infancy, and is likely to be particularly useful for the study of protein–protein and

protein–drug interactions. By comparison, the use of flexizymes to investigate the

structural requirements of acyl donors during translation (also described above) has

been more thoroughly explored, although we foresee further studies in this area.

A similar, although to the best of our knowledge as yet unexplored, approach

is use of flexizymes for the investigation of aminoacyl-tRNA proof-reading

(whereby some protein ARSs hydrolyze the acyl linkage of mischarged tRNAs).

In this context, we expect that the ability of flexizymes to acylate diverse tRNAs

with diverse amino acids will allow for the elucidation of the specific structural

features that define aminoacyl-tRNA proof-reading. This in turn may facilitate the

related field of protein ARS rational engineering.

The use of the FIT system for organic synthesis has already proved its practical

value through application to the RaPID system (discussed briefly above and

reviewed elsewhere). Looking further ahead, we envisage that improvements in

existing applications of flexizymes will lead to revolutionary synthetic biochemical

technologies. Further engineering of the FIT system through a combination of

rational design and directed evolution is likely to produce ribosomes capable of

catalyzing polymerization reactions other than acyl transfer. Similar approaches

will allow for the “splitting” of codon boxes during in vitro translation, so that non-

canonical amino acids can be translated without the need to omit canonical ones.

This diversity of amino acids in a single translation reaction could potentially be

further expanded through the use of ribosomes that recognize 4-base codons, as

have already been described [43]. Combined with improved post-translational

modification techniques, these advances will lead to the development of systems
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capable of the genetically programmed organic synthesis of a diverse range of

organic molecules not restricted to amide polymers.

To summarize, the studies of aminoacylating ribozymes over the last two

decades have provided convincing evidence that ribozymes capable of the specific

aminoacylation of tRNAs are possible, thus supporting the hypothesis that protein-

aceous organisms evolved from earlier RNA-based life. Moreover, a detailed

understanding of the structures and mechanisms of these ribozymes has led to the

development of molecular technologies of significant utility. The maturation of

these technologies is likely to facilitate substantially the study of protein and RNA

biochemistry, and the development of bioorganic synthetic chemistry and synthetic

biology.
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