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Abstract

The vertebrate multi-aminoacyl tRNA synthetase complex (MARS) is an assemblage of nine
aminoacyl tRNA synthetases (ARSs) and three non-synthetase scaffold proteins, AIMP1
(aminoacyl tRNA synthetase complex-interacting multifunctional protein-1), AIMP2, and AIMP3.
The evolutionary origin of the MARS is unclear, as is the significance of the inclusion of only
nine of twenty tRNA synthetases. Eight of the nine amino acids corresponding to ARSs of the
MARS are derived from two citric acid cycle intermediates, a-ketoglutatrate and oxaloacetate. We
propose that the metabolic link with the citric acid cycle, the appearance of scaffolding proteins
AIMP2 and AIMP3, and the subsequent disappearance of the glyoxylate cycle, together facilitated
the origin of the MARS in a common ancestor of metazoans and choanoflagellates.
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The multi-aminoacyl tRNA synthetase complex (MARS)

Many biological macromolecules exert their functions via formation of multi-component
complexes. For example, the eukaryotic ribosome is made up of two large complexes
comprising a total of about eighty proteins and four RNAs. Macromolecular complexes
provide several functional advantages including increased reaction efficiency due to direct,
vectorial transfer of substrates between components, minimization of the diffusion of
substrates and intermediates, coordinated control of reaction rates, and compartmentalization
of enzymatic reactions. Thus, when feasible, natural selection would favor the formation of
macromolecular complexes that enable speed as well as parsimonious use of cellular energy
resources. In support of this concept, a global analysis of the Saccharomyces cerevisiae
(baker’s yeast) proteome has revealed more than five hundred protein complexes, with an
average of about five proteins per complex [1].

Aminoacyl tRNA synthetases (ARSs) catalyze the ligation of specific amino acids to their
cognate tRNAs. ARSs are classified into two groups (I and 1) based primarily on the
structural topologies of their catalytic domains. In vertebrates, nine ARSs along with three
non-synthetase proteins form a stable macromolecular multiaminoacyl-tRNA synthetase
complex (MARS, also abbreviated MSC) localized primarily in the cytoplasm [2-6]. The
highly conserved components of this complex are LysRS, LeuRS, Il1eRS, GluProRS, MetRS,

© 2013 Elsevier Ltd. All rights reserved.

Tel: (216) 444-8053 Fax: (216) 444-9404 foxp@ccf.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eswarappa and Fox

Page 2

GInRS, ArgRS, AspRS, and aminoacyl tRNA synthetase complex-interacting
multifunctional proteins (AIMP)-1, -2, and -3, also known as p43, p38, and p18,
respectively. The latter three proteins constitute non-synthetase, scaffolding components of
the complex. GIluProRS is a fused protein containing two distinct catalytic structures and
activities, and is considered here as two synthetases.

Multiple functions have been proposed for the MARS including channeling of aminoacyl
tRNAs for improving the efficiency of translation [7], serving as a depot to permit the
stimulus-dependent release of constituents with non-canonical functions [8], and facilitating
the transport of tRNAs from the nucleus to the cytoplasm [9]. Mutation of AIMP-2, a non-
synthetase component of the MARS, results in loss of structural integrity of the complex and
neonatal death in mice suggesting a critically important physiological function of the
complex [10, 11].

Several smaller complexes containing ARSs (and non-ARS proteins) have been identified
and shown to enhance translation by multiple mechanisms. For example, a complex of
ValRS and EF-1A increases the rate of aminoacylation by ValRS [12]. In S. cerevisiae a
complex of MetRS, GIURS, and Arclp enhances the binding of the cognate tRNAs to the
constituent ARSs [13, 14]. Finally, a complex of LysRS, LeuRS, ProRS, and EF-1A
enhances aminoacylation by LysRS and ProRS in Methanothermobacter
thermoautotrophicus [15]. These findings suggest that complexes comprising ARSs are
favored during evolution because they enhance the efficiency of translation or its regulation.
Thus, it is likely that a major force driving the origin and evolution of the MARS is its
positive influence on translation efficiency. Indeed, the MARS increases the efficiency of
translation by channeling charged tRNAs directly to the ribosome [16].

The mechanistic basis for the inclusion of nine specific ARSs in the MARS remains unclear.
The nine MARS-bound ARSs belong to both class | and class Il aminoacyl-tRNA
synthetases, thereby excluding class as an important criterion for inclusion. Likewise, the
substrates of the nine resident ARSs do not fall into a single class, for example, they include
both polar and hydrophobic amino acids. A relationship between MARS-bound ARSs and
the size of their corresponding amino acids has been suggested, namely, only ARSs
corresponding to intermediate-sized amino acids are in the MARS [17]. According to this
hypothesis, the binding of aminoacyl-tRNAs corresponding to intermediate-size amino acids
to eEF-1A is disfavored thermodynamically, but balanced by MARS-facilitated transfer of
aminoacyl-tRNAs to eEF-1A. However, this intriguing hypothesis does not explain the
absence of MARS in single-celled organisms such as bacteria and yeast.

The MARS and the citric acid cycle

Remarkably, there appears to be a previously unrecognized connection between MARS and
the citric acid (also known as Krebs or tricarboxylic acid) cycle. Ten amino acids are
derived from intermediates of the citric acid cycle that takes place in mitochondria (Figure
1). Eight of the nine amino acids whose corresponding ARSs constitute the MARS are
generated from two intermediates of the citric acid cycle: Glu, GIn, Pro, and Arg are derived
from a-ketoglutarate, whereas Lys, lle, Met, and Asp are derived from oxaloacetate (along
with Asn and Thr) (Figure 1 and Table 1) [18]. Leu is an exception as it is a component of
the MARS but is not directly generated from intermediates of the citric acid cycle.

The observation that eight of the nine ARSs in the MARS are related by their ligand to the
citric acid cycle, but only two of eleven non-MARS ARSs have this relationship, is unlikely
to be coincidental. In fact, a chi-square test with Yates’ correction for low expected
frequencies indicates a p-value of <0.01. We hypothesize that the citric acid cycle has had a
positive influence on the emergence of the MARS during evolution via amino acids
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synthesized from its intermediary metabolites. The mechanism by which the citric acid cycle
could have facilitated the origin and evolution of the MARS is likely to be related to its
positive influence on the rate of protein synthesis. In organisms as diverse as bacteria, yeast,
and mammals, under conditions of limitation of specific amino acids the corresponding ARS
is induced, suggesting that the ARS is rate-limiting for protein synthesis under this condition
[19-23]. During early evolution there might have been an extended period, or possibly
episodic intervals, where the flux through the citric acid cycle was diminished and
insufficient to meet the cellular demand for amino acids derived from its intermediates. This
condition favored the evolution of novel mechanisms to more efficiently utilize the limited
amino acid pool, for example, by amalgamating specific ARSs into complexes, which by
interaction with the protein synthesis machinery can directly channel charged tRNAs to the
elongating polypeptide [16, 24].

Asn and Thr are two exceptions to this principle because both are derived from the
oxaloacetate intermediate in the citric acid cycle, but their synthetases are not present in the
MARS. The reason for these exceptions is not certain. It is possible, if not likely, that factors
unrelated to the citric acid cycle also contributed to the selection of specific synthetases
residing in the MARS. For example, free AsnRS and ThrRS might have been required for
non-canonical activities that precluded their residence in the MARS. In fact, several MARS-
localized ARSs exhibit such noncanonical functions, but have evolved specific stimulus-
dependent mechanisms to induce their release [8, 25-27]. Also, formation and maintenance
of such a large complex needs proper scaffolding that might have precluded inclusion of
some synthetases.

In summary, there is an association between the citric acid cycle and the MARS. We
propose that the former has influenced the evolution of the latter. However, the citric acid
cycle is present in all aerobic organisms. Then, what prevented its emergence earlier in
evolution, for example in bacteria and fungi?

The MARS and the glyoxylate cycle

A comparative analysis of intermediary metabolism provides a potentially important insight.
The glyoxylate cycle is a citric acid cycle variant present in bacteria, some archaeal species,
and fungi, but absent in nearly all animals [28]. Importantly, bacteria and fungi, which
possess the glyoxylate cycle, lack the MARS. The citric acid cycle intermediary metabolite
a-ketoglutarate is absent in the glyoxylate cycle, possibly decoupling the regulation of
synthesis of a-ketoglutarate-derived amino acids from oxaloacetate-derived amino acids
(Figure 1). Remarkably, specific loss of the glyoxylate cycle in the archaea
Methanocaldococcus jannaschii and Methanothermobacter thermoautotrophicus was
accompanied by the appearance of small, multi-ARS complexes (Table 1) [29]. The
components of these archaeal complexes, like the MARS, show relationships to the citric
acid cycle; ProRS, LysRS, and LeuRS are constituents of a complex in M.
thermoautotrophicus, and ProRS, LysRS, and AspRS are predicted to form a complex in M.
Janaschii [15, 29]. Interestingly, the amino acids corresponding to these ARSs, again with
the exception of Leu, all are derived from the citric acid cycle (Table 1). These observations
suggest that bypassing a-ketoglutarate by the glyoxylate cycle severs the stoichiometric
relationship beween amino acids derived from oxaloacetate and a.-ketoglutarate, thereby
negatively influencing the formation of complexes containing ARSs derived from these
branch points, including the MARS. Thus, we hypothesize that the disappearance of the
glyoxylate cycle during evolution was a major metabolic factor contributing to the origin
and evolution of the MARS.
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Given the presumed absence of multi-ARS complexes in most archaeal species and in
bacteria, the archaeal and eukaryotic complexes most likely originated independently,
supporting a propensity for ARSs corresponding to citric acid cycle-derived amino acids to
form complexes. In a less parsimonious alternative scenario, formation of the earliest multi-
ARS complex might pre-date the divergence of the archaea and eukaryota branches of life.
This would require subsequent losses in most archaea and in animals (and subsequent
reappearance in animals regained hundreds of millions of years later), possibly due to the
continued presence of the glyoxylate cycle. In this case, the archaeal complexes might
represent early precursors to MARS formed by gradual accretion. The notable presence of
ProRS and LysRS in all three complexes might be due to preferred interactions between
these ARSs; alternatively, the order of selection for early inclusion might be stochastic.

The nematode C. elegans is a unique case. Nematodes are the only metazoans known to
possess the glyoxylate cycle. The C. elegans genome harbors a horizontally acquired gene
that encodes a bifunctional enzyme with isocitrate lyase and malate synthase catalytic
activities, the unique enzymes of the glyoxylate shunt [30]. Interestingly, C. elegans has a
multi-ARS complex with a composition different from that of the common MARS; the
complex lacks AIMP3, ProRS, and AspRS, whereas ValRS is included [31]. Moreover,
GIuRS and ProRS are not fused and are encoded by separate genes, unlike in other
bilaterians. Possibly, acquisition of the glyoxylate cycle by horizontal transfer in C. elegans
induced transformation of the common MARS into a novel, reduced complex, consistent
with the concept of an inverse relationship between the glyoxylate cycle and the
multisynthetase complex. However, in this case the gain of the glyoxylate cycle induced a
reduction in size of the multi-synthetase complex, not a complete loss (further discussed
below). The presence of small multi-ARS complexes in some archaea and a reduced
complex in C. elegans is consistent with a negative influence of the glyoxylate cycle on the
origin and evolution of MARS.

Evidence for the origin of MARS in a common ancestor of metazoans and
choanoflagellates

Experimental evidence for the MARS has been reported in multiple mammals as well as in
insects [3, 32], indicating it appeared before the division of bilateria into protostome and
deuterostome clades. The MARS has not been detected in prokaryotes and yeast, and its
presence in lower metazoans such as sponges has not been reported. The genes encoding
malate synthase and isocitrate lyase are not present in the genomes of choanoflagellates and
metazoans (with the exception of nematodes) indicating the glyoxylate cycle is likewise
absent (Figure 2). Given the hypothesis that the glyoxylate cycle has had a negative
influence on the formation of the MARS in evolution, we propose that the MARS first
appeared in a common ancestor of choanoflagellates and metazoans (Figure 2). Thus, the
appearance of the MARS might have approximately coincided with the root of the basal
metazoan tree. Although organisms belonging to filasteria are unicellular, choanoflagellates
exhibit both unicellular and colonial growth and metazoans are strictly multicellular [33].
Thus, the appearance of the MARS might have coincided with the appearance of
multicellularity.

Because primitive multicellular organisms did not possess a circulatory system, cells in
central, protected regions of the organism, distant from the external atmosphere and
environment, might be subjected to a relatively hypoxic condition. Importantly, hypoxia has
a marked inhibitory effect on the citric acid cycle, but it enhances glycolysis [34, 35]. We
propose that the exposure of certain centrally important cells to hypoxia in primitive
multicellular organisms reduced flux through the citric acid cycle, thereby reducing the
generation of amino acids derived from cycle intermediates, as well as reducing the relative
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level of charged tRNA for these amino acids. The deficit of these amino acids and charged
tRNAs stimulated the development of mechanisms to more effectively utilize the limited
pools. One such mechanism is the assembly of the relevant synthetases into a ribosome-
interacting complex, such as the MARS, that more efficiently channels amino acids from
charged tRNAs to the elongating polypeptide chain [16, 24].

Intriguingly, the proposed influence of hypoxia on the evolution of the MARS might also
clarify the inclusion of LeuRS, despite the fact that leucine is not derived from a citric acid
cycle intermediate. A recent metabolite profiling experiment in yeast has shown that
hypoxia markedly and specifically reduces intracellular leucine, while elevating valine and
alanine (all three amino acids are derived from pyruvate, Figure 1) [36]. Thus, hypoxia not
only reduces the amount of amino acids derived from the citric acid cycle, but also the
availability of leucine, providing a plausible and mechanistic rationale for the inclusion of
LeuRS in the MARS.

Role of the AIMP scaffold proteins in MARS structure and evolution

The three non-synthetase proteins in the vertebrate MARS are critical for complex assembly.
AIMP2 connects the two major sub-complexes that constitute the holo-MARS [37]. Sub-
complex I consists of MetRS, GIuProRS, IleRS, LeuRS, and AIMP3, and sub-complex Il
contains GInRS, ArgRS and AIMP1. AIMP3 anchors MetRS to MARS, and AIMP1 anchors
GInRS and ArgRS to the complex via its interaction with AIMP2 [37]. siRNA-mediated
knockdown of any of the AIMPs disrupts MARS assembly [4, 37]. Thus, appearance of the
accessory proteins during evolution might also have contributed to the origin of the MARS
by solving scaffolding problems associated with assembly of a large multi-protein complex.
In fact, the important role of scaffolding and nucleating factors in the formation of large
macromolecular complexes has been reported [38]. Although AIMP1 is present in all
opisthokonts (i.e., fungi and animals), AIMP2 and AIMP3 made their first appearance in the
common ancestor of filasteria and animalia that predates the loss of glyoxylate cycle in
animalia. It is possible that the three AIMP proteins first appeared for activities unrelated to
protein synthesis (as has been described for the modern AIMPs [39-41]), and later evolved
scaffolding functions to facilitate MARS assembly in a common ancestor of metazoans and
choanoflagellates (Figure 2).

Constructive neutral evolution in MARS of higher organisms

Higher organisms cannot synthesize certain amino acids. For example, Homo sapiens cannot
produce the essential amino acids His, lle, Leu, Lys, Met, Phe, Thr, Trp, and Val. Therefore,
the availability of certain amino acids, including some whose corresponding ARSs are in the
MARS, does not depend on intermediary metabolism in “higher” organisms such as Homo
sapiens. This raises the question as to why the MARS is maintained in extant higher
organisms. We propose a constructive neutral evolution model for the MARS to explain this
apparent inconsistency with our model. This model has been applied to explain complex
molecular phenomena; for example, RNA editing and splicing [42, 43]. According to this
model, biological complexity arises out of neutrally-fixed features that are not readily
unfixed because they are unidirectional [44, 45]. In this case, once a stable complex such as
MARS is formed, the function of the components becomes dependent on one another due to
fixation of neutral mutations. Therefore, they partially lose the independence that their
ancestors enjoyed and cannot function as effectively outside the complex. This compromise
in independence of constituent ARSs favors the maintenance of the MARS during evolution
despite the release from the metabolic dependence on the citric acid cycle. Furthermore, this
model also explains why a partial, MARS-like complex was retained in C. elegans even
after re-acquisition of the glyoxylate cycle.
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Several studies support the constructive neutral evolution model for the MARS. ArgRS has
two isoforms in mammals derived from the same gene; one is a part of the MARS and the
other is free. However, the free ArgRS isoform is less efficient than the complex-bound
isoform [16]. siRNA-mediated knockdown experiments have shown a physical dependence
of MARS components on the intact holo-complex [4]. These studies suggest that complex-
bound ARSs have partially lost both functional and physical independence thereby
providing support for the constructive neutral evolution model.

Concluding remarks

mMRNA translation and intermediary metabolism are among the most ancient, fundamental,
and widespread systems of life on earth. Thus, there was substantial time and opportunity
for each system to influence the function and evolution of the other. Our hypothesis provides
an example of functional co-evolution that links the origin of the MARS to the citric acid
cycle. This model does not exclude the possibility that other factors also influenced the
formation and evolution of the MARS [17]. Moreover, because ARS complexes enhance the
efficiency of translation, we speculate that natural selection favors the inclusion of all
twenty ARSs in a complex. Possibly, this accretion process is ongoing. Alternatively, issues
of co-regulation and availability of sufficient scaffolding might not permit the assembly of
such a large complex. Early studies suggested the presence of a complex containing all
twenty ARSs; however, the evidence, based exclusively on size fractionation, was also
consistent with transient and indirect interactions of all ARSs via translating ribosomes,
rather than in a single pansynthetase complex [46-50]. Even if such a large, loosely
assembled complex of all 20 ARSs does exist, the nine MARS synthetases might serve as
the stable core complex, and the same evolutionary pressures described here would be
responsible for selection of synthetases for the core complex. Recent whole-genome
sequencing of a plethora of early-appearing organisms has enabled the development of
plausible hypotheses linking the appearance of the MARS to intermediary metabolism and
scaffold proteins. The continuing addition of genome sequences from other organisms will
permit a still finer temporal analysis of these relationships. However, testing these
hypotheses and developing a more complete portrait of the origin of the MARS is likely to
require real biochemical analysis of the MARS in key branch-point organisms.
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Page 9

Amino acid biosynthetic pathways. Nineteen of the twenty amino acids (rounded rectangles)
are synthesized directly or indirectly from the metabolites of glycolysis (nine) and the citric

acid cycle (ten) (pathways separated by dashed horizontal line). Amino acids whose

corresponding ARSs are components of the MARS are highlighted (gray background). Key
components of glyoxylate cycle are shown (arrows with dashed lines). The citric acid cycle

takes place in the mitochondria, whereas glycolysis and MARS are localized in the

cytoplasm.
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Page 10

The origin of the MARS and other multi-ARS complexes. Tree of life with key branch
points is shown (with example organisms in parentheses). The appearance and
disappearance of AIMP1, 2, and 3, the glyoxylate cycle, and multi-ARS complexes are
indicated (arrows); possible early origin of MARS is shown by dashed line. The presence or
absence of AIMP2, AIMP3, isocitrate lyase, malate synthase (the latter two are glyoxylate
cycle-specific enzymes) was determined using NCBI database and Origins of

Multicellularity database of the Broad institute.
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Table 1

Metabolic links between multi-ARS complexes and the citric acid cycle

. ' Complex Metabgllc pathway Glyoxylate
Domain of life component<d connectmgb complex cycle
P tocitric acid cycle
ProRS a-Ketoglutarate — — Pro
M. janaschii © AspRS Oxaloacetate — Asp absent
(Archaea) LysRS Oxaloacetate — — Lys
Mj1338
LysRS Oxaloacetate — — Lys
M. thermautotrophicus LeuRS Pyruvate — — Leu absent
(Archaea) ProRS a-Ketoglutarate — — Pro
EF-1A
LysRS Oxaloacetate — — Lys
LeuRS Pyruvate — — Leu
1leRS Oxaloacetate — — lle
GIluProRS a-Ketoglutarate — Glu
. MetRS a-Ketoglutarate — — Pro absent
MamrFéLskg?;lial)nsects GInRS Oxaloacetate — — Met (except in
ArgRS a-Ketoglutarate — — GIn | nematodes)
AspRS a-Ketoglutarate — — Arg
AIMP1 Oxaloacetate — Asp
AIMP2
AIMP3

a .
Only complexes with three or more ARSs are shown
Single arrow indicates single-step pathway, double arrow indicates multi-step pathway

c
Proposed complex
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