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Summary

Aminoacyl-tRNA synthetases (ARSs) are highly conserved
for efficient and precise translation of genetic codes. In higher
eukaryotic systems, several different ARSs including glutamyl-
prolyl-, isoelucyl-, leucyl-, methionyl-, glutaminyl-, lysyl-, argi-
nyl-, and aspartyl-tRNA synthetase form a macromolecular
protein complex with three nonenzymatic cofactors (AIMP1/
p43, AIMP2/p38, and AIMP3/p18). Although the structure and
functional implications for this complex formation are not com-
pletely understood, rapidly accumulating evidences suggest that
this complex would work as a molecular hub linked to the mul-
tiple signaling pathways that involve the components of
enzymes and cofactors. In this article, the roles of three nonen-
zymatic components of the multi-tRNA synthetase complex in
the assembly of the components and in cell regulation are
addressed. © 2010 ITUBMB
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INTRODUCTION

Aminoacyl-tRNA synthetases (ARSs) are ancient enzymes
linking amino acids to their specific tRNAs consuming ATP
and the specific recognition of their substrates is critical for the
fidelity of protein synthesis. Although these catalytic activities
are common among these enzymes throughout different species,
there are distinct features that distinguish higher eukaryotic
ARSs from their prokaryotic counterparts. Among them, the
most captivating one is the macromolecular protein complex
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comprising nine different ARSs and three nonenzymatic factors.
Although this complex has been known for decades, its three-
dimensional structure and functional implications have not been
clearly determined. However, rapidly accumulating evidences
suggest that this complex may play a role as a molecular hub to
coordinate protein synthesis and diverse regulatory signal path-
ways involving the components for this complex since many
component ARSs have been shown to exert multiple roles as a
signal mediator in addition to their canonical roles as catalysis.
Among the components of the multi-tRNA synthetase com-
plex, lysyl-tRNA synthetase (KRS) is the enzyme that shows the
most diverse activities so far. First, KRS is secreted as a proin-
flammatory cytokine (/). Second, it is also translocated into nu-
cleus to catalytically generate the second messenger molecule,
Ap4A, which is then used to control the transcription of the
genes involved in immune control (2-6). Third, it is also incor-
porated into human immunodeficiency virus virion (7). The
bifunctional enzyme, glutamyl-prolyl-tRNA synthetase (EPRS),
is the largest component of the multi-tRNA synthetase complex.
It is also phophorylated by IFN-y treatment in mast cells and
forms a new RNA-protein complex with a few other cellular
factors in the 3’ UTR region of the specific set of mRNA to
silence translation (8). In addition, glutaminyl-tRNA synthetase
(QRS) appears to mediate antiapoptotic activity of its substrate
amino acid, glutamine, via the interaction with apoptosis signal
kinase 1 (9). Methionyl-tRNA synthetase (MRS) seems to be
also located in the nucleus to coordinate ribosomal RNA synthe-
sis on growth stimulating condition. By considering that nearly
half of the complex-forming ARSs play noncanonical activities
apart from the multi-tRNA synthetase complex, other ARSs
existing within the complex are also expected to play additional
roles other than protein synthesis. Among the components of the
multi-tRNA synthetase complex, the three nonenzymatic factors
are particularly intriguing in terms of their significance for the
assembly of the complex and pathophysiological implications.
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STRUCTURAL FEATURES OF MULTI-tRNA
SYNTHETASE COMPLEX

Many approaches have been tried to get the insights into the
architecture of the multi-tRNA synthetase complex such as
chemical crosslinking (/0), yeast two-hybrid analysis (/7, 12),
pull-down assay (/3), and systematic depletion studies (/4).
Besides, an overall outlook of the complex was suggested by
cryoelectron microscopy using immunogold-labeled antibodies
and structural reconstitution (/5). The model generated by the

SubdomainI

o e o

Subdomain I

seneg
ae® oy
- "

combination of the results obtained by different approaches con-
sists of three domains (/0). Domains 1, 2, and 3 harbor MRS-
QRS-DRS, KRS-RRS, and EPRS-IRS-LRS (LRS), respectively
(Fig. 1A). The linkage pattern analyses by specific depletion of
each component with its siRNA showed that the cellular stabil-
ity of the components are interdependent in multiple direction
but there seems to be a hierarchy between the components (/4)
(Fig. 1A). These three subdomains are thought to be linked by
three AIMPs. In particular, the components can be grouped into
two subdomains based on their associations with AIMP2 that is
thought to be a scaffolding protein for the complex assembly.
Namely, RRS, QRS, and AIMP1 form one subdomain through
the interactions with the N-terminal region of AIMP2, whereas
the rest of the components are linked to the C-terminal domain
of AIMP2 (13) (Fig. 1B).

ROLES OF AIMPs IN THE ASSEMBLY AND STABILITY
OF MULTI-tRNA SYNTHETASE COMPLEX

Although three AIMPs are the smaller components in com-
parison to the enzyme components in the multi-tRNA synthe-
tase complex, they appear to play critical roles in the assembly
of the complex-forming enzymes based on the following evi-
dences. First, AIMPs are tightly linked with each other and their
cellular stabilities appear to be interdependent (/4). Second,
immunogold tracing of AIMP1 with its specific antibody in
electron microscopy localized it at the center of the multi-tRNA
synthetase (/6). Third, each of the three components appears to
have its preferably interacting enzymes although they are also
linked to other enzymes less tightly (//, 17-19). Among three
AIMPs, AIMP2 appears to interact with the majority of the
component proteins (/9).

Although the reason for the specific preference of these fac-
tors to their enzyme counterparts is not fully understood, they
appear to be required both for the cellular stability and catalytic
activities of the bound enzymes. In the case of the pair of

Figure 1. Interaction network and molecular arrangement of
complex-forming ARSs and AIMPs. A: The interaction network
between the components is indicated by arrows. The pairs of
the proteins whose stability are mutually dependent are marked
by double-headed arrows. If the stability of one component
depends on the other partner, it is linked by single arrow dotted
line. Three subdomains were assigned from the model previ-
ously proposed (/0). Three AIMPs are multiply linked to most
of the enzyme components. B: The components of the multi-
tRNA synthetase complex can be also grouped into two subdo-
mains based on their affiliation to AIMP2. RRS, QRS, and
AIMP1 form one subdomain through the interactions with the
N-domain of AIMP2. The rest of the components of the com-
plex MRS, IRS, DRS, KRS, EPRS, and LRS are clustered with
the C-domain of AIMP2 (/3).

85U80| 7 SUOWILIOD 3AIERID) 3|cedl[dde U Aq pauienob ae sajolie VO ‘88N JOSa|nJ 10y A%eiq 1 8UIIUO AB]1/M UO (SUO I pUOD-pUR-SLLBH L0 AB| 1M AReJq 1 [eu Uo//:SANY) SUORIPUOD PUe SWIS L 83U} 83S *[2202/0T/7T] Uo Ariqiauliuo Aojim ‘Ariq AUSD AISRAIUN BSUO A Ad #72€ aNI/Z00T OT/I0p/Wo0" A3|1mAelqBUIIUO"qIGN1//SAY WO} papeojumoq ‘v ‘0TOZ ‘TSSITZST



298 PARK ET AL.

AIMP1 and RRS, AIMP1 appears to facilitate tRNA delivery to
the catalytic site of the bound RRS, and the deletion of the
interacting domains from AIMP1 and RRS abolished the stimu-
latory effect of AIMP1 (/8). Although it is not yet determined
whether AIMP2 and AIMP3 would also enhance the catalytic
activities of their partner enzymes, the depletion of each of
AIMP2 and AIMP3 gave significant destabilization effect on
the bound enzymes (/4).

STRUCTURE AND REGULATORY FUNCTIONS
OF AIMP1

The three-dimensional structure of its 95 aa C-terminal do-
main harbors oligonucleotide-binding fold, and this domain is
capable of interacting with tRNA (20, 21). Although the struc-
ture of the 146 aa N-terminal domain AIMP1 has not yet been
solved, it was shown to make specific protein—protein interac-
tion with the N-terminal noncatalytic extension of RRS, a com-
ponent of the multi-tRNA synthetase complex (/8).

AIMP1 is most prominent in its functional diversity among
the components of the multi-tRNA synthetase complex (22).
The functions of AIMP1 appear to vary depending on its cellu-
lar location and interacting partners (Fig. 2A). Although AIMP1
is mainly bound to the multi-tRNA synthetase complex, it is
also secreted on hypoxia or cytokine stimulation and works as a
cytokine on various target cells such as endothelial cells, mono-
cyte/macrophage, dendritic cells (DCs), fibroblasts, and pancre-
atic o cells (23-28). The secreted AIMP1 controls angiogenesis
depending on its local concentration. While it promotes angio-
genesis by inducing migration of endothelial cells via ERK acti-
vation, it also inhibits endothelial proliferation via JNK-depend-
ent apoptosis as its level is increased (23). AIMPI stimulates
monocytes/macrophages via activation of p38 MAPK, ERK,
and NFxB, inducing secretion of proinflammatory cytokines
such as tumor necrosis factor-o (TNFu), interleukin-8 (IL-8),
and macrophage chemotactic protein-1 (24, 29, 30). AIMP1
also induces maturation of DCs and enhances production of IL-
6 and IL-12 which are critical cytokines for the suppression of
cancer prevalence (3/). With this immune stimulatory activity,
systemic infusion of AIMP1 into nude mice harboring human
cancer cell line suppressed tumor growth through activation of
immune system (32). AIMP1 is secreted from macrophages by
stimulation of TNFo at wound lesion and enhances fibroblast
proliferation and collagen synthesis (26). Genetic depletion of
AIMPI1 shows retardation of wound healing, decreased fibro-
blast proliferation, and collagen synthesis, suggesting AIMP1 as
a critical molecule in dermal tissue regeneration (26). AIMP1
was found to be secreted from pancreatic o cells under low
blood glucose level below 100 mg/dL (27) and induces the
secretion of glucagon for blood glucose homeostasis. AIMP1 is
also targeted to liver and adipose tissue, inducing glycogenoly-
sis for blood glucose supply and degradation of triacylglyceol
into glycerol and free fatty acid, respectively. AIMP1 knock-out
mice show low blood glucose level, defect in glucagon secre-
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Figure 2. Functional diversity of AIMPs. A: The secreted
AIMP1 works to diverse target cells with distinct activities
(22). In cytoplasm, AIMP1 mainly associates with RRS within
the multi-tRNA synthetase complex. However, it is located in
ER to bind gp96 to suppress autoimmune responses and Smurf2
in nucleus to downregulate TGFf signaling. Recently, its asso-
ciation with neurofilament was shown to be important for axon
development. B: Structural separation of AIMP1 activities. The
peptide regions responsible for the indicated activities are
marked along the 312 aa polypeptide of AIMP1.

tion, increased glycogen in liver, and decreased glucose toler-
ance compared with the wild-type mice.

AIMPI can be located in endoplasmic reticulum and bound
to gp96, a regulator of DC maturation through interaction with
CD91 and Toll-like receptor 2/4 (33). AIMP1 enhances the
interaction of gp96 with KDEL receptor, which inhibits translo-
cation of gp96 to cell surface. Thus, AIMPI depletion resulted
in the increased surface levels of gp96, leading to hyperactiva-
tion of DCs and development of lupus-like autoimmune pheno-
types in mice. Thus, AIMP1 should be critical for the preven-
tion of autoimmune diseases. In TGFf signaling, AIMP1 is tar-
geted to Smurf2, E3 ubiquitin ligase, which mediates turnover
of TGFp receptor, and induces stabilization of Smurf2 by inhib-
iting ubiquitin-dependent degradation, leading to reduced phos-
phorylation of regulatory Smad (34). The absence of AIMP1
resulted in the accumulation of TGEf receptor, showing the
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enhanced TGFf signaling. Thus, AIMP1 plays a negative regu-
lator of TGFf signaling to prevent prolonged suppression of
cell cycle. AIMPI-deficient mice also show the prominent
motor neuron degeneration (35). Mechanistic studies revealed
that AIMP1 is involved in the assembly of axonal neurofilament
network through the interaction with neurofilament light subu-
nit. It is not known yet how the different activities of AIMP1
can be controlled. At least deletion mapping determined the dif-
ferent peptide regions of AIMP1 that are primarily involved in
distinct activities (22) (Fig. 2B). Alternatively, AIMP1 may
have very flexible conformation that can be adjusted to fit for
the interactions with different partner proteins. Additionally,
post-translational modification may guide its cellular localiza-
tion or control the affinity of AIMP1 to different target proteins.

ROLES OF AIMP2 IN UBIQUITIN DELIVERY AND
TUMOR SUPPRESSION

AIMP2 can also execute additional activities apart from the
multi-tRNA synthetase complex and determine cell fate via
antiproliferative and proapoptotic activities. On TGFf stimula-
tion, AIMP2 is translocated into nucleus to downregulate
FUSE-binding protein (FBP), transcriptional activator of c-myc
proto-oncogene, resulting in the transcriptional suppression of c-
myc (36). This activity was shown to be critical to arrest cell
proliferation and initiate differentiation of lung epithelial cells
during lung development.

AIMP2 can promote cell death via multiple directions. For
instance, it can exert proapoptotic activity in response to DNA
damage via p53 (37). In this case, it is activated and binds to
p53 in nucleus. The binding of AIMP2 to p53 may protect p53
from MDM2 attack. AIMP2 can also shift TNFu« signaling to
apoptosis via downregulation of TNF receptor—associated factor
2 (TRAF2), a critical mediator of TNFa signaling (38). Thus,
the combined roles of AIMP2 in the control of cell proliferation
and death via these mechanisms suggest it as potent tumor sup-
pressor. In fact, AIMP2 heterozygous mice expressing AIMP2
lower than normal become highly susceptible to various tumori-
genesis (39) although AIMP2 homozygous mice showed neona-
tal lethality due to lung dysfunction resulting from overprolifer-
ation of lung epithelial cells (36).

Although the working mechanism of AIMP2 looks complex,
its action involves the control of ubiquitin delivery. For
instance, in the cases of FBP (36) and TRAF2 (38), it enhances
ubiquitination of these target proteins (Fig. 3A). On the con-
trary, AIMP2 blocks MDM2-mediated ubiquitination of p53
(37) (Fig. 3B). In other lines of work, AIMP2 itself was identi-
fied as a substrate of Parkin, one of the E3 ubiquitin ligase (40,
41) (Fig. 3C). Parkin rescues neuronal apoptosis by induction of
ubiquitin-dependent degradation of AIMP2. If this interaction is
broken, the cells will accumulate AIMP2, which may cause
undesirable neuronal cell death. Although its working mecha-
nism in the ubiquitin delivery system is not completely under-
stood, it is clear that AIMP2 is a novel regulator of cell fate
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Figure 3. Diverse roles of AIMP2 in ubiquitin delivery. A:
AIMP2 promotes ubiquitination of FBP and TRAF2 on TGFf
(36) and TNFua signals (38), respectively. Although cIAP-1 was
suggested to be E3 ligase for ubiquitination of TRAF2, the enzyme
responsible for the ubiquitination of FBP is still to be determined.
B: On DNA damage, AIMP2 is activated to bind p53 to block
MDM2-mediated ubiquitination (37). C: AIMP2 itself was sug-
gested to be a substrate for Parkin, ubiquitin ligase (40, 41).

through the control of ubiquitin delivery among many target
sites.

FUNCTIONAL SIGNIFICANCE OF AIMP3 FOR
CHROMOSOME STABILITY AND TUMOR
SUPPRESSION

AIMP3/p18, the smallest molecule in multi-ARS complex,
shows sequence homology with subunits of elongation factor
(EF), implying a potential role in linking the aminoacylation of
tRNA and protein synthesis in ribosome (/7). Recent X-ray
analysis of AIMP3 revealed structural homology to the proteins
with GST fold such as yeast glutamyl-tRNA synthetase, Arclp,
EF-1py, and glutathione S-transferase (42) (Fig. 4A). AIMP3 is
translocated to nucleus during DNA synthesis phase or in
response to DNA damage and oncogenic stresses (43, 44) (Fig.
4B). In nucleus, AIMP3 is shown to interact with ATM and
ATR, the upstream kinases of p53. Thus, AIMP3 appears to
work against DNA damage via p53 in cooperation with AIMP2,
although its working mechanism is distinct from AIMP2 (Fig.
4C). The mutations that ablate its ability to interact with ATM
were found in leukemia patients (42) (Fig. 4A).

AIMP3-deficient mice caused embryonic lethality demonstrat-
ing the functional importance of AIMP3 in embryonic
development (43). Although AIMP3 heterozygous mice
(AIMP3%/7) were born alive with normal anatomical and mor-
phological shape, they showed higher susceptibility to spontane-
ous tumor development perhaps due to the reduced activity of
AIMP3 in the response against DNA damage. In fact, AIMP3 het-
erozygous cells are also highly susceptible to cell transformation
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Figure 4. Three-dimensional structure and nuclear function of
AIMP3. A: Three-dimensional structure of AIMP3 and muta-
tions was found in leukemia patients (42). The point mutations
at S87, V106, and R144 ablate the ability of AIMP3 to bind
ATM. B: The cellular distribution of AIMP3 in different cell
status. In dormant DU145 cells in serum-free medium, majority
of AIMP3 is found in cytosol (left panel), whereas a significant
portion of AIMP3 is observed as nuclear foci in proliferating
cells [right panel (43)]. C: AIMP3 and AIMP2 bound to the
multi-tRNA synthetase complex respond to DNA damage and
work together via p53 for DNA repair or apoptosis (37, 43).

induced by oncogenic stimulation such as Ras or Myc when com-
pared with AIMP3 wild-type cells. These transformed AIMP3 e
cells showed severe abnormal cell division and nuclear structure
and instability in chromosome structure (44). Thus, AIMP3 is
also a haploinsufficient tumor suppressor as AIMP2, both of
which are harbored within translational machinery.

PERSPECTIVES

Although a few decades had passed since three AIMPs were
found to reside within multi-tRNA synthetase complex, their
functional implications remained unsolved. The functional
implications for these factors can be seen from a few different
perspectives. From evolutionary point of view, these factors
may have been adopted to highly differentiated and multicellu-
lar systems to coordinate protein synthesis with other regulatory
processes. The tight communication between different mole-
cules and cells would be more important as the complexity of
biological systems is increased. Lower eukaryotes and prokar-
yotes appear to have relatively simpler forms of ARS com-
plexes with nonenzymatic factors. For instance, yeast contains
Arclp that shows limited homology to AIMP3 and forms a tri-
meric complex with MRS and ERS (45). Yeast cells also con-
tain a factor, pex21p, that binds to SRS. In both complexes, the
nonenzymatic components appear to help the aminoacylation
activities of the bound enzymes (46). In prokaryotes, a factor,
Knr4, interacts with YRS and is thought to play a role in dityro-

sine formation during sporulation (47). Nitric oxide synthase
binds to WRS to enhance the enzymatic activity (48). Ybak and
GatCAB interacts with PRS and DRS, respectively, to edit the
misacylated tRNA (49, 50). As the complexity of organisms is
increased, more factors may have been needed to work as liai-
son between protein synthesis and other regulatory processes
and to expand the functions of ARSs. Perhaps, three AIMPs
may have been selected to play such roles in highly differenti-
ated eukaryotic systems.

Second, AIMPs control cellular turnover of the bound ARSs.
Since the catalytic activities of ARSs are constitutively neces-
sary for cellular protein synthesis, it would be more reasonable
to have these enzymes to be stable in cells. However, the
human complex-forming ARSs appear to be unstable in the ab-
sence of AIMPs. Perhaps, these enzymes are made with low
intrinsic stability. When they are involved in protein synthesis
as catalysis, they need to be stable through the association with
AIMPs. However, when they are dissociated from the complex
and recruited to mediate their target sites, they may have to be
rapidly removed after finishing their jobs. Thus, AIMPs may
have been adopted to meet these two conflicting goals of ARSs.
Third, AIMPs may play a role in efficient delivery of tRNA
substrates for catalysis. By considering the size of tRNA, com-
plex formation between ARSs may hinder the free access of
tRNA substrates to the active sites of the corresponding
enzymes. Nonetheless, higher order structure formed between
the enzymes and AIMPs may facilitate ordered trafficking of
macromolecular enzyme substrates in regulated manner. In this
regard, it is worth noting that AIMP1 facilitates aminoacylation
of the bound enzyme, RRS (/8) and Arg-tRNA produced by
RRS within the multi-tRNA synthetase complex is more effi-
ciently used for protein synthesis than that by free form RRS
S).

As aminoacylation of tRNAs is an initial and essential step
in protein synthesis, this process should proceed with high sta-
bility and fidelity. Yet, the enzymes and machinery responsible
for this process may have to be linked to other processes for
overall coordination and homeostasis of the cells and organisms.
The three ARS-interacting multifunctional proteins appear to
have been selected to play dual roles in housekeeping and
signaling.
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