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Abstract

Aminoacyl-tRNA synthetases (AARSs) ligate amino acids to their cognate tRNAs during protein synthesis. In
humans, eight AARSs and three non-enzymatic AARS-interacting multifunctional proteins (AIMP1e3), which
are involved in various biological processes, form a multi-tRNA synthetase complex (MSC). Elucidation of the
structures and multiple functions of individual AARSs and AIMPs has aided current understanding of the
structural arrangement of MSC components and their assembly processes. Here, we report the crystal
structure of a complex comprising a motif from aspartyl-tRNA synthetase (DRS) and the glutathione
transferase (GST)-homology domains of methionyl-tRNA synthetase (MRS), glutamyl-prolyl-tRNA synthetase
(EPRS), AIMP2, and AIMP3. In the crystal structure, the four GST domains are assembled in the order of
MRS-AIMP3-EPRS-AIMP2, and the GST domain of AIMP2 binds DRS through the b-sheet in the GST
domain. The C-terminus of AIMP3 enhances the binding of DRS to the tetrameric GST complex. A DRS dimer
and two GST tetramers binding to the dimer with 2-fold symmetry complete a decameric complex. The
formation of this complex enhances the stability of DRS and enables it to retain its reaction intermediate,
aspartyl adenylate. Since the catalytic domains of MRS and EPRS are connected to the decameric complex
through their flexible linker peptides, and lysyl-tRNA synthetase and AIMP1 are also linked to the complex via
the N-terminal region of AIMP2, the DRSeGST tetramer complex functions as a frame in the MSC.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Aminoacyl-tRNA synthetases (AARSs) catalyze
specific aminoacylation of their cognate tRNAs to
produce aminoacyl-tRNAs. Generally, there are 20
specific AARSs, corresponding to the 20 different
amino acids; the cores of these AARSs are evolu-
tionary conserved from bacteria to higher eukaryotic
organisms. Most of the class I AARSs function as
monomers, while class II AARSs exist as homo-
r Ltd. All rights reserved.
dimers [1,2]. Some AARS heterocomplexes have
also been identified in fungi, protozoa, and archae-
bacteria. In yeast, methionyl-tRNA synthetase
(MRS) and glutamyl-tRNA synthetase (ERS) form
a triple complex with Arc1p [3]. Leucyl-tRNA
synthetase (LRS), prolyl-tRNA synthetase (PRS),
and lysyl-tRNA synthetase (KRS) occur in a complex
in Methanothermobacter thermautotrophicus [4]. In
Thermococcus kodakarensis, LRS is eluted together
with tyrosyl-tRNA synthetase (YRS), glycyl-tRNA
Journal of Molecular Biology (2019) 431, 4475e4496
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synthetase (GRS), MRS, and cysteinyl-tRNA
synthetase [5]. MRS, ERS, YRS, and glutaminyl-
tRNA synthetase (QRS) form a complex in Toxo-
plasma gondii [6]. PRS, QRS, aspartyl-tRNA synthe-
tase (DRS), alanyl-tRNA synthetase, tryptophanyl-
tRNA synthetase, and MRS are members of a
complex in Trypanosoma brucei [7]. In higher
eukaryotes, more AARSs participate in these com-
plexes. In mammals, including humans, eight
AARSs, including glutamyl-prolyl-tRNA synthetase
(EPRS), which is generated by fusion of ERS and
PRS, are assembled with three AARS-interacting
multifunctional proteins (AIMPs) to form the multi-
tRNA synthetase complex (MSC) [8].
Eukaryotic AARSs are generally larger than their

prokaryotic counterparts due to acquisition of extra
domains and motifs [9], some of which are utilized for
proteineprotein interactions [10]. Among the MSC
components, MRS, EPRS, AIMP2, and AIMP3
contain a glutathione transferase (GST)-homology
domain (Fig. 1). A GST domain contains two binding
interfaces for other GST domains [11]. The GST
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Table 1. Data collection and refinement statistics

Data set MRSeAIMP3eEPRSeAIMP2eDRS EPRSeAIMP2S156D

Experimental data
X-ray source PAL 7A PAL 7A
Wavelength (Å) 1.0000 0.9793
Space group P212121 P4122
Unit cell parameters
a, b, c (Å) 84.5, 98.4, 125.9 75.6, 75.6, 175.8
Resolution limit (Å) 50e2.90 (3.00e2.90)a 50e2.10 (2.18e2.10)
Total reflections 165,173 378,387
Unique reflections 24,317 30,430
Redundancy 6.8 (5.3) 12.4 (6.9)
Completeness (%) 99.5 (99.6) 99.3 (99.1)
Rsymm

b 0.127 (0.713) 0.075 (0.442)
Average I/s (I) 17.1 (2.3) 41.3 (4.8)

Refinement details
Resolutions (Å) 29.9e2.9 46.3e2.1
Reflections (working)
Reflections (test)

23,831
1962

30,347
1999

Rwork/Rfree
c 0.177/0.252 0.189/0.228

Number of waters 78 199
RMSD
Bond length (Å) 0.010 0.008
Bond angle (o) 1.075 1.010
Average B factors (Å)
Molecule A (MRS) 66.8 35.3
Molecule B (AIMP3) 58.6 47.0
Molecule C (EPRS) 60.0 e
Molecule D (AIMP2) 80.9 e
Molecule E (DRS) 62.1 e
Waters 53.7 44.4

a The numbers in parentheses describe the relevant value for the last resolution shell.
b Rsym¼S j Ii �< I>j/SI, where Ii is the intensity of the i-th observation and< I> is the mean intensity of the reflections.
c Rwork¼S jjFobs j � jFcalc jj/S jFobs j, crystallographic R factor, and Rfree¼S jjFobs j � jFcalc jj/S jFobs j when all reflections belong to

a test set of randomly selected data.
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dimensions of 18.9 by 11.5e16.2 nm [17]. However,
a small-angle x-ray scattering analysis suggested a
larger elongated form of human MSC measuring
52.0 by 13.9 nm [18]. The large discrepancy
between the results of these structural studies
suggests that MSC has conformational flexibility.
Amino acid sequence analysis revealed that many
AARSs have disordered regions in addition to
structured extra domains [19]. Disordered peptides
between the structural domains of AARSs and
AIMPs would provide flexibility in the assembly of
the proteins.
AIMP2 has the largest number of binding partners

(KRS, AIMP1, EPRS, and DRS) in MSC [20].
Because it can bind to four different proteins and
form a homodimer, it is considered a core compo-
nent of MSC assembly. The N-terminal 30 residues
of AIMP2 are responsible for binding the KRS dimer,
while the leucine zipper (LZ) motif interacts with
AIMP1. The C-terminal GST domain of AIMP2
(AIMP2GST) interacts with DRS and the GST domain
of EPRS (EPRSGST). GST domains are thought to
have two binding interfaces [11]. AIMP2GST binds
EPRSGST at interface 1; however, human DRS does
not contain a motif similar to binding interface 2 at the
AIMP2GST [15]. Binding of DRS to AIMP2 is affected
by phosphorylation at S156 [21], suggesting that the
binding interface for DRS is the area surrounding
S156 at the GST-N subdomain of AIMP2, rather than
binding interface 2 at the GST-C subdomain. The
structure of DRS is highly conserved from bacteria to
humans, and no extra domain specialized for
proteineprotein interactions and participating in
MSC assembly has been identified in higher
eukaryotes. The DRS dimer is located at the center
of densely connected MSC components [11]. The
binding site for AIMP2 in DRS would determine the
overall three-dimensional architecture of MSC and
may affect the function of DRS; however, the mode
of interaction between DRS and AIMP2 is still
unknown.
Previously, we showed an assembly of four

proteins from MSC based on binary interactions of
GST domains. To gain a better understanding of the
structural organization of the human MSC, we
determined the crystal structure of a pentameric
complex comprising the four GST domains and a
fragment from DRS. The structure revealed a ternary



Fig. 2. Structures of the MRSeAIMP3eEPRSeAIMP2eDRS complex. (a) Ribbon diagram representing the crystal
structure of the pentameric complex. MRSGST (green), AIMP3 (magenta), EPRSGST (yellow), and AIMP2GST (cyan) are
linearly assembled, and DRS (orange) is inserted between AIMP2 and AIMP3. (b) Electron densities show the residues at
the interface of DRS, AIMP2GST, and AIMP3. The 2FO � FC electron density map is contoured at the 1.0 s level. (c)
Superimposition of the full-length human DRS structure onto the pentameric complex. Anticodon binding domain, hinge
region, and catalytic domain of DRS are colored with blue, light blue, and slate, respectively. (d) A symmetry-related MRS
molecule is located next to the DRS fragment in the crystallographic packing.
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interaction of DRS, AIMP2, and AIMP3, and the
interaction stabilizes DRS and enables it to retain its
reaction intermediates. We now present an assem-
bly of 10 proteins by duplication of the pentameric
complex. Multiple interactions among the compo-
nent proteins enhance their assembly in the



4479Decameric Subcomplex in Human MSC
complex. The decameric subcomplex of MSC would
function as a frame for other MSC components.
Results

Overall structure of the pentameric complex

Since AIMP2GST binds DRS and forms a tetra-
meric GST complex with the GST domains of MRS,
EPRS, and AIMP3, we used the GST domains of
MRS, EPRS, and AIMP2, and full-length AIMP3 to
obtain a pentameric complex containing the full-
length DRS. We purified the homogenous five-
protein complex and obtained crystals using crystal-
lization solution containing 10% PEG3000 as a
precipitant. We determined the crystal structure of
the complex at a resolution of 2.9 Å (Table 1). The
crystal belonged to the space group of P212121 and
contained four GST domains and a fragment from
the catalytic domains of DRS in an asymmetric unit
(Fig. 2a). As expected, based on the results of a
previous study [11], the four GST domains were
connected in the order of MRSeAIMP3eEPRSe
AIMP2, and the overall shape was that of a
tetrameric model reconstituted from three dimeric
complexes. The DRS fragment was found in a
crevice between AIMP2GST and AIMP3 (Fig. 2b).
Although we used the full-length DRS protein during
crystallization, the crystal contained a truncated
DRS pep t i de spann i ng P336 t o K393
(DRS336e393). This subdomain contains two a-
helices and two b-strands, corresponding to the aL
and aM helices and b9 and b10 strands, respec-
tively, in the human DRS structure [15](Fig. 2c). In
the crystallographic packing, there was no space for
the remaining part of DRS, and the DRS fragment
directly contacted the GST domain of MRS (MRS-
GST) in a neighboring asymmetric unit, rather than
the remaining part of DRS (Fig. 2d). Hence, we
concluded that the crystal was generated with
degraded DRS.
When we superimposed the full-length DRS

structure onto the subdomain incorporated into the
crystal, the fold of the crystallized DRS fragment
matched the corresponding motif in the full-length
DRS structure. No other interactions between DRS
and the four GST domains were observed (Fig. 2c),
suggesting that the binding interface between DRS
and the GST domains was limited to what was found
in the crystal structure.

Bending of the tetrameric GST complex caused
by binding of DRS to AIMP2 and AIMP3

We compared the structure of the tetrameric GST
complex in the pentameric (MRSGST:AIMP3:
EPRSGST:AIMP2GST:DRS336e393) crystal structure
with the previously reconstituted tetrameric GST
complex model, which was based on three crystal
structures of heterodimeric MRSGSTeAIMP3,
AIMP3eEPRSGST, and EPRSGSTeAIMP2GST [11].
Superimposition of the two complex structures
revealed that the structure of the GST tetramer in
the pentameric complex is almost identical to that of
the GST tetramer model. The overall fold of each
GST domain and the binding interfaces in the three
dimeric complexes are well conserved. However,
there is a tilt toward DRS336e393 in the pentameric
structure, which results in bending of the tetrameric
GST complex (Fig. 3a). There is a discrepancy
related to AIMP3 when the superimposition of two
GST tetramers is based on the AIMP2GST structure
exclusively. The discrepancy starts from EPRSGST
and becomes larger in MRSGST. In the pentameric
complex, AIMP3 moves toward DRS336e393 to form
a tighter interaction, suggesting an induced fit.
Bending of the tetrameric GST complex is through
the kink inside the domains, rather than tilting at the
interfaces between them (Fig. 3b). The binding
interfaces in the dimeric GST complexes are not
tilted, but kinks are found between the N and C
subunits in the GST domain. Due to the interaction of
AIMP3 with DRS336e393, bending of the GST domain
occurs for AIMP3 and EPRSGST; however, MRSGST
is not distorted.

Binding interfaces in binary complexes

In the crystal structure, DRS336e393 was located at
a crevice between AIMP2GST and AIMP3 and did not
interact with the GST domains of MRS or EPRS. The
shape of the DRS fragment is like a wedge inserted
in a crevice; one side binds AIMP2, and the other
binds AIMP3 (Fig. 2). The aL helix, the N-terminus of
the aM helix, and the peptides linked to the N-termini
of the b9 and b10 strands from DRS336e393 are
involved in binding to AIMP2GST (Fig. 4a), while the
aM helix and the C-terminus of the aL helix of
DRS336e393 are employed for interaction with AIMP3
(Fig. 4b). In the interaction between DRS336e393 and
AIMP2GST, the binding area is 922 Å2 and 23
residues from DRS336e393 and 29 residues from
AIMP2GST are involved in the formation of hydrogen
bonds and hydrophobic and ionic interactions
(Fig. 4a, c). In the interaction between DRS336e393
with AIMP3, the binding area is 298 Å2, and 10
residues from DRS336e393 and 8 residues from
AIMP3 are involved in the interaction (Fig. 4b, d).
Thus, in the crystal structure, the binding of
DRS336e393 to AIMP2GST appears to be the major
interaction, whereas the binding of DRS336e393 to
AIMP3 appears to be an auxiliary interaction.
In the previous reconstituted model of the tetra-

meric GST complex [11], there is no direct contact
between AIMP2GST and AIMP3, and they are linked
through EPRSGST. However, in the pentameric
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complex structure, the C-terminal peptide of AIMP3
is revealed and interacts with AIMP2GST. The
interaction area is 191 Å2, and six residues from
each protein are involved (Fig. 4e, f).

The binding interface of AIMP2 for DRS

Among the binding partners of AIMP2, EPRS and
DRS are connected through AIMP2GST. In the crystal
structure, EPRSGST binds to binding interface 1 of
AIMP2GST. Binding interface 2 in the GST-C sub-
domain of AIMP2GST is empty, and the b-sheet of the
GST-N subdomain in AIMP2GST is the binding inter-
face for DRS336e393 (Fig. 4c). The hydrophobic
residuesat the faceof theb-sheet contacthydrophobic
residues of the DRS-binding motif. The loops from the
b-sheet also participate in this interaction. As
expected, since DRS is unable to interact with
AIMP2 that is phosphorylated at S156, the b2ea2
loop of AIMP2GST, containing S156, is also involved in
the interaction with DRS. The loop connecting b8 and
b9ofDRS336e393 is responsible for the interactionwith
the motif containing S156. There are hydrogen bonds
b e t w e e n t h e ma i n c h a i n a t oms f r om
F339eL340eE341 of DRS and those of
T154eH155eS156 of AIMP2. Carbonyl and carboxyl
oxygen atoms of DRS D385 interact with the side
chains of H155 and K190 of AIMP2, respectively. The
a2eb3 and b4eb5 loops of AIMP2GST are also
involved in the interactions with DRS. To confirm that
the binding interfaces at AIMP2GST andDRS336e393 in
the crystal structure also function in the interaction
between AIMP2GST and full-length DRS, a series of
pull-downassayswasperformedwith variousmutants
of AIMP2GST and DRS (Fig. 5). The H155A mutant of
AIMP2 did not bind to DRS, whereas the R301A
mutant (mutation at binding interface 2 of the GST
domain) of AIMP2 did. A mutation at D385 in the DRS
dramatically decreased its binding to AIMP2, but a
mutation at Y374, which is involved in hydrogen
bonding toAIMP2, did not. Thesemutants of DRSand
AIMP2GST are still catalytically active and able to
interact with EPRSGST, respectively (Fig. 5d, e).
To examine whether conformational changes

of AIMP2 are induced by interaction with DRS, the
Fig. 3. Bending of the tetrameric GST complex. (a) Compa
EPRS, AIMP2, and DRS are shown in green, magenta, ye
reconstituted model for the tetrameric GST complex based o
5BMU, and 5A34 for MRSGSTeAIMP3, AIMP3eEPRSGST, and
and AIMP2 are shown in slate, pink, red, and blue, respectivel
corresponding part of the tetrameric complex. (b) Comparison
with the heterodimeric crystal structures. AIMP2eEPRS (left),
complexes are compared based on superimpositions of A
interactions through the binding interfaces 1 (a2 and a3) or
symmetric axes of GST heterodimers. The structural elements
(upper panels). The structures in the bottom panels are rotat
panels. The GST-C subdomain of EPRS (left) and the GST-N
subdomain of MRS (right) is not (bottom panels). Arrows indic
AIMP2GSTeDRS336e393 structure was superimposed
onto the previously generated AIMP2GSTeEPRSGST
complex structure (Fig. 6a). Binding of DRS336e393
induces almost no change in the GST-C subdomain
but causes dramatic changes in the GST-N sub-
domain. The shapes of the flexible loops in the b-
sheet of AIMP2GST are altered due to DRS336e393
contact. There are large discrepancies at the N-
terminal peptide, the loop between a2 and b3, and
the b4eb5 hairpin. The long a2eb3 loop is extended
and mostly invisible in the AIMP2GST structure
without DRS336e393; however, following interaction
with the b9-aL motif of DRS336e393, most of the loop
region becomes visible with a fixed conformation.
The flexible b4eb5 loop of AIMP2GST is also bent to fit
the aM helix of DRS336e393. In the AIMP2GST
structure without DRS336e393, this loop is rolled into
the b-sheet to form a curved b-sheet, but following
interaction with the N-terminus of the aM helix of
DRS336e393, the loop expands and the side chain of
I201 participates in the hydrophobic binding core
region with DRS336e393 and AIMP3. A long peptide
region (L106eL119) in front of the N-terminus of
AIMP2GST is defined in the crystal structure with
DRS336e393, but is disordered when AIMP2GST is not
bound to DRS336e393.
Although the b2 strand of AIMP2GST is involved in

the interaction with DRS336e393, its structure is not
changed dramatically upon the interaction. Phos-
phorylation of S156 at the end of this strand triggers
the dissociation of DRS and AIMP2 [21]. The S156D
phospho-mimic version of AIMP2 releases DRS,
whereas the S156A mutant does not. To determine
the structural change in AIMP2 that causes release
of DRS, we solved the crystal structure of the
AIMP2 S156D mutant complexed with EPRSGST at
a resolution of 2.1 Å (Table 1). The results indicated
that the overall fold of AIMP2GST in this mutant and
its interaction with EPRSGST are almost identical to
those of the wild-type complex. The main chain
position of the b2ea2 loop containing S156 in
the S156D mutant complex is comparable to those
in the wild-type and DRS336e393-bound forms of
AIMP2GST. The side chain of S156D faces F339 in
the loop from the aK helix of DRS336e393 (Fig. 6b).
rison of the pentameric complex structure (MRS, AIMP3,
llow, cyan, and orange, respectively) with the previously
n three GST heterodimer structures (PDB codes 4BVX,
EPRSGSTeAIMP2GST, respectively) (MRS, AIMP3, EPRS,
y). AIMP2GST in the pentamer was superimposed onto the
of the heterodimer structures in the pentameric complex
EPRSeAIMP3 (center), and AIMP3eMRS (right) dimeric
IMP2, EPRS, and AIMP3 structures, respectively. Both
2 (a7) of the GST domains generate the 2-fold pseudo-
(a-helices and loops) in the binding interfaces overlap well
ed (90� against the x-axis) versions of those in the upper
subdomain of AIMP3 (center) are tilted, while the GST-C
ate the direction of tilting.



Fig. 4. Binding interfaces in the pentameric complex. (a) A binding motif consisting of two a-helices and two b-strands
from DRS (orange) is superimposed onto the surface of AIMP2GST (cyan). The binding area is shown with a darker color
(slate). EPRSGST (yellow) and AIMP3 (magenta) are located next to AIMP2GST. (b) The C-terminal tail and an a-helix of
AIMP3 (pink) are located on the surface of DRS (orange). (c) The b-sheet of AIMP2GST (cyan) is located on the surface of
DRS (orange). The binding area in DRS is shown in brown. (d) A DRS binding motif (orange) is located on the AIMP3
(pink). The binding area is shown in purple. (e) The AIMP2GST peptide (cyan) is located on the surface of AIMP3 (pink). (f)
The C-terminal peptide of AIMP3 (pink) lies on the motif of AIMP2 between EPRS and DRS (cyan). Secondary structural
elements are shown as ribbon diagrams, and the binding areas are shown as dark colors on the surface. Panels a, b, and e
are rotated (180� against the y-axis) versions of panels c, d, and f, respectively.
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The hydrogen bonds between DRS (F339~E341)
and AIMP2 (T154~S156) would be weakened when
the complex holds a bulkier side chain. The negative
charge of S156D would also affect the interactions of
the positively charged neighboring residues, such as
K338 of DRS and H155 of AIMP2. When the binding
affinity of wild-type AIMP2GST complexed with
EPRSGST for full-length DRS was measured by
isothermal titration calorimetry (ITC), the Kd value
was in the nanomolar range; however, no detectable
binding to DRS was observed with the S156D
AIMP2GST mutant (Fig. 6c).

Interaction of AIMP3 with DRS in the MSC

To date, there has been no report describing the
interaction between DRS and AIMP3. The crystal
structure of the pentameric complex revealed that
AIMP3 interacts with DRS336e393 through its C-
terminal peptide (Fig. 4d). In previous studies, we
were unable to determine the structure of the C-
terminal tail of AIMP3 alone [22] or complexed with
MRSGST [11], although it was considered to be
flexible. The current study shows that this region of
AIMP3 is responsible for the interaction with
DRS336e393 but does not form a secondary structure.
The hydrophobic residues of AIMP3 (V133, V160,
I165, L169, and Y170) are involved in its interaction
with DRS336e393. The C-terminal peptide of AIMP3 is
located at the region where EPRSGST, AIMP2GST,
AIMP3, and DRS336e393 face each other, and it
participates in the interaction between AIMP2GST
and EPRSGST (Fig. 7a).
AIMP3 would presumably enhance the interaction

of DRS with the tetrameric GST complex by
providing extra binding space for DRS and stabilizing
AIMP2GST. To clarify the contribution of AIMP3 to the
interaction between AIMP2 and DRS, the binding
affinities of AIMP2GST for full-length DRS with and
without AIMP3 were measured by ITC. The binding
affinity of the AIMP2GSTeEPRSGSTeAIMP3 com-
plex for full-length DRSwas 5-fold tighter (Kd¼ 8 nM)
than that of the AIMP2GSTeEPRSGST complex
(Kd¼ 41 nM) (Fig. 7b), suggesting that AIMP3
enhances the binding of full-length DRS to
AIMP2GST using its C-terminus.

A decameric subcomplex of MSC

Since DRS forms a homodimer, it is expected to
have two binding motifs for AIMP2. Placement of two
tetrameric GST complexes in the DRS dimer
structure indicated that a decameric complex could
be formed (Fig. 8a). The overall shape of this 2-fold
symmetric complex looks like a capital letter M from
a certain viewpoint.
To determine whether DRS, AIMP3, and the GST

domains of MRS, EPRS, and AIMP2 can form a
decameric complex in solution, the sizes of the
complexes generated from mixtures of these pro-
teins were estimated using size exclusion chroma-
tography (Fig. 8b). Five proteins were detected in the
first elution peak, and the densities of the bands
indicated that equal molar amounts of the proteins
were present. Based on the elution volume, the size
of the protein complex was estimated to be
approximately 381 kDa, indicating a complex of
2:2:2:2:2. Due to the limited amount of full-length
DRS, we also obtained a fraction containing a
complex comprising four GST proteins. The size of
this second peak was 98 kDa, which is in agreement
with the size of the monomeric complex of the four
GST domains.
To validate whether a full-length DRS dimer and

two tetrameric GST complexes form a decameric
complex in solution, we performed small-angle x-ray
scattering (SAXS) analysis using various concentra-
tions (1e5mg/mL) of the complex in solution. The
structural parameters obtained from SAXS analysis
corresponded to those of the decameric model for
the complex of full-length DRS and tetrameric GST
(MRSGST:AIMP3:EPRSGST:AIMP2GST:DRS)
(Fig. 9a, Table 2). Overall, the experimental x-ray
scat ter ing curve of the MRSGST:AIMP3:
EPRSGST:AIMP2GST:DRS solution was comparable
to the calculated scattering curves for the decameric
structure. The radius of gyration (Rg,p(r)) for the
complex in solution was 57.6± 0.5 Å, which is close
to that of the decameric structure (Rg,p(r) of 58.1±
0.6 Å) (Fig. 9b). Averaged molecular envelopes were
obtained from ab initio SAXS shape reconstruction
using two independent methods, DAMMIF and
GASBOR. Superposition of the decameric structure
onto the molecular envelopes revealed close
agreement between the MRSGST:AIMP3:
EPRSGST:AIMP2GST:DRS solution structure and
the decameric assembly (Fig. 9c, d).

Tetrameric GST does not block tRNA binding of
DRS

As described above, our analyses revealed the
spatial arrangement of AIMP3, DRS, and the GST
domains of MRS, EPRS, and AIMP2. In this
arrangement, AIMP3 is reminiscent of the insertion
domains found in bacterial and archaeal DRS
proteins, as well as human mitochondrial DRS,
which are not involved in the assembly of AARS
heterocomplexes (Fig. 10a). These DRSs are
topologically very similar to human cytosolic DRS,
and their amino acid sequences are well conserved;
however, the additional domain, which is inserted
into the catalytic domain of bacterial, archaeal, and
human mitochondrial DRSs, is not present in human
cytosolic DRS. This additional domain is located
near the tRNA-binding site and, when DRS binds to
its tRNA, it shifts to the tRNA [23]. The insertion
domain of Thermus thermophilusDRS plays a role in
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interaction with the acceptor stem [24]. The GST-C
subdomain of AIMP3 located at the position of the
insertion domain may be involved in tRNA binding;
however, the larger size of AIMP3, together with the
MRSGST domain, may affect the interaction between
DRS and the tRNA.
To determine whether AIMP3 and MRSGST invade
the space required for binding of the tRNA to DRS,
we modeled a tRNA-bound complex of the
MRSGST:AIMP3:EPRSGST:AIMP2GST:DRS by
superimposition of the yeast DRSetRNA complex
[25] onto the decameric complex (Fig. 10b). The



Fig. 6. Interaction of AIMP2 with DRS. (a) Conformational changes in AIMP2GST induced by the interaction with DRS.
The structure of AIMP2GST (slate) in the AIMP2GSTeEPRSGST complex is superimposed on that of the pentameric
complex. The structures of AIMP2 (cyan) and DRS (orange) are shown. The motifs showing discrepancies between the
two complexes are circled. (b) Superimposition of the S156D AIMP2 mutant structure (slate) on the AIMP2 (cyan)eDRS
(magenta) complex structure. The hydrogen bonds between AIMP2 and DRS are indicated by dotted lines. (c) ITC
analysis of DRS against the AIMP2GSTeEPRSGST (left) and S156D AIMP2GSTeEPRSGST (right) complexes.

Fig. 5. Pull-down assays with wild type and mutant proteins of AIMP2 and DRS. (a) Binding interfaces of AIMP2
(salmon) and DRS (cyan). Residues involved in the interactions are shown as sticks. Interactions between the GST
domain of AIMP2 and full-length DRS were determined by in vitro pull-down assays using hexahis-tagged DRS (b) or
AIMP2 (c). His-tagged protein was mixed with proteins without the His tag (left panels) and purified on a Ni-NTA column
(right panels). Co-purified proteins were visualized by gel electrophoresis and Coomassie staining. Arrows in the left
panels indicate the proteins expressed in the induced cell compared to those in un-induced cells. The tagged proteins and
co-purified proteins are indicated by arrows in the right panels. (d) DRS A353Y (squares) and D385A (triangles) mutants
are catalytically active, although the activities are lower than that of wild type DRS (circles). (e) AIMP2 H155A and S156D
mutants retain the capability to bind EPRSGST. His-tagged AIMP2 are used for pull-down the EPRSGST.

4485Decameric Subcomplex in Human MSC
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model suggests that the tetrameric GST complex
does not block binding of the tRNA binding by DRS.
The tRNA is located between the tetrameric GST
complex and DRS. One side of the acceptor arm in
the L-form tRNA is positioned alongside the GST
domains. AIMP3 is located close to the accepter
stem, while MRSGST is located close to the variable
loop of the tRNA.
Since the GST domains are positioned close to the

tRNA-binding site, the ability of DRS in the MSC to
Fig. 7. Interaction of AIMP3 with DRS. (a) Ribbon diagrams
(magenta) with DRS (orange). Residues involved in the interact
(cyan) and EPRS (yellow). The panel on the right is a rotated
lines indicate hydrogen bonds. (b) ITC analysis of DRS a
EPRSGSTeAIMP3 (right) complexes.
bind tRNA may differ from that of free DRS. To
determine whether the tetrameric GST complex
hampers binding of the tRNA to DRS, we performed
a pull-down assay using a yeast tRNA pool and
hexa-His-tagged DRS or DRS complexed with the
tetrameric GST complex. The amounts of tRNA
eluted with DRS and the MRSGST:AIMP3:
EPRSGST:AIMP2GST:DRS complex were compar-
able (Fig. 10c, d), suggesting no hampering of tRNA
binding by the tetrameric GST complex.
showing the interaction of the C-terminal peptide of AIMP3
ion are shown as stick models. AIMP3 also binds to AIMP2
(90� against the x-axis) version of that on the left. Dotted
gainst the AIMP2GSTeEPRSGST (left) and AIMP2GSTe



Fig. 8. A model for the decameric MSC subcomplex. (a) Model of a decameric complex generated by duplication of the
pentameric complex. Two tetrameric GST complexes are attached to one DRS dimer (orange/light orange). (b) Elution
profile from a size exclusion chromatography analysis of the mixture of four GST domains and DRS. The first peak
contained the pentameric complex, while the second and third peaks contained the heterotetrameric and heterodimeric
GST domains, respectively. The inset shows a SDS-PAGE analysis of the five proteins from the first peak.
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Fig. 9. Small-angle x-ray scattering of DRSeGST tetramer complex in solution. (a) The SAXS profile of the solution
structure (empty circles) of the DRSeGST tetramer subcomplex. The dashed are the theoretical SAXS curves calculated
from the decameric complex constructed based on the crystal structures. Theoretical SAXS curves of solution models
using the DAMMIF (blue) and GASBOR (red) are shown by solid lines. The Guinier plot of ln[I(q)] versus q2 of the x-ray
scattering profile is shown in the Inset. (b) Pair distance distribution functions, P(r) for the DRSeGST tetramer complex
based on an analysis of the experimental SAXS data (empty circles). The pair distribution function for the decameric
structure is shown by a solid line. Structural superposition of the decameric DRSeGST tetramer subcomplex onto the
molecular envelopes calculated from the SAXS data. To compare the overall shape and dimensions, the crystal models
were superimposed onto the solution models using the DAMMIF (c) and GASBOR (d) programs.
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The tetrameric GST scaffold stabilizes the inter-
mediate state of DRS in the aminoacylation
reaction

The DRS motif involved in binding to AIMP2 and
AIMP3 is located in its catalytic domain. The b8 and
b9 strands are located at the end of an eight-strand
b-sheet that forms a floor for the catalytic site, where
aspartic acid and ATP are bound. Although full-
length DRS was used for the crystallization process,
only a small binding motif interacting with AIMP2GST
was retained in the pentameric crystal structure.
Proteolytic cleavage occurred during crystallization
in at least two places: in the long b10eb11 loop and
the loop between the aK helix and the b9 strand
(Fig. 11a). These two loops link the binding motif and
main body of the catalytic domain. It is possible that,
during the interaction of the tetrameric GST complex
with the binding motif in DRS, thermal motion may be
focused on the fragile loops instead of the binding
motif; consequently, the loops become more relaxed
and are prone to attack by proteases. Alternatively,
the interaction of the GST domains may stabilize the
binding motif of DRS and render it less susceptible to
degradation. To examine these possibilities, we
compared the digestion patterns of full-length DRS,
the tetrameric GST complex, and the MRSGST:
AIMP3:EPRSGST:AIMP2GST:DRS complex following
treatment with trypsin. In the crystal structure of
human DRS dimer [15], K241, K338, and R408 are
in the loops, which are exposed to solvent. They can
be targets of trypsin. Cleavage at K338 can generate
37- and 18-kDa fragments. Further cleavage at K241
will produce 26- and 11-kDa fragments, while
digestion at R408 will make 8- and 10-kDa frag-
ments. Bands representing compact fragments of
DRS after digestion around the binding motif were
identified, and full-length DRS was less susceptible
to digestion when it was complexed with the
tetrameric GST complex (Fig. 11b). Since the loop
containing K338 is nearby the active site of DRS, this
freely exposed loop, which is digested by trypsin,



Table 2. Structural parameters obtained from the SAXS data of DRSeGST tetramer complex in solution

Sample Rg,G
a (Å) Rg,p(r)

b (Å) Dmax
c (Å) MMcalculated

d (kDa) MMSAXS,BSA
e (kDa) MMSAXS,Vc

f (kDa)

Crystal 57.29± 0.08 58.05± 0.59 190.0 265.9 e e
Solution 57.95± 0.95 57.57± 0.50 191.0 293.7 273.9 285.2

a Rg,G (radius of gyration) was obtained from the scattering data by the Guinier analysis.
b Rg,p(r) (radius of gyration) was obtained from the p(r) function by the program GNOM.
c Dmax (maximum dimension) was obtained from the p(r) function by the program GNOM.
d MMcalculated (molecular mass) was obtained from the amino acid sequence of protein.
e MMSAXS,BSA (molecular mass) was estimated from a BSA standard protein.
f MMSAXS,Vc (molecular mass) was estimated from the volume of correlation (Vc).
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has flexibility causing destabilization of the local
conformation at the active site. This result suggests
that binding of the tetrameric GST complex
enhances the stability of the active site of DRS.
During tRNA charging by ARSs, the products of

the first amino acid activation reaction remain at the
active site until the second amino acid transfer
occurs. Because the binding motif (b8eaLeaMeb9)
of DRS is a part of the active site that holds the
reaction intermediates, the retention of the aspartyl-
adenylate and pyrophosphate intermediates at the
active site would be affected by the structural
stability of the motif. To examine whether binding
of the tetrameric GST complex stabilizes the inter-
mediates at the active site of DRS, we measured
pyrophosphate release from the active site of full-
length DRS and the MRSGST:AIMP3:EPRSGST:
AIMP2GST:DRS complex. Turnover rate was
reduced by approximately 40% when the tetrameric
GST complex was present (Fig. 11c). This suggests
that binding of the tetrameric GST domains
enhances the retention of reaction intermediates by
DRS.
Discussion

In the human MSC, four components (MRS,
EPRS, AIMP2, and AIMP3) contain a GST domain,
and these domains form a subcomplex in the order
of MRSeAIMP3eEPRSeAIMP2. This tetrameric
GST complex functions as a scaffold for other
MSC components. Specifically, EPRS binds to IRS
[26], which links to LRS [27], and AIMP2 binds the
KRS dimer, DRS, and AIMP1, the latter of which
links to RRS and QRS. Following dimerization of
DRS, the complex comprising the components
linked to the tetrameric GST complex is duplicated
to form the complete MSC. In this study, we revealed
the mode of interaction between DRS and AIMP2.
Due to their binding positions at the DRS dimer, the
GST domains of the two AIMP2 molecules in
the MSC are physically separated. Two sets of
EPRSGST, AIMP3, and MRSGST molecules are also
arranged at opposing directions in the 2-fold
symmetrical structure. This decameric subcomplex
could function as a frame for the overall MSC
architecture. This was confirmed by demonstrating
connections between folded bodies in MSC compo-
nents in three-dimensional space (Fig. 12).
Two AIMP2 molecules form a homodimer through

their LZ motifs [20]. Thus, we attempted to build the
decameric subcomplex using full-length AIMP2 in
Fig. 12. Because AIMP1 interacts with AIMP2
through its N-terminal heptad repeats [14], the
interaction of AIMP1 with the coiled-coiled structure
of AIMP2 can result in a four-helix-bundle-like
complex. There is another possible scenario for
MSC assembly. If LZ formation of AIMP2 is no longer
possible due to AIMP2eAIMP1 heterodimeric LZ
formation, the two AIMP2 heptad repeats will be
physically separated. In this arrangement, two
AIMP1eRRSeQRS trimeric subcomplexes would
be positioned apart from each other, providing more
flexibility to the MSC. The flexible peptide that links
the GST domain and LZ motif in AIMP2 could
function as a hinge between the decameric complex
and the coiled-coil structure. In the MSC, two sets of
the catalytic domains of MRS and EPRS, and the
IRSeLRS complex, are linked to the decameric
complex, and two sets of the KRS dimer and
AIMP1eRRSeQRS complex are linked through the
LZ motif of AIMP2. Thus, the linker peptide of AIMP2
would provide flexibility to the MSC. With the
exception of KRS, which is present at twice the
amount of the other components, equal molar ratios
of components are expected; however, reduced
amounts of MRS, AIMP3, IRS, LRS, and QRS are
found [18]. These ARSs are located far from the
AIMP2eDRS complex, which is at the center of the
frame, and can be released from the MSC without
disrupting the whole complex.
The assembly of the four GST domains and the

catalytic domain of DRS involves structured parts of
the proteins; hence the decameric complex is
expected to be a scaffold of the MSC. Many
AARSs have disordered regions [19](Fig. 1);
although some of them are located at the ends of
proteins, such as the N-terminus of DRS (M1eA25),
others are located between structural domains, such
as the peptide between the uniquely attached motif
(UNE-Q) and cata ly t ic domains of QRS



Fig. 10. Binding of tRNA to DRS complexed with tetrameric GST domains. (a) Comparison of AIMP3 and the insertion
domain of DRS. The location of the GST-C domain (magenta) in the pentameric complex (hcDRS) is similar to those of the
insertion domains in mitochondrial (hmDRS), archaeal (Tth_DRS), and bacterial (Eco_DRS) DRSs. The acceptor arm of
the tRNA (shown as a cartoon) is located between the insertion and catalytic domains in the Thermus thermophilus
DRSetRNA complex (Tth_DRS; PDB: 1L0W). The insertion domain moves to the tRNA-binding site when tRNA is bound
to DRS. DRS structures from Escherichia coli (Eco_DRS) in the absence (salmon) and presence (slate) of tRNA were
superimposed. There is a shift of the insertion domain toward the tRNA. (b) Interaction of tRNAwith the decameric complex
of human DRS and the GST domains. The tRNA molecules are placed on DRS based on the structure of the yeast DRS
and tRNA complex (PDB: 1ASZ). (c) UV absorption spectra of hexa-His-tagged DRS (black) and the DRS-tetrameric GST
complex (blue) eluents in the absence (dashed lines) and presence (solid lines) of yeast tRNA. The amount of tRNA bound
to DRS in the presence of the tetrameric GST complex was comparable to that of DRS alone. (d) Quantification of the
amounts of tRNA bound to DRS and the DRS-tetrameric GST complex, determined by subtraction of absorbance at 260
and 280 nm.
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Fig. 11. The tetrameric GST complex stabilizes the active site of DRS. (a) Ribbon diagram showing a human DRS
homodimer. Onemonomer is colored, while the other is gray. The bindingmotif (red) for the interactions to AIMP2 and AIMP3
is a part of the catalytic domain (green) of a DRS monomer. Proteolysis occurred in the loops connecting the red and green
regions. The cleavage sites are indicated by thick arrows. A substrate and a reaction intermediate are placed on the b-sheet
at the catalytic domain, based on the structure of Thermococcus kodakarensis DRS with ATP and aspartyl-adenylate. ATP
and aspartyl-adenylate are shown as stick models. (b) Trypsin-mediated proteolysis of DRS (left), the DRSeGST complex
(middle), and the GST complex (right), showing that binding of the tetrameric GST complex protects DRS against proteolytic
attack. In the presence of tetrameric GST, generation of the early proteolytic products (white arrows) from DRS (red arrow)
was attenuated and the secondary degraded products (black arrows) appeared later. The blue arrows indicate the four GST
domains and their degradation products. (c) Pyrophosphate production during the amino acid activation reaction. Phosphate
production was monitored by malachite green in the presence of inorganic pyrophosphatase. The rate of production of DRS
(closed circle) was reduced in the presence of tetrameric GST (open circle).
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(E182eP241). These peptides in MSC components
function as flexible linkers in the overall MSC
structure (Fig. 12). As mentioned above, the coiled-
coil complex is linked to the decameric complex
through a flexible region of AIMP2. The catalytic
domain of MRS is linked to the GST domain through
a linker peptide (P200eE232). The ERS part of
EPRS is also linked to the GST domain through a
linker peptide (T165eL190). EPRS has further
flexibility due to the long linker peptides located
between the ERS, three WHEP domains
(G705eV752, K794eL826, and E866eF905) and
the PRS part (G947eL1014). Although the structu-
rally disordered regions of KRS are located at the N-
and C-termini (1e71 and 574e597), the flexibility of
this molecule in the MSC can be achieved through
the flexible peptide of AIMP2 located between the N-
terminus linked to the KRS dimer. Thus, the
subcomplex that forms a scaffold in the MSC
would be the decameric complex comprising two
tetrameric GST complexes and a DRS dimer.
It is unclear why higher organisms have retained

the MSC, although it is thought to be related to
energy metabolism [28]. Most AARSs in the MSC
charge tRNAs with their cognate amino acids, which
are derived from the citric acid cycle. Disappearance



Fig. 12. Connection of structured bodies by flexible linker peptides in a MSC subcomplex based on the decameric
complex consisted of DRS and tetrameric GST domains. The MSC components are attached to the DRSeGST tetramer
complex (transparent violet) as a frame through long flexible linker peptides. The catalytic domains of MRS (green) and
ERS (yellow) are linked through flexible peptides to their GST domains. AIMP2LZ (cyan) is connected to AIMP2GST by a
flexible peptide and the KRS dimer (salmon/forest) through another linker peptide. AIMP2LZ also binds to AIMP1 (slate),
which has an endothelial-monocyte A activating prolypeptide (EAMP)2 domain connected through a long linker peptide.
Duplicated proteins are shown in gray. The linker peptides are marked with dotted circles.
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of the glyoxylate pathway is related to MSC
evolution. The MRSeArc1peEPRS complex is a
small primitive form of MSC in yeast that enhances
tRNA binding of AARS [29,30]. Assembly of the
MSC may represent an evolutionary collection of
small subcomplexes, in which the activities of AARS
can be regulated. Protostomes have MSCs with
different organizations. Although the MSCs in
arthropods such as Drosophila melanogaster have
the same components as human MSC [31], nema-
todes such as Caenorhabditis elegans have smaller
MSCs that lack DRS and PRS [32]. DRS is
evolutionary well conserved from bacteria to higher
eukaryotes and alignment of the sequences of
human, fly, and worm DRS revealed that the binding
motif used for the interaction to AIMP2 in human
DRS are well conserved. Assembly of MSC evolved
through the emergence of AIMP2, which exists in
flies but not worms. The AIMP2eDRS interaction not
only allows joining of DRS to the MSC but also
enlarges the size of the MSC via DRS homodimer-
ization, suggesting that duplication of the MSC
components may be due to the participation of
DRS. The assembly of multiple proteins can cause
spatially cramped complexes; however, the flexibility
of the linker peptides in the MSC components
overcomes that restriction. MSC formation is
expected to increase enzymatic efficiency of
AARS, suggested by the MRSeArc1peEPRS trimer
in yeast. The complex-bound isoform of RRS is more
efficient than the free isoform [33]. AIMP3, together
with the GST domains in three MSC components,
enhances the ability of DRS to retain its reaction
intermediates. Turnover of DRS by releasing
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aspartyl-adenylate without charging its cognate
tRNA will keep wasting intracellular ATP. DRS in
MSC would be energetically efficient when
uncharged tRNA is limited.
Although it may be beneficial for AARSs to be

assembled into theMSC, the individual components of
the MSC often play additional roles (other than tRNA
charging) after release from the complex. Some of
these components formmultiple interactionswithin the
MSC, thereby hampering their release from the
complex. AIMP2 is released from MSC after phos-
phorylation at S156 and is translocated to the nucleus
for interaction with Smurf2 [21]. This modification
detaches AIMP2 from DRS, but S156 is not located at
the binding site for EPRSGST. However, release of one
partner may weaken the interaction with the other
partner.Without the interactionofDRS,AIMP2GSThas
more wobble in the flexible loops in the b-sheet, which
is involved in the interactionswithDRS andEPRSGST.
Consequently, the binding affinity of AIMP2 for EPRS-
GST would be reduced. Similarly, binding of MRSGST
stabilizes AIMP3 and enhances its binding to EPRS-
GST, although there is no direct interaction between
MRSandEPRS [11].Themodeofassemblyof the four
GST domains and DRS described in this study
supports an additional possibility. The C-terminus of
AIMP3 is involved in the interaction with not only DRS,
but also EPRSGST and AIMP2GST. Since the C-
terminal peptide is flexible, the extra interactions
stabilizing the assembly of EPRSGST and AIMP2GST
will disappear in the absence of DRS, allowing AIMP2
to be released from EPRS.
Materials and Methods

Cloning, protein expression, and purification

The clones used for the expression of MRSGST
(1e224), AIMP2GST (90e320), and EPRSGST
(1e175) were constructed previously [11]. The full-
length human DRS and AIMP3 genes were cloned
into the hexa-His tag-containing vectors pET28a and
pQE30L, respectively. The S156D mutation was
introduced into AIMP2GST using the QuickChange
Site-Directed Mutagenesis kit and confirmed by
sequencing. Protein expression of the recombinant
constructs in the Escherichia coli BL21(DE3) strain
was induced by treatment with 0.2 mM isopropyl 1-
thio-b-D-galactopyranoside at 18 �C. His-tagged
recombinant proteins were purified by affinity chro-
matography using a Ni-NTA column. The harvested
cells were resuspended in Tris buffer [50 mM
TriseHCl (pH 8.0), 150 mM NaCl, and 3mM imida-
zole] and disrupted by sonication. After centrifuga-
tion, the crude extracts were loaded onto a Ni-NTA
column (Qiagen) and washed. The proteins were
eluted with a buffer containing 200mM imidazole
and then injected onto a Superdex 200 10/300
column (GE Healthcare) at a flow rate of 0.5 ml/min
in a buffer containing 150mM NaCl and 2mM DTT.
To obtain complexes of proteins, target proteins
expressed in E. coli were co-purified using Ni-NTA
column chromatography, and the complexes were
subjected to size-exclusion chromatography and
confirmed by SDS-PAGE.

Crystallization, data collection, and structure
determination

Crystals of the five purified components were grown
using the sitting drop vapor diffusion method at 21 �C,
bymixing equal volumes of the purified protein (12mg/
ml) and a reservoir solution containing 10% (w/v)
polyethyleneglycol 3000and0.1Msodium/potassium
phosphate (pH 6.2). For diffraction data collection, the
crystals were soaked in cryo-protectant solution
containing 20% (v/v) glycerol. The AIMP2GST S156D
mutant complexed with EPRSGST was crystallized by
mixing 1 ml of protein solution (22.3mg/ml) with 1 ml of
crystallization solution containing 17% PEG3350 and
2mM DTT in 0.1M BiseTris (pH 5.5), by the sitting
drop method. The crystals were flash-frozen in liquid
nitrogen for data collection with the cryo-solution. X-
ray diffraction data were collected using synchrotron
7A at the Pohang Accelerator Laboratory (PAL) in
Korea. The crystals of the five components and the
AIMP2GST S156D mutant belonged to space groups
P212121 and P4122, respectively. The data sets were
processed using the HKL2000 program [34]. The
structures were determined by the molecular replace-
ment method, based on the complex structures of the
human heterodimeric GST complex (PDB: 4BVY,
5BMU, and 5A34) and DRS (PDB: 4J15) using
program Phenix.Phaser [35]. Model building and
structure refinement were carried out using COOT
[36] and Phenix.Refine [37], respectively. Data collec-
tion and model statistics are summarized in Table 1.

Isothermal titration calorimetry

The binding affinity between DRS and AIMP2GST
was measured via ITC using a MicroCal iTC200
titration calorimeter (GE Healthcare). To determine
the effects of other partner proteins on the
interaction of DRS with AIMP2GST, complexes of
AIMP2GST:EPRSGST, AIMP2GSTS156D:EPRSGST,
and AIMP2GST:EPRSGST:His-AIMP3 were also
used for ITC measurements. The sample cell was
filled with 250 ml of DRS, and the syringe was filled
with 40 ml of one of the complexes. Prior to the ITC
experiment, the purified proteins were dialyzed
overnight against 50mM TriseHCl buffer (pH 8.0)
containing 150mM NaCl and 2mM DTT, and the
concentrations of DRS and the complexes were
approximately 10e20 and 200e300 mM, respec-
tively. Typically, an initial 0.4 ml injection was
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followed by 14 injections of 1.5 ml, syringed into the
cell, which was constantly stirred at 1000 rpm. Data
were recorded for 150 s between injections. The heat
generated from dilution was determined in separate
experiments by diluting proteins into the buffer alone,
and was taken as the blank value for each injection.
The corrected heat values were fitted using a
nonlinear least squares curve-fitting algorithm
(MicroCal Origin 7.0) to obtain the stoichiometry
(n), the dissociation constant (Kd), and the change in
enthalpy for each proteineprotein interaction (DH).

Proteolytic cleavage

For proteolytic cleavage by trypsin, 127 mg of
protein was suspended in 90 ml of buffer containing
50mM Tris (pH 8.0) and 150mM NaCl, and proteo-
lysis was initiated by adding 1.27 mg of trypsin [1:100
(w/w)] in 10 ml of the buffer. At the specified time
points, aliquots of the reaction mix (containing
12.7 mg of protein) were removed and the reaction
was stopped using 2� gel-loading buffer containing
4% SDS and 0.2 M DTT. The samples were resolved
by SDS-PAGE, followed by Coomassie blue
staining.

Determination of pyrophosphate

The aspartic acid activation reaction was per-
formed using DRS or the MRSGST:AIMP3:
EPRSGST:AIMP2GST:DRS complex. The 2� reac-
tion buffer contained 100mM TriseHCl (pH 7.5),
20 mM MgCl2, 200 mM NaCl, 200mM KCl, 2 mM
DTT, 500 mM ATP, and 5mM L-aspartic acid. After
mixing 25 ml of 2� substrate and 20 ml of H2O, the
reactions were started by adding 5 ml of enzyme
solution. The final concentration of proteins was
adjusted to 2.0 mM in a 50-ml reaction volume. To
detect pyrophosphate released from DRS, pyropho-
sphatase (Roche; 200 U/ml) was added to a final
concentration of 0.4 U/ml in 2� substrate mixture to
degrade the inorganic pyrophosphate into inorganic
phosphate. The reactions were performed at room
temperature and stopped by the addition of 100 ml of
malachite green solution (BIOMOL Green; Enzo Life
Sciences) every 20min for 2 h. After incubation for
25min, the absorbance at 620 nm was measured.
Phosphate concentration was calculated from a
standard curve with various concentrations of
inorganic phosphate.

tRNA pull-down assay

To examine the interactions of DRS and the DRS-
tetrameric GST domain complex with the tRNA, pull-
down assays were performed using Ni-NTA resin.
Yeast total tRNA (Sigma-Aldrich) was subjected to a
pull-down assay with hexa-His-tagged proteins
immobilized on Ni-NTA resin. A 2.5-nmol aliquot of
each protein was bound to Ni-NTA resin and washed
several times with buffer [50 mM TriseHCl (pH 7.5)
and 150 mM NaCl]. The pull-down assay was
performed by adding 1.25 mg of yeast tRNA, and
the resin was washed three times with buffer. The
protein and bound tRNA were eluted with buffer
containing 200mM imidazole. The UV absorption
spectra of the eluted samples and buffers were
measured by wavelength scanning from 320 to
230 nm using a UV spectrophotometer. The
amounts of tRNA and protein were analyzed by
absorbance at 260 and 280 nm.

Solution SAXS measurements

Small-angle x-ray scattering (SAXS) measure-
ments were carried out using the 4C SAXS II
beamline [38] of the PAL, which yield an x-ray beam
wavelength of 0.734 Å. The x-ray beam size at the
sample stage was 0.15 (V)� 0.24 (H) mm2. A two-
dimensional (2D) SX 165 charge-coupled detector
(Rayonix, USA) was employed. Sample-to-detector
distances (SDDs) of 4.00 and 1.00m for SAXS
were used. The magnitude of the scattering vector,
q¼ (4p/l)sinq, was 0.09 nm�1 < q < 4.00 nm�1,
where 2q is the scattering angle and l is the
wavelength of the x-ray beam source. A quartz
capillary with an outside diameter of 1.5mm and
wall thickness of 0.01mm was used as the solution
sample cell. Solute concentrations ranging between
2.0 and 3.7 mg/ml were measured at 4 �C. Six
successive 5-s frames were collected. The data
were normalized to the intensity of the transmitted
beam and radially averaged. The scattering of specific
buffer solutions was used as the experimental back-
ground. Radius of gyration (Rg,G) values were
estimated from the scattering data using Guinier
analysis [39]. The pair distance distribution p(r)
function was obtained using the indirect Fourier
transform method in the program GNOM [40].

Construction of 3D structural models

To reconstruct molecular shapes, the ab initio
shape determination programs DAMMIF [41] and
GASBOR [42] were used. The theoretical SAXS
curve was calculated from the atomic model using
the program CRYSOL [43]. For comparison of
overall shapes and dimensions, ribbon diagrams of
the atomic crystal models were superimposed onto
the reconstructed dummy atoms/residues models
using the program SUPCOMB [44].

Accession numbers

Coordinates and structure factors of the penta-
meric and dimeric complexes have been deposited
in the Protein Data Bank with accession numbers
5Y6L and 5A1N, respectively.
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