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ABSTRACT

In mammalian cells, eight cytoplasmic aminoacyl-
tRNA synthetases (AARS), and three non-synthetase
proteins, reside in a large multi-tRNA synthetase
complex (MSC). AARSs have critical roles in interpre-
tation of the genetic code during protein synthesis,
and in non-canonical functions unrelated to trans-
lation. Nonetheless, the structure and function of
the MSC remain unclear. Partial or complete crys-
tal structures of all MSC constituents have been
reported; however, the structure of the holo-MSC
has not been resolved. We have taken advantage of
cross-linking mass spectrometry (XL-MS) and molec-
ular docking to interrogate the three-dimensional
architecture of the MSC in human HEK293T cells.
The XL-MS approach uniquely provides structural
information on flexibly appended domains, char-
acteristic of nearly all MSC constituents. Using
the MS-cleavable cross-linker, disuccinimidyl sulfox-
ide, inter-protein cross-links spanning all MSC con-
stituents were observed, including cross-links be-
tween eight protein pairs not previously known to
interact. Intra-protein cross-links defined new struc-
tural relationships between domains in several con-
stituents. Unexpectedly, an asymmetric AARS distri-
bution was observed featuring a clustering of tRNA
anti-codon binding domains on one MSC face. Possi-
bly, the non-uniform localization improves efficiency
of delivery of charged tRNA’s to an interacting ri-
bosome during translation. In summary, we show a
highly compact, 3D structural model of the human
holo-MSC.

INTRODUCTION

The essential function of the aminoacyl tRNA synthetases
(AARSs) ismRNA decoding during protein synthesis. They
catalyze ATP-dependent charging of tRNA with cognate
amino acids for delivery to the A-site of the ribosome.
Nearly all cytoplasmic AARSs exhibit extra-ordinary reg-
ulatory activities distinct from their canonical function in
protein synthesis (1,2). These non-canonical functions are
almost exclusively mediated by domains appended dur-
ing evolution to the catalytic domains, and not present in
early AARS forms such as the bacterial enzymes. Dysreg-
ulation or mutation of AARSs are implicated in patho-
logical conditions including neurodegeneration, tumorige-
nesis, and metabolic disease (3-6), and there is expand-
ing interest in AARS as therapeutics and therapeutic tar-
gets (7). Nine of the 20 AARS activities (in eight proteins
since GluProRS contains two synthetase activities in a sin-
gle polypeptide chain) reside in a cytoplasmic multi-tRNA
synthetase complex (MSC) with three non-synthetase pro-
teins termed AARS complex-interacting multifunctional
proteins (AIMP)-1, -2 and -3 (8,9). Smaller MSC forms with
fewer constituents are present in archaea and fungi (10).
Following the discovery of a mammalian MSC (11),
much effort has been expended toward its structural elu-
cidation by low-resolution imaging (12-16), X-ray crystal-
lography (17-20), and biochemical approaches (15,21,22).
Structures of the catalytic and anti-codon binding domains
of the AARS:s are highly conserved from bacteria to verte-
brates, and have been elucidated by X-ray crystallography.
However, appended domains unique to complex animals
are largely absent from reported structures, most likely due
to dynamic, disordered linkages to the catalytic domains
(Figure 1A), and as a consequence, the structure of the
mammalian MSC has remained elusive (23,24). The molec-
ular size of the MSC, ~1.0-1.2 MDa (14,22,25,26), is less
than the ~2 MDa, 60S eukaryotic large ribosomal subunit,
however, given that RNA comprises at least half of the ri-
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Figure 1. Constituents and proposed architecture of mammalian MSC.
(A) Schematic of protein domain arrangements of the nine AARSs and
three AIMPs in the MSC. The highly conserved catalytic (dark gray)
and anticodon (light gray) binding domains are highlighted. Likewise, the
vertebrate-specific appended domains, including GST-like domains (pink),
WHEP domains (cyan), lysine-rich N-helical domains (orange), among
others, are indicated in box at bottom. Constituents and domains are
drawn to scale (scale indicated). (B) Proposed bisymmetrical model of the
MSC. Each symmetrical side is a monomeric complex consisting of one
copy of each of the eleven proteins with the exception of LysRS, which is
present as a dimer. Each unit is sub-divided into sub-complexes I and 11
(dashed curve). Hubs containing four GST-like domains are highlighted
in ovals.

bosome mass, the protein mass of the MSC is compara-
ble to that of the 60S ribosome. Based on stoichiometric
studies of the purified complex, and structural studies of
purified constituents, the MSC is suggested to be a super-
complex of two identical, symmetrically arranged sub-units,
each containing a single copy of the constituents, with the
exception of LysRS which is present as a dimer in each sub-
unit (Figure 1B, adapted from (27,28)). The sub-units are
proposed to be joined by dimers of AspRS and the ProRS
domain of GluProRS, and possibly by LysRS tetramers
(20). Four AARSs containing GST-like domains impor-
tant in protein-protein interactions form a MetRS-AIMP3-
GluProRS-AIMP2 core of the complex (27,29). These pro-
teins, together with AspRS, and possibly LeuRS and IleRS
(30), form a distinct sub-complex denoted as sub-complex I
(27). Sub-complex II consists of AIMP1, GInRS, ArgRS, a
dimer of LysRS, and AIMP2 (which is shared by both sub-
complexes).

We propose to interrogate MSC structure using XL-MS
(31-34). The recent introduction of MS-cleavable cross-
linkers has greatly enhanced structural analysis of protein-
protein interactions in complex, multi-component systems.
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MS-mediated cleavage of cross-linkers by collisional activa-
tion separates cross-linked peptides into two linear peptides
with diagnostic signatures, and thus gives a high confidence
of cross-link assignment (34). The method reports specific
amino acid linkages in proximate peptides within (intra-
protein) and between (inter-protein) constituents. The most
commonly used MS-cleavable cross-linker, DSSO, has a 10-
A spacer between the reactive groups, and primarily cross-
links pairs of Lys residues at a distance up to ~27 A, al-
though limited reactivity towards hydroxyl-bearing amino
acids has been reported (35,36). XL-MS tolerates sample
heterogeneity, providing information on protein interac-
tions and conformations of recombinant proteins in solu-
tion, in crude cell lysates, and even in live cells. Based on its
complexity, including proteins with unstructured and possi-
bly dynamic domains, XL-MS is an ideal platform for struc-
tural analysis of the MSC.

MATERIALS AND METHODS
Protein cross-linking for XL-MS

Human HEK293T cells (ATCC) were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and 1% penicillin—streptomycin solution.
Cells (30 x 10° cells) were pelleted, washed twice with ice-
cold PBS, and lysed in buffer containing 100 mM Tris—HCI
pH 7.5, 150 mM NacCl, 1% Triton X-100, supplemented
with protease inhibitor cocktail (ThermoFisher). Following
incubation in an end-to-end rotator for 40 min at 4°C, de-
bris was cleared by centrifugation at 15 000 RPM for 20
min at 4°C. The lysate was pre-cleared with protein A/G
magnetic beads (Pierce) pre-blocked with buffer contain-
ing 100 mM Tris—HCI pH 7.5, 150 mM NacCl, 1% Triton
X-100 and 0.02% bovine serum albumin for 1 h. For pull-
downs, lysates were incubated with rabbit polyclonal anti-
human GluProRS linker (Leu;s; to Thrgss; BioSynthesis,
TX, USA) (37) or IgG control antibody, followed by in-
cubation with protein A/G magnetic beads overnight in
an end-to-end rotator at 4°C. The antibody was selected
for pull-down because of its very high affinity and speci-
ficity for GluProRS. Moreover, under these cellular condi-
tions, gel filtration of lysates shows all GluProRS co-elutes
with other MSC constituents, e.g., AIMP1 and AIMP2, in
high-molecular weight fractions consistent with the MSC
(Supplementary Figure S1). The pull-down preceded cross-
linker addition to minimize linkage with non-interacting
proteins in the protein-rich cytoplasmic environment. The
beads were collected with a magnet (ThermoFisher), and
washed four times with ice-cold 50 mM Tris—HCI, pH 7.5,
150 mM Nacl, 0.5% Triton X-100. The beads were further
washed twice with cross-linking buffer consisting of 20 mM
HEPES, pH 7.8 and 150 mM NacCl, and re-suspended in
the same buffer. The MSC complex was cross-linked on the
beads by incubation with 1 mM of the MS-cleavable cross-
linker disuccinimidyl sulfoxide (DSSO, ThermoFisher) dis-
solved in DMSO for 45 min at room temperature, and the
reaction quenched by addition of 20 mM Tris—HCI (pH
7.8) for 30 min. For in situ, live cell cross-linking, 30 x 10°
HEK293T cells were pelleted at 1000 rpm and suspended
in 2 ml of hypotonic buffer consisting of 10 mM HEPES,
pH 8.0, 10 mM NaCl, | mM MgCl,, 0.5 mM DTT, and
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protease inhibitor cocktail. Suspended cells were incubated
with DSSO (3 mM) for 60 min at 4°C, and the reaction
quenched with 25 mM Tris—HCI, pH 7.8. The cells were
lysed and subjected to pull-down as above.

Sample preparation and analysis of proximate proteins by
XL-MS

Immunoprecipitated material was subjected to on-bead
tryptic digestion (38). Briefly, trypsin (10 pl, 10 ng/pl) in
100 mM ammonium bicarbonate was added to washed
beads, and samples vortexed for 15 s every 2-3 min for
15 min at room temperature. Digestion was continued
overnight at 37°C. A second 10-ul aliquot of protease was
added for 4 h at 37°C. The supernatant was collected on a
magnetic rack and diluted with formic acid (5% v/v, final
concentration). The digests were cleaned using PepClean
C-18 spin columns (ThermoFisher) according to manufac-
turer’s instructions, the samples dried in a vacuum concen-
trator, and reconstituted in 1% acetic acid.

Samples were analyzed by LC-MS using an Orbitrap Fu-
sion Lumos Tribrid MS and XlinkX software (ThermoSci-
entific). The instrument was equipped with a Dionex Ul-
timate 3000 nano UHPLC system, and a Dionex (25 cm
x 75 pm id) Acclaim Pepmap Cjg, 2-pm, 100-A reversed-
phase capillary chromatography column. Peptide digests
(5 pl, ~1-2 pg protein) were injected and eluted with an
acetonitrile/0.1% formic acid gradient at a flow rate of 0.3
wl/min. Experiments were analyzed using three standard
LC-MS/MS methods (31,39). The first method took ad-
vantage of data-dependent acquisition utilizing MS! scans
to identify peptide molecular weights, and collision-induced
dissociation (CID)-based MS? scans to identify peptide
sequences. Two XL-MS methods were applied. The first
XL-MS approach is a CID-MS?-MS?* method that utilized
an initial MS! scan which identifies 375-1500 Da ions,
and measures their mass-to-charge (m/z) ratios, permit-
ting determination of peptide molecular weights and charge
states. To filter out the majority of non-cross-linked moi-
eties, peptides with charge state >4 were isolated and sub-
jected to MS? fragmentation using low-energy (25%) CID
with high-resolution detection in the Orbitrap (30 000 res-
olution). MS? fragmentation dissociated the DSSO-cross-
linked peptides to yield ions with a diagnostic mass dif-
ference of 31.9721 Da. These fragments were selected for
further fragmentation by an MS? experiment in the ion
trap that determined the sequence of both peptides, in-
cluding identification of cross-linked Lys residues. The sec-
ond XL-MS method, CID-MS?-¢electron-transfer/higher-
energy collision dissociation (EThcD)-MS? utilized MS! to
identify peptide molecular weights and charge state select-
ing only those with charge state >4 for MS? analysis in the
Orbitrap. The CID MS? experiments identified the diag-
nostic 31.9721 Da mass difference, and the EThcD exper-
iment determined peptide sequence, including cross-linked
Lys residues.

Data and error analysis

For the data-dependent XL-MS analysis, collected data
were queried against human SwissProtKB databases

(Uniprot.org) using Sequest bundled into Proteome Dis-
coverer 2.2 (ThermoScientific) (34). Parameters included
methionine oxidation and DSSO modification of lysine,
protein mass tolerance of 10 ppm, and fragment ion mass
tolerance of 0.6 Da. Protein and peptide validation was per-
formed using Scaffold 4.9.0 (40) with application of a 1%
false discovery rate (FDR) to identify high-confidence pro-
teins (41,42). XL-MS data were analyzed using the XLinkX
2.2 node from Proteome Discoverer 2.2 (34). Parameters
were as above, specifically selecting DSSO as cross-linker
and three missed cleavages. This data was searched against
the human SwissProtK B database and a database generated
from proteins identified in the data-dependent analysis. Val-
idation of cross-linked peptides was done using Percolator
(Matrix Science) with a FDR set at 1% (43,44). A consen-
sus workflow was also applied for the statistical arrange-
ment; de-isotope and TopX filters were used to determine
m/z error with selectivity set to ~10% FDR. XL-MS spec-
tra designated as high confidence were inspected for the fol-
lowing criteria. For the CID-MS?-MS? experiment, selec-
tion of MS? spectra required three of the four possible frag-
ments contain sequence-specific y and b ions consistent with
the amino acid composition of the peptide. For the CID—
MS2-EThcD-MS? method multiple sequence-specific ions
needed to be present from each peptide involved in cross-
links.

Modeling and visualization of the MSC

Most constituents used to assemble the MSC model have
published crystal structures for truncated or incomplete hu-
man proteins. Full-length or near-full length models were
constructed by appending the crystal structures with three-
dimensional models of missing domains obtained by ho-
mology modeling using SWISS-MODEL (45,46). For some
proteins, crystal structures were available only from non-
human species, and these were subjected to homology mod-
eling using SWISS-MODEL. The MSC was step-wise as-
sembled by docking constituents to partially assembled
complexes, subject to distance constraints corresponding to
Lys—Lys intermolecular crosslinks, using SWISS-MODEL
and the protein-protein docking program PatchDock (47)
(see Supporting Information for details). Models of MSC
constituents with intra-molecular cross-links (Supplemen-
tal Figure S2) and assembled complexes were visualized
with PyYMOL (48).

RESULTS
Summary of inter- and intra-protein cross-links

Lysates of human HEK293T cells were subjected to pull-
down with anti-GluProRS or IgG control antibody, and
then cross-linked with 1 mM DSSO, an MS-cleavable cross-
linker with an amine-reactive ester at each end of a seven-
carbon spacer. Bead-bound protein was subjected to cleav-
age and peptide detection by an Orbitrap Fusion Tribrid
MS? instrument. Cross-linked peptides were analyzed by
Thermo XlinkX software, and the data was queried against
the human UniProtKB database. The experiment was re-
peated three times with cross-linker added on-bead, and
once in which DSSO was incubated directly with cells, and
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Figure 2. XL-MS-derived cross-links in the MSC. (A) Linkage map generated by xiView depicting inter-protein cross-links determined by XL-MS analysis
of HEK293T cells (49). Subcomplex I constituents are highlighted (gray regions surrounded by dashed outline). (B) Linkage map showing intra-protein

cross-links obtained by XL-MS.

the results combined. We identified 19 unique inter-protein
cross-links pairwise connecting all 11 MSC constituents
(Figure 2A, Supplementary Table S1), and 118 unique intra-
protein cross-links (Figure 2B, Supplementary Table S2).
The latter can provide insights into the spatial relation-
ship of well-defined structural domains connected by dy-
namic or disordered spacers characteristic of appended do-
mains of nearly all human MSC constituents. All cross-links
were between pairs of Lys residues, with the single excep-
tion of a heterofunctional cross-link between AIMP2 Tyr;s
and LysRS Lysy49. The results were validated by determi-
nation of cross-link distances in proteins and multi-protein
complexes with known crystal structure. For example, intra-
protein cross-links in human LysRS, AspRS and GIluRS
(human structure is modeled based on sequence homology
with GIuRS from Methanothermobacter thermautotrophi-
cus) were generally consistent with the reported ~27-A limit
(Figure 3A-C). Likewise, the inter-protein cross-link be-
tween the N-terminus of AIMP2 and LysRS satisfied the
distance constraint (Figure 3D). Summarizing all intra-
protein cross-links found in reported structures, ~80% are
smaller than 30 A; larger cross-links in ProRS and GInRS
are informative exceptions and discussed below (Figure 3E).

XL-MS-derived structural model of MSC sub-complex I

Previous X-ray crystallography data established a core of
four GST-like domains that was not challenged by our re-
sults, and was used as a starting point in our model de-
velopment (27,29). Our data showed AspRS cross-linked
to two core constituents, namely, AIMP3 and MetRS -

an unexpected result since previous biochemical and struc-
tural studies showed AspRS binding AIMP2 (Figure 1B)
(18,27). However, a recent report showed a 58-amino acid
degradation fragment of AspRS (AspRS336 393) resides in a
crevice formed by AIMP2 and AIMP3 in the GST-like core
(29). The cross-link observed by XL-MS, AspRS Lyssz
to AIMP3 Lys;sg, was within this AspRS fragment, con-
firming this structure in the context of the MSC (Figure
4A). A model of full-length human MetRS was generated
from separate crystallographic structures of human MetRS
GST-like and catalytic domains, joined by a 14-aa linker
modeled as an «a-helix (the derived structure of MetRS
and all other MSC constituents, with intra-protein cross-
links, are displayed in Supplemental Figure S2). Full-length
MetRS was situated to satisfy the AspRS Lysss; to MetRS
Lys7y9 cross-link (Figure 4B). The human GIuRS catalytic
domain of GluProRS was modeled on the crystal struc-
ture of Methanothermobacter thermautotrophicus (50) and
joined to the human GST-like domain based on XL-MS-
derived intra-protein cross-links (Figure 4C). The GluRS
catalytic domain was included in the model to complete
the pentameric core (Figure 4D). Unfortunately, cross-links
between ProRS and GIuRS, or with any other MSC con-
stituent, were not observed, thus preventing placement of
ProRS, or the linker that joins it, to GluRS.

XL-MS-based structural model of MSC sub-complex IT

The XL-MS-derived cross-links between MSC constituents
outside of sub-complex I were investigated to elucidate their
spatial relationships in the MSC. A high-resolution crys-
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AspRS (PDB ID: 4J15). Cross-linked Lys residues are shown as atom-level structures (yellow), and intra-protein cross-links shown as connecting line of
yellow spheres. (C) The structure of human GIluRS was modeled based on homology to the archaebacterium Methanothermobacter thermautotrophicus
GIuRS (PDB ID: 3AIl). (D) XL-MS-derived crosslinks between LysRS and AIMP2 are shown in the X-ray structure (PDB ID: 6ILD). Inter-protein
cross-links are indicated by connecting line of orange spheres. (E) Number of cross-links as a function of cross-link distance within the reported structures.

tal structure of full-length human GInRS has been reported
(51). A 35-aa spacer in the hinge region connecting the N-
terminal domain (NTD, Met;-Glu;s;) to the catalytic do-
main is disordered, consistent with a flexible or dynamic
structure (51). XL-MS revealed three intra-protein cross-
links between these domains (Figure 5A, right). According
to the crystal structure, the distances corresponding to these
cross-links are >80 A, and thus well beyond the ~27-A limit
of DSSO (Figure 5A, left). The NTD can be repositioned
to give cross-links between 14 and 31 A, while not inducing
spatial conflict (Figure SA, center). In the altered position,
the NTD abuts the catalytic and anti-codon binding do-
mains, and supports the reported regulation of tRNA bind-
ing and catalytic activity by the NTD, there by eliminating
the need to hypothesize long-distance communication be-
tween domains (51).

Our finding of cross-links between GInRS and ArgRS
confirms the interaction observed in the crystal structure of
ArgRS-GInRS-AIMP1 (17). A major feature of the triad is
a split a-helical motif at the ArgRS N-terminus featuring
limited interactions with GInRS and AIMPI (Figure 5B,
left). However, the ~40-A lengths of the XL-MS-derived
intra- and inter-protein cross-links suggest the crystal struc-
ture does not reflect the conformation within the MSC. This
possibility is supported by inclusion of the GInRS NTD in
the structure, which introduces an additional 70.8 A cross-
link between ArgRS Lysss; and GInRS Lys,s (Figure 5B,
center). To accommodate the structure of GInRS with the
re-positioned NTD, and satisfy the observed cross-links, the
split N-terminal a-helix of ArgRS was adjusted to form
a compact helix-turn-helix structure, and the position of
ArgRS relative to GInRS shifted (Figure 5B, right). The
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Figure 4. Assembly of the sub-complex I pentamer. (A) Schematic of inter-protein cross-links between MetRS, AspRS and AIMP3 (right). Reported
crystal structure (PDB ID: 5Y6L REF) of the four GST-like domains with the AspRS peptide (orange). The crystal structure (PDB ID: 4J15) of human
AspRS (brown) was used to model and dock full-length AspRS on the GST tetramer. (B) The MetRS catalytic domain (PDB ID: 5GL7) was docked on
the pentameric structure using inter-protein distance constraints given by XL-MS. (C) Schematic of intra-protein cross-links in GluRS with cross-links
between GST-like and catalytic domains highlighted (red, right). Structure of human catalytic domain determined by homology modeling with archael
GIuRS (PDB ID: 3AIl). (D) Ribbon (left) and space-filled (right) structures of the pentameric complex comprising sub-complex I.
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GInRS

Figure 5. Application of XL-MS-derived cross-links to amend GInRS monomer and GInRS-ArgRS dimer structures. (A) Schematic (right) of XL-MS-
derived intra-links in GInRS; cross-links between N-terminal domain (NTD) and catalytic domain are highlighted (red). Crystal structure (PDB ID:
4YEG6) of the NTD (red) and catalytic domain (pink) of GInRS (left). Position of Ksg¢ is estimated from Asgy, the nearest neighbor in the crystal structure.
Amended model of GInRS obtained by conformance with XL-MS-derived intra-protein distance constraints (middle). (B) Schematic of inter-links between
GInRS and ArgRS obtained by XL-MS (right, bottom). Crystal structure (PDB ID: 4R3Z) of ArgRS-GInRS-AIMP1 trimer (left). Structure of ArgRS
complexed with GInRS containing the N-terminus (PDB ID: 4YE6) (middle). Improved model of ArgRS-GInRS satisfying ArgRS intra-protein and

ArgRS-GInRS inter-protein cross-links (right, top).

adjacency of GInRS and LysRS is determined by a cross-
link of both proteins with Lyses in the N-helical domain of
AIMP?2 (Figure 6A). The relative spatial positions of IleRS
and LeuRS in the MSC have been elusive, but an association
with GluProRS and MetRS in sub-complex I has been pro-
posed (Figure 1B) (52). In contrast, the XL-MS data shows
cross-links joining a triad of IleRS, LeuRS, and ArgRS in
sub-complex II (Figure 6B).

Interactions of the major MSC sub-complexes

The constituents and structures joining the major sub-
complexes of the MSC are unclear; however, AIMP2 bind-

ing to GluProRS in sub-complex I and to AIMPI1 and
LysRS in subcomplex II are likely to contribute (Fig-
ure 1B) (53,54). The XL-MS data reveal inter-protein
cross-links between five pairs of constituents connecting
the two sub-complexes, namely, [leRS-MetRS, AspRS-
GInRS, GInRS-GluProRS, GInRS-AIMP2 and AIMP2-
LysRS (Figure 7, top, right). GInRS appears to be central
to the joining of the sub-complexes as cross-links with three
proteins in sub-complex I are observed, all <30 A (Figure
7, bottom, left and outsets). The model reveals integration
of the sub-complexes despite a clear segregation of the con-
stituents, with the exception of AIMP?2 that resides in both
sub-complexes in accordance with previous models.
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Evidence for dimers of MSC constituents

Biochemical and crystallographic data suggest several MSC
constituents are present as dimers including AspRS, LysRS
and the ProRS domain of GluProRS (55-61). However,
the dimerization requirement for these AARSs for activ-
ity might be evaded in the MSC by alternative interactions
with neighboring AARSs. Consistent with this idea, molec-
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ular modeling shows that AspRS monomer and GInRS, in-
teracting AARSs in our model, can form a sterically com-
patible pair (62). Intra-protein cross-links can provide evi-
dence for the presence of homodimers, particularly in anti-
parallel structures. For example, an ‘intra-protein’ cross-
link between amino acids very distant from each other in the
monomeric structure, .g., >40 A, but near each other in the
dimer, would provide evidence for a homodimer arranged in
a head-to-tail configuration. XL-MS data for LysRS shows
six distinct intra-protein cross-links ranging from 10.7 to
20.9 A if both are within the same monomer, and from
50.0 to 101.2 A if the residues span the dimeric structure
(Table 1). The preponderance of cross-links consistent only
with the monomeric form does not provide compelling ev-
idence for either structure since the region comprising the
dimer interface is relatively small compared to the total vol-
ume. Thus, a preponderance of cross-links consistent with
a monomer is likely to be observed even in a dimer. For
example, a manual count showed only 16 potential Lys—
Lys cross-links less than 27 A spanning the LysRS dimer
interface, compared to ~125 potential intra-protein cross-
links within each of the monomers. Thus, assuming equiva-
lent accessibility to the cross-linker, there is a probability of
~0.06 (16/266) that a given cross-link will provide evidence
for a dimeric form. Notably, the vast majority of nearby
Lys pairs in LysRS were not observed to be cross-linked,
possibly due to spatial obstruction of the cross-linker, weak
reactivity of primary amine groups, or inefficient MS detec-
tion of cross-linked peptides. Of the four intra-protein cross-
links in AspRS, none are suggestive of a dimeric structure.
Five intra-protein cross-links were detected in ProRS; the
monomeric cross-link distances in three range from 30.9 to
38.7 A, whereas the same cross-links in dimeric structures
range from 16.1 to 23.8 A, suggestive of a dimeric struc-
ture. However, the lengths in the monomer are not much
greater than the distance limit of the cross-linker, and might
be consistent with an altered conformation of PRS in the
MSC compared to the crystal structure. It is noteworthy
that a cross-link between identical residues is independent
evidence for a homodimer (63); however, such cross-links
were not observed in any MSC component.

Structural model of the human MSC

A holo-MSC model was constructed satisfying inter- and
intra-protein cross-link lengths, and without spatial inter-
ference of any domains (Figure 8A, B). All constituents
and domains are included except for the ProRS domain of
GluProRS and the linker connecting it to the GluRS do-
main, as no informative XL-MS data were obtained. The
overall maximum dimensions are about 198 x 170 x 150 A.
The asymmetric structure is relatively compact and globu-
lar, but studded with surface crevices, possibly to facilitate
interaction with substrate tRNAs. Our findings reveal the
first atomistic, 3D model of the human MSC.

DISCUSSION

Several conclusions can be inferred from our structural
model of the MSC. This compactness of the model is due
in part to inter-protein crosslinks connecting all MSC con-
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Figure 7. Connections between sub-complexes I and II. Schematic of inter-protein cross-links between five protein pairs joining sub-complexes I and II
(top, right). Structural model comprising LysRS, GInRS, GluRS, MetRS, AspRS, I[leRS and AIMP2 satisfying XL-MS-derived inter-protein distance
constraints (bottom, left). Red dashed line delineates sub-complexes (SC) I and II; AIMP2 spans both sub-complexes. Expanded outsets show details of
GInRS-GIuRS (bottom, right) and AIMP2-GInRS-LysRS interactions (top, left).

stituents. Utilization of the high density of intra-protein
cross-links permitted improved modeling of appended do-
mains generally attached to catalytic domains by disordered
spacers. For example, the GST-like domain of GluRS, the
N-terminus of GInRS, and the N-helix domain of ArgRS,
all were found to be closely associated with the catalytic do-
main, further contributing to the compactness of the overall
structure. In several cases, the structure derived from XL-
MS was at variance with the crystal structure, most likely
due to the difference in experimental conditions; XL-MS
interrogates conformation in situ within the intact MSC,
an environment very different from the densely packed con-
dition established during crystallization of purified com-
ponents. The model also shows tight integration of sub-
complexes I and II that can be more accurately consid-
ered as interacting hemispheres rather than discrete mini-
complexes. Importantly, no cross-links between MSC con-
stituents and the other eleven AARSs were observed in our

XL-MS experiments. This finding not only supports cross-
link specificity, but also rejects the possibility that the MSC
contains all twenty AARSSs, but some are reproducibly lost
during isolation. Our structural model does not include the
ProRS domain of GluProRS, nor the linker joining the cat-
alytic domains, since the XL-MS experiments did not re-
veal inter-protein cross-links with these domains, nor intra-
protein cross-links between the catalytic domains. The ab-
sence of cross-links between ProRS with other MSC con-
stituents was not likely due to artifactual interference by
the anti-GluProRS linker antibody used in immunoprecip-
itation since mono-links, i.e. mono-functional reactions of
DSSO with single Lys residues, were detected in the linker
and ProRS domains (not shown). These results suggest that
ProRS might be loosely tethered to GluRS, and to the rest
of the MSC, and thus an exception to the observed com-
pactness of the complex. Alternatively, ProRS might be
tightly associated with the bulk mass of the complex, but



Table 1. Summary of Lys—Lys cross-link distances in crystal structures of
AARS dimers

Cross-link Cross-link length in dimer denoted A-B (A)

Both aa’sin  Both aa’s in aal in A; aal in B;
A B aa2in B aa2in A

AspRS (PDB ID: 4J15 (64))

KoKy 32.1 30.7 80.8 76.2
K40-Kss 23.6 24.4 533 53.8
Ks5-Ki2 17.0 16.8 60.8 61.3
Kogq1-Kysg 28.4 27.3 27.3 22.3
LysRS (PDB ID: 6ILD (59))

Ki35-Kig1 16.1 17.6 101.2 100.0
K53-Kogs 10.8 10.7 50.1 50.0
K305-Kyg79 20.9 20.7 56.2 55.9
K363-K379 12.2 12.7 50.0 49.7
K402-Ky79 14.0 124 77.6 77.6
Ka07-Kyg79 12.9 11.1 82.4 81.2
ProRS (PDB ID: 4HVC (65))

Kios9-Ki109 36.6 30.9 22.6 18.4
Ki091-Ki109 38.7 35.3 19.5 16.1
Ki109-Ki1s6 349 36.9 18.5 23.8
Ki143-Ki136 31.7 31.8 42.6 423
Ki1s6-Ki213 11.6 11.5 51.8 53.6

there are not any proximal Lys-Lys pairs available for cross-
linking.

The size and stoichiometry of the MSC have not been es-
tablished with certainty. Our model is comparable in com-
pactness and volume to the MSC defined by early, low-
resolution negative stain and cryo-EM images (12) (Figure
9A, B). In contrast, small-angle X-ray scattering (SAXS)
suggested a highly elongated structure (16) (Figure 9C).
The discrepancy between the low-resolution structures has
not been resolved, but might be related to technical issues,
for example, solid- versus solution-phase image acquisition.
Also, differences in purification protocols can result in al-
tered composition, including tRNA content, and proteol-
ysis (66). Not requiring highly purified material, the XL-
MS approach has the advantage of a one-step affinity pu-
rification procedure that is less susceptible to artifactual
modification during sample preparation. According to a re-
cent structural model, the MSC is a supramolecular com-
plex consisting of two identical units rotated 180° around
an axis through AspRS and ProRS dimers, and joined by
these dimers (Figure 1B) (27). Each unit is proposed to con-
tain a single copy of each of the 11 constituents, except for
LysRS present as a dimer in each. Evidence for the overall
shape shown is limited, but possibly derives from early, low-
resolution, negative-stain electron microscopy, suggested to
reveal a ‘cup’ or ‘U-shape’ structure (13). However, sub-
stantial evidence does not support this model. Importantly,
the calculated molecular mass of the complex in Figure 1
is ~2.0 MDa, whereas mass determinations by sucrose gra-
dient centrifugation or gel filtration, done in multiple in-
dependent laboratories, consistently report 1.0-1.2 MDa
(14,22,26,67,68). The calculated molecular size of the XL-
MS-derived MSC with monomeric constituents is ~930
kDa, increasing to ~1.2 MDa upon inclusion of the sec-
ond monomer of the three proposed dimeric constituents,
AspRS, LysRS and GluProRS (56,57,69,70). These calcu-
lated sizes are consistent with the reported mass determina-
tions, even taking into account the presence of about four
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~25 kDa tRNAs per MSC particle (14). Thus, we suggest
the holo-MSC is a unitary structure consisting primarily
of constituent monomers, with the exception of limited ho-
modimers.

The XL-MS data did not provide evidence for AspRS and
LysRS dimers, and only weakly supported a ProRS dimer.
Nonetheless, taking advantage of the known crystal struc-
tures of the dimers, we have expanded our model to include
them (Supplementary Figure S3). The LysRS B chain was
inserted into the model without spatial interference with
other constituents, but there was limited spatial overlap of
AspRS B chain with ArgRS. Inclusion of GluProRS dimer
required construction of a monomer that was hampered
by the absence of structural information on the relation-
ship between the GluRS, linker, and ProRS domains. The
structure of the linker joining the catalytic domains has
not been resolved and contains unstructured spacers joining
three well-structured, helix-turn-helix WHEP domains. The
GluProRS dimer was arbitrarily positioned without spatial
constraints. The lack of interaction of the ProRS domain
with the main MSC structure is consistent with a report
showing specific proteolytic release of ProRS from the MSC
(71).

The function of the MSC in vertebrate cells remains un-
certain, but interaction with ribosomes has been described,
suggesting a ‘channeling’ mechanism in which charged tR-
NAs are released from MSC AARSs to elongation fac-
tor la (EFla) for delivery to the ribosome A-site. This
mechanism could improve translation efficiency by recy-
cling tRNA without diffusive release into the cytoplasmic
pool (8,72-75). The roughly equimolar stoichiometry of
MSC and ribosomes, about 107 copies per cell, provides cir-
cumstantial evidence for a role of the MSC/ribosome inter-
action in translation (74). Several AARSs not in the MSC,
most notably ValRS and PheRS, directly bind the EFla
subunit of elongation factor complex, EF1 (76,77). How-
ever, evidence for binding of MSC constituents with EFla is
limited (78) and contrasts with reports that fail to show co-
purification of the MSC with elongation factors (79). Like-
wise, our XL-MS experiments did not reveal cross-linking,
or even enrichment, of EFla with the MSC. These data are
consistent with a processive pathway in which a tRNA cy-
cles from an MSC AARS to EFla, then to the ribosome,
and back to the MSC, without requiring a high affinity in-
teraction between the AARS and EFla (80). Intriguingly,
AIMP3 (also known as EEF1E]1 or eukaryotic translation
elongation factor 1 €1) has sequence homology with the
and vy subunits of EF1 required for recycling EF1a-GDP to
EF1a-GTP (79). Conceivably, a partnership of AIMP3 and
EFla represents a common mechanism of charged tRNA
delivery to elongating ribosomes shared by all MSC AARSs
(81,82). Our structural model reveals a topological asym-
metry that potentially sheds light on this proposed mech-
anism. A ‘side-view’ reveals a relatively flat surface oppos-
ing a bulged surface (Figure 8A, B, center panel). Interest-
ingly, the anti-codon binding domains of nearly all AARSs
are localized on the flat surface, with mechanistic implica-
tions (Figure 8C). This asymmetric distribution might sug-
gest that all synthetases are positioned for optimal delivery
of charged tRNAs to the ribosome A-site via EFla, and
possibly AIMP3. Alternatively, these sites might face away
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A

Figure 8. Three-dimensional models of human holo-MSC. Ribbon (A) and space-filled (B) models of front (left), side (middle) and rear (right) views of
the MSC. (C) Space-filled model showing front (left) and back (right) views of the MSC with anticodon binding domains highlighted.

from the ribosome to facilitate binding of uncharged tR-
NAs.

At least 9 of the 11 MSC constituents exhibit non-
canonical functions implicated in pathology. Phosphoryla-
tion of GluProRS contributes to inflammation, aging, and
adiposity (83,84). LysRS phosphorylation induces mast
cell activation (85) and priming of human immunodefi-
ciency virus type 1 (86). MetRS phosphorylation induces
MSC release of AIMP3 that can contribute to tumor sup-
pression, or in excess induces accelerated aging in trans-
genic mice (87,88). LeuRS acts a leucine sensor that reg-
ulates mTORCI1 activity (89,90). Finally, mutations in five
genes encoding MSC-resident proteins — RARS, DARS,
EPRS, AIMPI and AIMP2 — cause forms of child-onset
hypomyelinating leukodystrophy (91-96). In several cases,
the constituent escapes from the MSC, e.g. GluProRS and

LysRS are released following stimulus-dependent phospho-
rylation, and a fragment of AIMP1 is released by proteoly-
sis during apoptosis (83,84,97,98). Our structural model can
form a basis for understanding the dynamics of the MSC
and its constituents. MSC release of GluProRS and LysRS
does not adversely influence cell viability, but their effects
on MSC structure have not been investigated in depth. Al-
though AspRS has been proposed to undergo stimulus-
dependent release from the MSC (18), its central position
suggests release might profoundly influence MSC struc-
ture. Consistent with previous electron microscopy show-
ing a central location of AIMP1 (99), AIMP1 in our model
forms a central belt-like structure interacting with multiple
AARSSs suggesting that release of intact AIMP1 might be
detrimental to MSC structure. Almost no information is
available concerning assembly of the MSC, and its poten-
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Figure 9. Volumetric comparison of MSC structures. Structures derived
from (A) negative stain (left) and cryo-EM (right), (B) XL-MS, before (left)
and after (right) application of median low-pass filter (Canvas Draw 4,
median filter setting = 5) and (C) low-resolution SAXS bead model (left)
and superposition of SAXS bead models (right).

tial regulation. Assembly factors, such as those required for
ribosome assembly, might likewise be essential for ordered
assembly of the MSC. Overall, our data provides the first
comprehensive structural model of the mammalian MSC
that will provide a foundation for understanding the canon-
ical role of the MSC in translation, the noncanonical func-
tions of its constituents, and potential contributions of the
MSC to pathology.
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