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Figure S1. GluProRS in the MSC. HEK293T cells were grown in DMEM until 80-90% confluent. The cells
were lysed in buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.5% Triton X-100 and Protease
Inhibitor Cocktail, and the debris cleared by ultracentrifugation at 100,000 g for 1 h. The cleared lysate (3
mg protein) was applied to a Superose-6 FPLC column, and eluted at a flow rate of 0.5 ml/min in buffer
containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM phenylmethanesulfonyl fluoride, and 1 mM
dithiothreitol. Thyroglobulin (6701 kDa), gamma globulin (158 kDa), ovalbumin (44 kDa), bovine serum
albumin (66 kDa), myoglobin (17 kDa), and vitamin B,, (1.35 kDa, not shown) served as molecular weight
standards. Aliquots from alternate fractions were run on 4-20% SDS-PAGE for western blot analysis.



Figure S2. MSC constituent structures. X-ray structures after adjustment for intra- and inter-protein XL-MS
crosslinks. Lys residues and their intra-protein cross-links shown as yellow spheres (or blue for lleRS).
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Figure S3. MSC structures with dimer constituents. (A) Ribbon models of front (left) and rear (right) views
of the MSC including dimers of AspRS, LysRS, and GluProRS. (B) X-ray structures of AspRS (left, PDB
ID: 4J15), LysRS (center, PDB ID: 6ILD), and ProRS (right, PDB ID: 4HVC) dimers.



Supplementary Table S1. Inter-protein cross-links identified by XL-MS.

Peptide A Peptide B Occurrences, | Occurrences,
in-cell on-bead
experiment experiments
(n=1) (n=3)
AIMP1 K129 AI’gRS K471 - 1
AIMP2 K64 GInRS K759 - 2
AIMP2 K7 LysRS Ko - 3
AIMP2 Y35 LySRS K249 - 1
AIMP2 K64 LySRS K249 - 1
AIMP3 K138 AspRS K374 1 3
AI’gRS Kzo GInRS K759 - 1
AI’gRS K557 GInRS K25 - 1
AI’gRS Kso lleRS Kssz - 1
AI’gRS K522 lleRS K885 1 -
AI’gRS K471 LeuRS K1102 1 1
AspRS K13 GInRS K3og - 1
AspRS Kiys1 MetRS K729 - 2
GInRS K405 GluProRS K243 1 -
GInRS K405 GluProRS Ksoo 1 2
GInRS K405 GluProRS K435 1 -
lleRS Kssz LeuRS K1133 - 1
lleRS K450 LeuRS K1133 1 1
lleRS Kggs MetRS K729 - 1




Supplementary Table S2. Intra-protein cross-links identified by XL-MS.

Peptide A Peptide B | Occurrences, Occurrences,
in-cell on-bead
experiment experiments
(n=1) (n=3)

AIMP1

Ksq Kae - 1
AIMP3

Kss K1ze - 1
Kss K13s 1 2
Koe K1ze - 1
Koe K13s - 1
K1os K1ze - 1
ArgRS

Kso Kes 1 1
Kso Kssz 1 2
K131 K143 - 1
K2os K321 - 1
K321 Kar1 1 3
Ks47 Kse2 - 1
Ks47 K3a3 1 2
K49 Ksz2o - 1
Ka71 Ka7e 1 1
Kar1 Kazs 1 3
AspRS

K2e Ko 1 3
Ko Kss 1 -
Kss K122 1 1
K241 Kss1 1
GInRS

K1g Kso - 1
Kas K2os 1 2
Kas Kags 1 2
Kas Ksge 1 3
Kas Kzso - 2
Kso K1es - 1
K233 K2sa - 1
K309 K421 - 1
K309 K496 - 1
Ksee K412 1 3
Ksee K421 - 3
Ksee Kags 1 3
Ks28 Ks73a 1 3
Ks28 Kzeo 1 1
Ks28 Kz7a - 2
GluProRS

K148 K17 - 1
K173 K417 - 2
K197 K231 - 1
K243 K300 - 1
K245 K43s 1 3
Kars Kago - 1
Kago K2ss - 1
Kago K417 - 1
K300 Kass 1 2




K300 K4az - 1
K417 K72 1 3
Kass Kaaz - 2
K43s Kaz2 1 3
K91 K498 1 3
Ks7s Ksgs - 1
Ko17 Koazo 1
K1o10 K1o34 - 1
K1ose K1109 - 1
K191 K11o9 1 3
K1109 K11s6 1 3
K113 K11s6 - 1
K11s6 K1213 2
1leRS

Kss K1z - 2
K1z K149 - 1
K1z K1eg - 2
K1z Ksgo 1 2
K1z K410 - 2
K1z Kss0 1 3
K1z Ks41 1 -
K1z Ke72 - 1
K1z Kage - 2
K1eg Kss0 - 1
K1eg Ke72 - 1
K17z K4s0 - 1
K2es Ksgo 1 3
K2es K410 - 2
K2es Kss0 1 1
K2es Kage - 1
Kass K2ss 1 3
Kags Kaso 1 3
K314 Kss0 - 1
Kszs Ksgo - 3
Kszs Kss0 - 1
Ksg2 K410 1 3
Ksgo Kaso 1 2
Ksgo Kage - 1
K410 Kss0 1
K443 Kss0 - 1
Kas0 Ksa41 - 3
Kss0 Kage - 1
Ks41 Ke72 1 2
Ks41 Kooz 1 2
Ke72 Kz2s - 1
Kz2s Ks1e 1 3
Ks17 Kss1 - 1
Ksag K1oe1 1 -
Kss1 Kses - 1
Kses Kage 1 1
Ksrs Ksss - 1
Ksrs Kssz 1 2
Ksss Koaz2g - 1
Kssz Kage - 1
Kooz Kaoe 1 3
Kage K1oe1 1 3
K1014 K1os7 - 1
K1o16 K1os7 1
K1os1 K1104 - 1

LeuRS




K270 K2ss - 2
Kars K312 - 1
Ksoz K1o02 1 3
K22 K1o02 1 3
K114 K113s - 1
LysRS

K1ss K141 1 1
K223 K243 - 2
K3sos Karg 1 1
K3e3 Ks7o - 1
K02 Kz 1 2
K407 Karg 1 3
MetRS

K1os K204 - 1
Kszs K91 1 3
K91 Ksoo - 1
Kse3 K729 1 3
K726 K729 1 3




Supplemental Data

3-Dimensional architecture of the human multi-tRNA synthetase
Complex



Modeling of individual MSC constituents

ArgRS. A model of near full-length human ArgRS (Aspz>-Metsso) was built from the
crystal structure of human ArgRS (chain B, PDB ID: 4R3Z (1)). The N-terminus domain

(Asp2-Progg) of ArgRS was relocated to satisfy Lys-Lys intra-molecular cross-links.

AspRS. A model of near full-length human AspRS monomer (Alas-Aspags) was built from
the crystal structure of human AspRS (Alazi-Aspags, PDB ID: 4J15 (2)) and a peptide
(Alas-Alago) for the N-terminus modeled using SWISS-MODEL. Domains missing from
this crystal structure, i.e., Meti-Alazy, Gluiss-Alaize, llesss-Alazsz, Argozs-Hisgge, and
Prosgs-Prosg1 were constructed in the model except for Prosgs-Prose1. To generate the
cross-link between the N-terminus of AspRS (Lysi3) and GInRS (Lyssee) a de novo-built
a-helical peptide (Alas-Alazy) was appended and the conformation of Alazi-Aspso domain
adjusted to satisfy the AspRS-GInRS intermolecular crosslink. For construction of the
MSC model with the AspRS dimer, the second chain was added by aligning chain A
from the crystal structure of AspRS (PDB ID: 4J15 (2)) with the monomer in the MSC
model. Maintaining the observed crosslinks between ArgRS and GInRS induced some

overlap of AspRS chain B with ArgRS.

GInRS. A model of full-length human GInRS (Meti-Valz7s) was built starting from the
crystal structure of human GInRS (Met;-Asp771) (PDB ID: 4YEG6 (3)). Domains missing
from this crystal structure, i.e., Alaigs-Glnzis, Gluses-ASnssg, Gluase-Glnag, Alasss-Leusss,
Leuesso-Leusss, Alagss-LySe7s, and Pro;72-Val;7s, were constructed with SWISS-MODEL.
The N-terminus domain (Met;-Gluis2) was relocated with respect to the catalytic domain

to satisfy XL-MS-derived intra-molecular crosslinks.

GIuRS. A model of near full-length (Alas-Glnego) human GIURS was assembled from the
crystal structures of the GST-like domain (Alaz-Thry71) of human GIuRS (chain C, PDB

ID: 5Y6L (4)) and the catalytic domain (Leuss-Lysssz) of GIURS from archaeal



Methanothermobacter thermautotrophicus (PDB ID: 3All (5)) corresponding to Pheqgs-
Glnes2 in human GIURS, plus a de novo-built spacer (Thry72-Lys1ge) joining the GIURS

GST-like and CD domains to satisfy intra-molecular cross-links.

GluProRS. A three-dimensional model of A and B chains of full-length human GluProRS
(Alax-Tyris12) was assembled from human GIuURS monomer, a model of the WHEP
domain-containing linker (Proess-Gly1o15), and the crystal structure of ProRS dimer (PDB
ID: 4HVC, (6)). The crystal structure of the multifunctional peptide motif-1 (helix-turn-
helix, WHEP domain 1) from human GluProRS (PDB ID: 1FYJ (7)) was used to model
the three helix-turn-helix WHEP domains Aspr49-Proges, Leusss-Proszs, and Valgos-Alagss.
Peptide regions (Progss-Gluzas, Alagps-Sersos, Leuszo-LySgo2, Thross-Glyio1s) joining the

WHEP domains were modeled as unstructured loops.

lleRS. A model of full-length human lleRS (Meti-Phei2) was built by homology
modeling using multiple crystal structures. The domain Met;-llegs1 was modeled based
on the crystal structure of lleRS from Thermus thermophilus (chain A, PDB ID: 1JZQ
(8)), llegsz-Sergis was based on LeuRS from Pyrococcus horikoshii (chain B, PDB ID:
1WZ2 (9)), lleg1s-Serqss was based on human pre-mRNA branch site protein p14 (chain
B, PDB ID: 2F9D (10)), Alags7-Thrioss was based on heterodisulfide reductase from
Methanothermococcus thermolithotrophicus DSM (chain D, PDB ID: 50DC (11)),
Ser1063-Pro1160 was based on RANBP/C3HC4-type zinc finger containing protein 1 from
Mus musculus (chain A, PDB ID: 5Y3T (12)), and Sery161-Leui2s6 was based on human
diubiquitin (chain B, PDB ID: 2Y5B (13)). Homologous crystal structures were not found

for Argess-Aspess and Throze-Gly10s2, and these regions were modeled de novo.

LeuRS. A model of near full-length human LeuRS (Phei2-Leus1s1) was built by homology
modeling. Phe2-Phegs1 was modeled based on the crystal structure of LeuRS from

Pyrococcus horikoshii (chain B, PDB ID: 1WZ2(9)), Valios7-Meti116 was from ubiquitin-



like protein MDY2 from Saccharomyces cerevisiae (chain C, PDB ID: 3ZDM (14)), and
Leuqi2s-Leusis1 was based on human VPX protein (chain B, PDB ID: 4Z8L). Short
missing regions were de novo built with SWISS-MODEL.

LysRS. The crystal structure of human LysRS (Asp>-Gluszs) (chain A PDB ID: 6ILD

(15)) was used without modification.

MetRS. A model of full-length (Meti-Lysgo) human MetRS was assembled from the
crystal structures of the GST-like domain (Mets-Alaz11) of human MetRS (chain A, PDB
ID: 5Y6L (4)), the catalytic domain (Alazgs-Alagzz) of human MetRS (PDB ID: 5GL7), and
the human MetRS WHEP-TRS domain (Thrgss-Lysgge) (PDB ID: 2DJV), plus two de
novo spacers (Gluzi>-Leugs and Lysgos-Valgss). The 14-aa spacer Gluzia-Leugos that
connects the GST-like and catalytic (CD) domains, was modeled as an a-helical peptide
(Lys729-Lysss1) to position the CD and GST-like domains thus satisfying the constraint of
a MetRS-AspRS cross-link. A second 12-aa spacer (Lysg23-Valgss) attached the WHEP

domain of human MetRS to the CD domain.

AIMP1. A model of the human AIMP1 (Asps-Lyssi2) was assembled from the crystal
structure of the N-terminus domain of human AIMP1 (Asps-Phego) (chain A, PDB ID:
4R3Z(1)), a de novo-built a-helical structure for Progi-Lysy4s, and a homology model for
Pro149-Lyss12 based on the crystal structure of human endothelium monocyte activating
polypeptide 2 (EMAPII) (chain A, PDB ID: 1EUJ (16)). AIMP1 conformation was dictated
by inter-molecular cross-links with AARSs in the MSC.

AIMP2. A model of AIMP2 (Pro.-Lysszg) was assembled from the crystal structure of N-
terminus domain (Pro.-Hisz1) of human AIMP2 (chain C, PDB ID: 6ILD(15)), a model of
Glusse-Glngs based on bifunctional tail protein PIIGCN4 from Saccharomyces cerevisiae
(PDB ID: 2VNL (17)), and the GST-like domain of human AIMP2 (Leu1os-LySs20) (chain
D, PDB ID: 5Y6L (4)). Glys>-Glngs and Thrgo-Alajgs domains were de novo-built with



SWISS-MODEL. AIMP2 conformation was dictated by cross-links with AARSs in the
MSC.

AIMP3. The crystal structure of human aminoacyl tRNA synthetase complex-interacting
multifunctional protein 3 (AIMP3, Met{-Asni72) (chain B, PDB ID: 5Y6L(4)) was used

without modification.

Stepwise assembly of the MSC structural model

1. Construction of the pentameric MSC core. To construct the protein core consisting of
monomers of AspRS, MetRS, GIuRS, AIMP3, and the GST-like domain of AIMP2,
AspRS (Alazi-Aspags) was first aligned with the AspRS fragment Progze-Lyssgs from the
pentameric crystal structure 5Y6L (chain E) (4). Next, the catalytic domains of MetRS
and GIuRS were anchored to their corresponding GST-like domains from the crystal
structure (chain A and C, PDB ID: 5Y6L (4)) by de novo-built spacers (vide supra) to

satisfy XL-MS-derived intra- and inter-molecular cross-links.

2. Docking GInRS. Before docking GInRS to the AARS core, the Argss-Alaios domain of
AIMP2 was joined to its GST-like domain (Leuos-Lyss20) (chain D, PDB ID: 5Y6L (4)).
The human GInRS model was docked to the AARS core using distance constraints

corresponding to GInRS-GIuRS and GInRS-AIMP2 intermolecular cross-links.

3. Appending the N-terminus of AspRS. A de novo-built model of the N-terminus domain
(Alas-Alagy) of AspRS (vide supra) was joined to AspRS and docked to GInRS using
distance constraints corresponding to the peptide bond length between residues Alay

and Alay; of AspRS, and an intermolecular AspRS-GInRS cross-link.

4. Docking ArgRS. ArgRS was docked to the partially assembled MSC using distance

constraints corresponding to the intermolecular ArgRS-GInRS cross-links.



5. Appending the N-terminus of AIMP1. We modeled the interaction between the
tetramer of GST-like containing proteins and the N-terminus of AIMP1 as reported
(18,19). The N-terminus of AIMP1 (Asps-Phegp) (chain A, PDB ID:4R3Z(1)) was docked
to the partially assembled MSC so that the N-terminus of the fragment interacts with the

GST-like domain of AIMP2, while the C-terminus interacts with AIMPS3.

6. Docking lleRS. 1leRS was docked to the partially assembled MSC in two steps. First,
the 1leRS model was split into an N-terminus domain (Meti-Progs2) and a C-terminus
domain (llegss-Pheq2s2), and docked separately to permit conformational flexibility.
Initially, the N- and C-terminus domains were positioned such that the peptide bond
Progso-llesaz and the intermolecular cross-links of lleRS with MetRS and ArgRS were
satisfied. Next, the C-terminus domain (lless3-Phei2s2) was docked using distance
constraints corresponding to the peptide bond length between Progs» and llegss, and the
lleRS-ArgRS cross-link. Finally, with the C-terminus domain in place, the N-terminus
domain (Meti-Progs2) was docked using distance constraints corresponding to the

peptide bond between residues Progsz and llegsz, and the lleRS-MetRS cross-link.

7. Appending the C-terminus of LeuRS. LeuRS was split into N-terminus (Pheq2>-Phe1os1)
and C-terminus (Argioe2-Leui1s1) domains and docked separately. The C-terminus
domain was docked first to the partially assembled MSC using distance constraints

corresponding to LeuRS-ArgRS and LeuRS-1leRS cross-links.

8. Docking LysRS. Monomeric LysRS (Asp72-Gluszs) (chain A, PDB ID: 6ILD (15)) with
bound AIMP2 (Pro2-Gluyg) (chain C, PDB ID: 6ILD (15)) was manually docked to the
partially assembled MSC using distance constraints corresponding to the LysRS (chain
A)-AIMP2 cross-link. Next, the Leugo-Sers; domain of AIMP2 was de novo built and
joined to AIMP2. For assembly of the LysRS dimer, chain B was included with chain A
as indicated in crystal structure (PDB ID: 6ILD (15)).



9. Appending the C-terminus of AIMP1. The C-terminus domain of AIMP1 (Progi-Lysz12)
was threaded through the partially assembled MSC and docked using distance
constraints corresponding to the peptide bond between Phegy and Progs and the AIMP1-
ArgRS cross-link. To complete the model of AIMP1, the crystal structure of human
EMAPII (chain A, PDB ID: 1EUJ(16)) (Pro149-Lyssi2) was joined to AIMP1 and docked

using a constraint corresponding to the peptide bond between Lys14g and Proq4e.

10. Appending the N-terminus of LeuRS. The N-terminus of LeuRS (Phe12-Pheqos1) was

docked satisfying the peptide bond constraint between Phe1os1 and Argiosa.

11. Appending GluProRS dimer. The GluProRS dimer was added to the MSC by
replacing the GIURS monomer in the assembled MSC with GIURS chain A of the
GluProRS dimer.
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