creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

017t M| ¥ZF aminoacyl-tRNA synthetases$]

AR 35L& 54 A4 Fd BAE AL

Assay development for dynamic interactions and catalytic

activities of human cytosolic aminoacyl-tRNA synthetases

20204 84

SELER-L T
oots} o by Tetd B

s A 4



Abstract

To the best of our knowledge, protein synthesis (translation) is a
universal process, which resides in all extant lifeforms. An aminoacyl-
tRNA synthetase (ARS) takes a role in the very first step of the
translation process; it catalyzes esterification (aminoacylation) of a
specific amino acid on its cognate transfer RNAs (tRNAs) to make
aminoacylated tRNAs (aminoacyl-tRNAs). The aminoacyl-tRNA
delivers the amino acid to the ribosome which catalyzes the translation
of a messenger RNA (mRNA) into a polypeptide chain.

The cytoplasmic ARSs are differentially regulated in different
species; they have gained additional domains and noncanonical
functions throughout evolution, and the largest multi-tRNA synthetase
complex (MSC) among the eukaryotes exists in higher eukaryotes,
which is comprised of eight ARSs for eight or nine amino acids.
Among them, the mammalian MSC is the most complexed one, which
Is composed of eight cytoplasmic ARSs for nine amino acids, and
three scaffold proteins. Consequently, nearly half of the aminoacyl-
tRNA efflux becomes concentrated at the MSC. Stable supply of the
aminoacyl-tRNA to the ribosome is, therefore, considered to be a

major role of the mammalian MSC. Furthermore, the mammalian
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MSC also serves as a reservoir for releasable ARSs or scaffold
proteins to support the noncanonical functions of them. In part I, a
split-luciferase complementation system was applied to investigate the
configuration of the MSC in live mammalian cells. Multiplex
interconnections between the components of the MSC were simplified
Into binary protein-protein interactions, and pairwise comparison of
the interactions reconstituted a framework that is consistent with
previous in vitro studies. Reversibility of the split-luciferase reporter
binding demonstrated convertible organization of the mammalian

MSC, including interferon gamma (IFNy)-stimulated glutamyl-prolyl-

tRNA synthetase 1 (EPRS1) release, as well as the cooperation with
the ribosome bridged by the tRNAs. The cell-based analysis provided
an improved understanding of the flexible framework of the
mammalian MSC in physiological conditions.

On the other hand, abnormality of the aminoacylation has been
implicated in a wide variety of cancer pathologies. The ARSs exist in
large excess in cancer cells due to their increased demand for the
protein synthesis. Meanwhile, most other translation apparatuses are
quantitatively limited. There has been no report for mutations of the
ARSs that demonstrate constitutive activity of the aminoacylation; the
hyperactivity of the ARSs may disrupt stable association of the MSC.
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Hence, interference of the aminoacylation activity is expected to be
independent of genotype variation and may not develop drug
resistance. In part Il, a high-throughput screen (HTS) platform was
established to find the mammalian ARS inhibitors. The ARSs of rabbit
reticulocyte closely resemble both the individual and complexed
structures of human ones. Therefore, an in vitro translation system
with the rabbit-reticulocyte lysate may predispose active compounds
to be readily applicable for mankind. The assay was further validated
for identifying familiar translational inhibitors from a pilot screen,
such as emetine, proving its suitability for the purpose. Having
demonstrated excellent quality control (QC) parameters and
reproducibility, it is proven ready for further HTS campaign with large

molecular entities.

Keywords: aminoacyl-tRNA synthetase (ARS); mammalian multi-
tRNA synthetase complex (MSC); macromolecular complex;
ribosome; tRNA; high-throughput screening (HTS); aminoacylation;

protein-synthesis inhibitor
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Introduction

Transfer RNA (tRNA) matches a codon triplet in a messenger RNA
(mRNA) with an amino acid it codes for. Therefore, charging of tRNA
with the cognate amino acid needs to be precise and requires specific
enzymes named as aminoacyl-tRNA synthetases (ARSs). There are
twenty ARSs for each standard amino acid. As initiating translation of
the genetic code, the ARSs are essential for all cellular life.

Most organisms manipulate a citric acid cycle to produce
certain amino acids. Even anaerobes and some aerobes at least have
the partial citric acid cycles. A major difference between the
prokaryotic and eukaryotic citric acid cycles is compartmentalization.
When a symbiotic relationship was formed between a mitochondrion
and a host cell, the cytoplasm of engulfed aerobic proteobacteria
became a cellular compartment of the eukaryotic cell, in which the
citric acid cycle takes place (Margulis 1970, Andersson,
Zomorodipour et al. 1998, Martijn, Vosseberg et al. 2018). Therefore,
in the eukaryotic entity, majority of the amino acids synthesized from
the citric acid cycle should come out from the mitochondria to the
cytoplasm.

Although the remnant abilities to make certain amino acids
-] S T
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vary between species and age, the ARSs retain a footprint which
shows an adaptation of the translational machinery of the host cell to
the mitochondria. In higher eukaryotes, from insects to humans, a
multi-tRNA synthetase complex (MSC) is consisted with eight ARSs
and three auxiliary proteins, namely leucyl-tRNA synthetase 1
(LARS1), aspartyl-tRNA synthetase 1 (DARS1), arginyl-tRNA
synthetase 1 (RARS1), lysyl-tRNA synthetase 1 (KARS1), methionyl-
tRNA synthetase 1 (MARSL1), isoleucyl-tRNA synthetase 1 (IARS1),
glutaminyl-tRNA synthetase 1 (QARSL1), glutamyl-prolyl-tRNA
synthetase 1 (EPRS1), aminoacyl-tRNA synthetase complex-
interacting multifunctional protein 1 (AIMP1), aminoacyl-tRNA
synthetase complex-interacting multifunctional protein 2 (AIMP2),
and eukaryotic translation elongation factor 1 epsilon 1 (EEF1E1)
(Kerjan, Cerini et al. 1994). In nematodes, there is a reduced form of
MSC which has additional valyl-tRNA synthetase 1 (VARS1) and
lacks DARS1 and EEF1E1 (Havrylenko, Legouis et al. 2011).
Unicellular eukaryotes, such as yeast, African Trypanosomes, and
Apicomplexan, have the simpler forms of MSC with the single
scaffold protein, AIMP1 (Simos, Segref et al. 1996, Cestari, Kalidas et
al. 2013, van Rooyen, Murat et al. 2014). Surprisingly, most amino

acids that correspond to the ARSs constituting all the eukaryotic
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MSCs are derived from two intermediates of the citric acid cycle, a-
ketoglutarate and oxaloacetate (Eswarappa and Fox 2013). Exceptions
in the multicellular organisms, I-leucine and I-valine, are
biosynthesized from pyruvate which is consequently transported into
the mitochondria and oxidized to form acetyl-CoA or carboxylated to
form oxaloacetate, to be involved the citric acid cycle. One more
exception is I-tyrosine in Toxoplasma gondii which has a unique dual-
activity amino-acid hydroxylase. L-phenylalanine to I-tyrosine, and I-
tyrosine to levodopa metabolisms are intertwined in T. gondii because,
unlike other species, the single phenylalanine-tyrosine hydroxylase
has similar catalytic efficiency with both substrates (Gaskell, Smith et
al. 2009). As I-tyrosine is further reduced to the products that feed into
the citric acid cycle (Flydal and Martinez 2013), the parasite may
needed a separate source for detecting the availability of I-tyrosine.
Both the sensing of availabilities and reduction of diffusion of the
amino acids by the MSC in close proximity of the mitochondria
should have been beneficial to the eukaryotic entity; the number of
ARSs and scaffold proteins involved in the MSC have been gradually
increased during the unicellular to multicellular transition in the
evolution.

On the other hand, durability of the MSC organization remains

2]
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as an unanswered guestion. Especially in mammals, there are plenty of
evidences that the ARSs have gained the novel functions by fragment
creation or additional new domains (Guo and Schimmel 2013). And
the MSC-consisting ARSs have been found in various cellular
compartments and they showed the nontranslational functions. EPRS1
Is dissociated from the MSC by interferon gamma (IFNy)-induced
phosphorylation and becomes a member of IFNy-activated inhibitor of
translation (GAIT) complex which binds GAIT element in 3> UTR of
certain mRNAs to block their translation (Sampath, Mazumder et al.
2004). L-glutamine modulates QARS1 to interact with apoptosis
signal-regulating kinase 1 (ASK1) to inhibit ASK1-induced apoptosis
(Ko, Kim et al. 2001). LARS1 senses presence of I-leucine to regulate
lysosomal localization and activation of mammalian target of
rapamycin complex 1 (mTORC1) (Han, Jeong et al. 2012). KARSL1 is
translocated not only to the plasma membrane by laminin, but also to
the extracellular space under the starvation (Kim, Lee et al. 2014, Kim,
Kim et al. 2017). The auxiliary proteins of the mammalian MSC also
facilitate the expanded functions, suggesting that even the scaffold of
the MSC does not persist. Truncated forms of AIMPL1 act as cytokines
in the extracellular space (Schwarz, Kandel et al. 1999, Park, Park et

al. 2002, Murray, Heng et al. 2004). AIMP2 promotes ubiquitination
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of FUSE-binding protein (FBP) to downregulate transcription of c-
myc (Kim, Park et al. 2003). EEF1E1 enters the nucleus under DNA
damage and activates ataxia telangiectasia mutated (ATM) and ATM
and Rad3-related (ATR) protein kinases to modulate p53 (Park, Kang
et al. 2005).

For the MSC, there are three possible ways to support the
diverse functions of the individual components. Firstly, if the MSC
organization is ever-present throughout the cellular lifespan, the MSC
could rearrange itself into another forms when each component is
absent. Alternatively, the MSC could be completely disrupted by the
leaving of its constituents and recomposed upon return or synthesis of
them. The last option is that the MSC assembly could be occurred by
the need of the protein synthesis, and it might not exist constantly.
Thus far, there is no evidence supporting any of the hypothesis. In the
first part of this research (part 1), a split-luciferase complementation
system was applied to monitor the dynamic interactions between the
MSC components in the live mammalian cells to find an evidence.

According to structure of catalytic sites, the individual ARSs
are classified into two categories: class | and Il. Class | ARSs have
Rossmann fold which is characterized by a five-stranded [-sheet
parallelly interconnected by a-helices. Class Il ARSs adapt a six- or

2]
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seven-stranded B-sheet antiparallelly flanked by a-helices (Ribas de
Pouplana and Schimmel 2001). Since both architectures have the
highly-conserved sequence motifs, the differences are more noticeable
between the classes than the species (Beuning and Musier-Forsyth
2001). Still, the small variances between the species have been tackled
as therapeutic targets and validated for multiple diseases.

The microorganismal ARSs have been well studied for
infectious diseases to block the translational activity of the pathogens.
Most antibiotics blocking the ARSs resemble adenosine triphosphate
(ATP) or aminoacyl-adenylate (aa-AMP) intermediate molecules of
the aminoacylation reaction. For example, cladosporin for
Plasmodium falciparum lysyl-tRNA synthetase (KARS) and Chem
1781 for Trypanosoma cruzi histidyl-tRNA synthetase (HARS) mimic
the partial structure of ATP (Teng, Hilgers et al. 2013, Fang, Han et al.
2015). On the other hand, the aa-AMP analogs, namely quinazoline
for bacterial threonyl-tRNA synthetase (TARS), microcin C for
bacterial aspartyl-tRNA synthetase (DARS), agrocin 84 for
Agrobacterium tumefaciens leucyl-tRNA synthetase (LARS), and
mupirocin for isoleucyl-tRNA synthetase (IARS) of Gram-positive
bacteria, form the largest group of ARS inhibitors (Silvian, Wang et al.
1999, Reader, Ordoukhanian et al. 2005, Vondenhoff, Dubiley et al.

2]
6 £y



2011, Koh, Siddaramaiah et al. 2015).

In contrast, the less species-selective compounds have been
used to target human ARSs and related diseases, such as malaria and
cancer. For instance, febrifugine derivatives have powerful
antimalarial potency along with adverse side effects (Kikuchi, Tasaka
et al. 2002). Halofuginone, a halogenated derivative of febrifugine
with reduced toxicity, is an amino acid-tRNA dual site inhibitor which
subdues the translational activity of prolyl-tRNA synthetase (PARS) in
mammalian system in vitro (Keller, Zocco et al. 2012, Zhou, Sun et al.
2013). Additionally, halofuginone induces amino acid response in vivo,
blocks Twl1l7 cell differentiation and melanoma metastasis, and
enhances autophagy in colorectal cancer (Sundrud, Koralov et al. 2009,
Juarez, Mohammad et al. 2012, Chen, Gong et al. 2017). Borrelidin is
another example of the ARS inhibition for the wide range of species.
Interestingly, borrelidin shares no structure similarity with ATP or aa-
AMP, while it has sub-nanomolar affinity to most bacterial and
eukaryotic TARSs (Fang, Yu et al. 2015). Nonetheless, it has been
showed anticancer activity for oral, hepatocellular, and pancreatic
cancers (Sidhu, Miller et al. 2015, Gao, Jiang et al. 2017, Jeong, Kim
et al. 2018'). Recently, a liposomal formulation of borrelidin is
developed to enhance the therapeutic efficacy by overcoming its liver

2]
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toxicity as the natural form (Jeong, Kim et al. 20182).

On the other hand, amino acid analogs mildly affect the ARSs
compared to the small molecules. Moreover, they could bring a
synergy such as amino acid deprivation which benefits the cancer
therapies. L-histidinol inhibits the protein synthesis of cultured
mammalian cells at relatively high concentration (0.1-0.5 mM) by
inducing I-histidine deprivation (Vaughan and Hansen 1973, Litt and
Weiser 1978). And it reverses drug resistance of cancer cells in
protein-synthesis dependent manner, and protects normal cells from
multiple anticancer drugs, including cisplatinum (Warrington, Fang et
al. 1996). For another example, resveratrol is a widely used health
supplement, which extends lifespan not only by antidiabetic and
anticancer effects, but also by protective activities for cardiovascular
system and brain (Howitz, Bitterman et al. 2003, Baur, Pearson et al.
2006, Milne, Lambert et al. 2007). Among multiple targets of
resveratrol, namely quinone reductase 2, transthyretin, leukotriene A4
hydrolase, troponin C, sirtuin 1, 3, and 5, peroxisome proliferator-
activated receptor, methionine adenosyltransferase, estrogen receptor,
and tyrosyl-tRNA synthetase 1 (YARS1), YARS1 is catalytically
nullified and redirected to a nuclear function with poly(ADP-ribose)
polymerase 1 (PARP1) by a tyrosine-like phenolic ring of resveratrol
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(Klabunde, Petrassi et al. 2000, Buryanovskyy, Fu et al. 2004, Davies,
Mamat et al. 2009, Pineda-Sanabria, Robertson et al. 2011, Gertz,
Nguyen et al. 2012, Nguyen, Gertz et al. 2013, Shafgat, Muniz et al.
2013, Calleri, Pochetti et al. 2014, Nwachukwu, Srinivasan et al. 2014,
Sajish and Schimmel 2015).

Other human ARSs are also involved in the cancer pathologies.
Highly expressed ARSs correlate with short-term survival of cancer
patients: the overexpression of glycyl-tRNA synthetase 1 (GARS1) in
papillary thyroid carcinoma, KARSL1 in breast cancer, and MARSL1 in
non-small cell lung cancer have been reported (Scandurro, Weldon et
al. 2001, Park, Kim et al. 2005, Kim, Jung et al. 2017, Uhlen, Zhang et
al. 2017, Kwon, Fox et al. 2019). Furthermore, the catalytic activities
of the ARSs are increased in cancer cells. The catalytic activity of
MARS1 is heightened in colon tumor by four fold compared to
adjacent normal tissue (Kushner, Boll et al. 1976). In myeloid
leukemia, phenylalanyl-tRNA synthetase 1 (FARSL1) activity is
elevated (Rodova, Ankilova et al. 1999).

To broaden the availabilities of novel human ARS inhibitors
for the cancer therapeutics, a large-scale drug-screening campaign is
needed. In the second part of this research (part Il), an in vitro
translation system was optimized for high-throughput screening (HTS)
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on a 384-well scale, and it demonstrated potential application to the

human ARSs.
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Part |

Cell-based analysis of pairwise interactions between the

components of the multi-tRNA synthetase complex

Graphical abstract
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Highlights

e Full framework of a multi-tRNA synthetase complex (MSC) has
hardly been addressed.

e Reporters for monitoring binary protein-protein interactions
successfully incorporated into the endogenous MSC.

e Pairwise comparison of the reporter interactions reconstituted the
entire framework of the MSC.

e Dynamic rearrangements of the MSC were assessed by the
reporters in physiological conditions.

e The cell-based analysis complemented the structure of the MSC
derived from in vitro assays by a context of aminoacyl-tRNA

supply network.
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Introduction

The multi-tRNA synthetase complex (MSC) is a macromolecular
complex, the framework for which has not yet been completely
defined. In mammals, the MSC is comprised of eight cytoplasmic
aminoacyl-tRNA synthetases (ARSs) and three auxiliary proteins,
namely aspartyl-tRNA synthetase 1 (DARS1), glutamyl-prolyl-tRNA
synthetase 1 (EPRS1), isoleucyl-tRNA synthetase 1 (IARS1), lysyl-
tRNA synthetase 1 (KARS1), leucyl-tRNA synthetase 1 (LARS1),
methionyl-tRNA synthetase 1 (MARS1), glutaminyl-tRNA synthetase
1 (QARS1), arginyl-tRNA synthetase 1 (RARS1), aminoacyl-tRNA
synthetase complex-interacting multifunctional protein 1 (AIMP1),
aminoacyl-tRNA synthetase complex-interacting multifunctional
protein 2 (AIMP2), and eukaryotic translation elongation factor 1
epsilon 1 (EEF1E1). Thus far, parts of the MSC structure have been
resolved by in vitro techniques, and the suggested models are dynamic
rather than stable. For instance, KARS1 forms a tetramer with a
dimeric AIMP2 N-terminus at a unique geometry, azf1:Bia2. The
subcomplex acquires two different conformations to accommodate

retention and release of KARS1 under various stimulations (Guo,

Ignatov et al. 2008, Fang, Zhang et al. 2011, Kim, Lee et al. 2014, Hei, :
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Wu et al. 2019). Other examples include binary or tertiary glutathione
S-transferase (GST)-homology domain complexes:
EPRS1cst:AIMP2gst, EPRS16sT:EEF1E1, MARS1cst:EEF1EL, and
EPRS1est:AIMP26st:DARSL (Cho, Maeng et al. 2015, Hahn, Park et
al. 2019). These assemblies are considered to be involved in flexible
associations with each other to support subcellular translocations of
EPRS1, MARS1, and EEF1E1l for their non-translational roles
(Sampath, Mazumder et al. 2004, Park, Kang et al. 2005, Kwon, Kang
etal. 2011).

Other sub-interactions of the MSC are correlated with
substrate tRNAs. When a symmetric subcomplex of the MSC is co-
crystallized with the cognate tRNA or an analog, it becomes
asymmetric. For example, a prolyl-tRNA synthetase (PARS)
homodimer of Thermus thermophilus with the cognate tRNA, as well
as the human PARS homodimer with halofuginone (the dual-site
inhibitor for tRNA and amino acid binding) and ATP, are captured
with the asymmetric unit (Yaremchuk, Kriklivyi et al. 2000, Zhou,
Sun et al. 2013). Likewise, yeast tRNAA functionally interconnects
the active-site domain of one monomer and the anticodon-binding
region of the other monomer of Escherichia coli aspartyl-tRNA
synthetase (DARS) homodimer (Moulinier, Eiler et al. 2001).

2]
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Furthermore, in humans, C-terminus of QARSI1, N-terminus of
RARS1, and N-terminus of AIMP1 form a tertiary subcomplex
bearing the asymmetric unit, which is able to undergo rigid-body
rotational motion to facilitate binding of tRNA (Fu, Kim et al. 2014).
A presumed role of the MSC in translation is enhancement of
tRNA-aminoacylation efficiency. In Archaea, the ARSs are copurified
as one or two multiprotein complexes. For example, in an archaeal
methanogen, Methanothermobacter thermautotrophicus, a large
complex composed of leucyl-tRNA synthetase (LARS), KARS, PARS,
and translation elongation factor 1A (EF1A) as a cofactor, as well as a
small complex comprising seryl-tRNA synthetase (SARS) and
arginyl-tRNA synthetase (RARS), are identified. Both complexes
increase the catalytic reaction of the ARSs compared with that of the
free forms (Hausmann, Praetorius-lbba et al. 2007, Praetorius-Ibba,
Hausmann et al. 2007, Godinic-Mikulcic, Jaric et al. 2011). Similarly,
the budding yeast Saccharomyces cerevisiae, a lower eukaryote, also
has two ARS complexes with the cofactors: glutamyl-tRNA
synthetase (EARS), methionyl-tRNA synthetase (MARS), and
aminoacyl-tRNA synthetase cofactor 1 (ARC1) comprise a tertiary
complex, while SARS separately interacts with peroxin 21 (PEX21).
Furthermore, the cofactors, ARC1 and PEX21, promote the

2]
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aminoacylation by forming stable interactions between the ARSs and
tRNAs (Simos, Segref et al. 1996, Simos, Sauer et al. 1998, Godinic,
Mocibob et al. 2007). In mammals, human valyl-tRNA synthetase 1
(VARS1) forms a complex with heavy form of elongation factor 1
(EF-1H) to enhance the aminoacylation of tRNAVY¥ (Negrutskii,
Shalak et al. 1999). The function of the mammalian MSC for the
aminoacylation, however, remains to be characterized.

On the other hand, the mammalian MSC is considered to be
involved at one end of an aminoacyl-tRNA supply network, i.e. the
end at which tRNA receives the cognate amino acid and transits
further to the ribosome. In Rattus norvegicus, the MSC-incorporated
RARSI is implicated in the delivery of Arg-tRNAAY to eukaryotic
translation elongation factor 1A (eEF1A) to prevent their
dissemination into the surrounding cytoplasm (Sivaram and Deutscher
1990). In Cricetulus griseus, the MSC-incorporated RARSL is crucial
for normal protein synthesis and cell growth, while exogenous tRNA
and free RARSL1 are not essential (Stapulionis and Deutscher 1995,
Kyriacou and Deutscher 2008). Additionally, one of the scaffold
proteins of the MSC, EEF1E1, mediates the transfer of Met-tRNA;Met
from MARSL to active eukaryotic initiation factor 2 (elF2) complex
for initiation of translation in Mus musculus and humans (Kang, Kwon
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et al. 2012). Moreover, in archaeon Thermococcus kodakarensis and
humans, the MSCs are associated with the translating ribosome
(Kaminska, Havrylenko et al. 2009, David, Netzer et al. 2011, Raina,
Elgamal et al. 2012). Therefore, it was hypothesized that the
cooperation between the mammalian MSC and the ribosome would
affect the organization of the mammalian MSC under physiological
conditions. The in vitro assays such as X-ray crystallography, small-
angle X-ray scattering, and cryogenic electron microscopy may not
effectively capture the complete physiological context of the MSC and
the ribosome, especially in regards to the aminoacyl-tRNA supply
network mediated by the translation elongation and initiation factors.
Alternatively, the yeast two-hybrid system is unable to represent the
mammalian MSC as the endogenous yeast MSC only shares EARS
and MARS with the mammalian MSC. Therefore, a methodical
investigation of the mammalian MSC configuration in live
mammalian cells using a split-NanoLuc complementation system was
performed in this research (Dixon, Schwinn et al. 2016, Laschet,

Dupuis et al. 2019).
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Materials and methods

Cloning

pBiT1.1-C [TK_LgBiT], pBiT2.1-C [TK_SmBiT], pBiT1.1-N
[TK LgBiT], and pBiT2.1-N [TK _SmBIiT] vectors, which are
components of NanoBIiT PPl MCS starter system (Promega, Madison,
WI, USA) were used as backbones for reporter construction. Inserted
human genes (DARS1, EPRS1, IARS1, KARS1, LARS1, MARSI,
QARS1, RARS], AIMP1, AIMP2, and EEF1E1) were obtained from
in-house cDNA library. Ten units of Bmtl and Xhol restriction
enzymes (New England Biolabs, Ipswich, MA, USA) were used to

treat each pug of DNA in a 50 pL reaction volume, at 37°C for 16
hours. Up to 100 ng of the digested vectors and inserts were mixed at
a 1:3 molar ratio and incubated with 1 pL of T4 DNA ligase (New
England Biolabs) in a 20 pL reaction volume, at 16°C for 18 hours.

After heat inactivation at 65°C for 10 minutes, the mixtures were

transformed into TOP10 chemically competent cells (Invitrogen,

Carlsbad, CA, USA).

Cell culture
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CHO-K1 cell line (CCL-61, ATCC, Old Town Manassas, VA, USA)
was maintained in RPMI-1640 culture media (SH30255.01, GE
Healthcare, Chicago, UT, USA) supplemented with 10% fetal bovine
serum (FBS, SH30084.03, GE Healthcare). At a density of 8 x 10°
CHO-K1 cells per well, 0.2 pg of the cloned reporter plasmids (0.1 pg
each) were transiently transfected using 0.6 puL TurboFect transfection
reagent (Thermo Fisher Scientific, Waltham, MA, USA) in 100 pL
10% FBS-supplemented RPMI-1640 media in a 96-well solid white
microplate (3917, Corning Inc., Corning, NY, USA). For siRNA
transfection, 10 nM of si-AIMP1 was transfected with 0.6 pL
Lipofectamine RNAIMAX (Invitrogen, Carlsbad, CA, USA) at a
density of 5 x 10° CHO-K1 cells per well, one day before the reporter
plasmid transfection (5’-GAGCTGCGGGTTCGCCGCTTCATGA-
3’). Then, 48 hours after the reporter plasmid transfection,
luminescence was determined, or the following treatments were
performed and luminescence was measured thereafter: IFNy (R&D
Systems, Minneapolis, MN, USA) treatment was performed as
previously described (Sampath, Mazumder et al. 2004). Other
treatments with 40 ug/mL puromycin (Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA), 20 ug/mL cycloheximide (MilliporeSigma,
Burlington, MA, USA), 10 uM harringtonine (Cayman Chemical
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Company, Ann Arbor, MI, USA), and 1 pM emetine
(MilliporeSigma) in 10% FBS-supplemented RPMI-1640 media were
performed for 5 minutes and 4 hours. All compounds were added to

100 pL of media per well after gentle aspiration of the original media.

Luminescence detection

A mixture of 1.25 pL Nano-Glo live cell substrate (Promega) and
23.75 pL Nano-Glo LCS dilution buffer (Promega) was added to each
well in the 96-well solid white microplate containing 100 pL of the
media. After gentle tapping for 30 seconds, the plate was further

incubated at 37°C for 10 minutes. Luminescence was measured using

GloMax 96 microplate luminometer (Promega), with 0.5-seconds

integration.

Size-exclusion chromatography

CHO-K1 cells (5 x 108) were lysed in ice-cold buffer containing 50
mM Tris-HCI (pH 7.6), 50 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride, and 1 mM dithiothreitol by passing through a 27G x 1/2”
needle (Sigma-Aldrich, St. Louis, MO, USA) 20 times. After

centrifugation at 21,130 g for 30 minutes, at 4°C (Centrifuge 5424 R
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with Rotor FA-45-24-11, Eppendorf, Hamburg, Germany),
cytoplasmic extract (3 mg of protein) was eluted with the Superose 6
increase 10/300 GL column (GE Healthcare) at a flow rate of 0.5
mL/min using AKTA pure protein purification system (GE
Healthcare). A gel filtration calibration kit for high molecular weights
(ovalbumin (43 kDa), conalbumin (76 kDa), aldolase (158 kDa),
ferritin (443 kDa), thyroglobulin (669 kDa), and blue dextran 2,000
(>2,000 kDa, for void volume), GE Healthcare) was used as a
standard. Among 39 chromatographic fractions collected per minute
for 5-24 mL elution volume, 6.5-24 mL fractions were subjected to
luminescence detection and 8-21 mL fractions were measured for
RNA concentrations thereafter. For the luminescence detection, 134.7
uL of the chromatographic fractions were mixed with 0.3 pL Nano-
Glo luciferase assay substrate (N113A (N2410), Promega) and 15 pL
Nano-Glo blotting buffer (N242A (N2410), Promega) in the 96-well
solid white microplate. The mixtures were incubated at 37°C for 10
minutes before luminescence measurement. For the RNA
concentration measurement, 2 puL of the chromatographic fractions
were applied to NanoDrop 2000/2000c spectrophotometer (Thermo
Fisher Scientific). For immunoblotting, 40 puL of chromatographic
fractions were resolved by SDS-PAGE, and target proteins were
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detected using specific antibodies.

Antibodies

Rabbit polyclonal antibodies for AIMP1 (A304-896A, Bethyl
Laboratories, Montgomery, TX, USA), QARS1 (NBP1-89487, Novus
Biologicals, Littleton, CO, USA), DARS1 (GTX33145, GeneTex,
Irvine, CA, USA), GAPDH (GTX100118, GeneTex), and ribosomal
protein L4 (RPL4, GTX112184, GeneTex) were diluted at 1:1,000 and
incubated overnight at 4°C for immunoblotting. Other rabbit
polyclonal antibodies for EPRS1 (A303-959A, Bethyl Laboratories)
and LARS1 (A304-315A, Bethyl Laboratories) were diluted at
1:5,000 and incubated overnight at 4°C for immunoblotting. Mouse
monoclonal antibodies for AIMP2 (Choi, Kim et al. 2011) and a-
Tubulin (T7064, Sigma-Aldrich) were diluted at 1:1,000. AIMP2
antibody was incubated overnight at 4°C and a-Tubulin antibody was

incubated for 1 hours at room temperature for immunoblotting.

X-ray structural data analysis

Protein  structures  deposited in RCSB PDB  database

(https://lwww.rcsb.org/), PDB ID 5IBO (Lovell, Scott et al. To be
1| ] -11
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published), 11L2 (Moulinier, Eiler et al. 2001), 4HVC (Zhou, Sun et al.
2013), 4BV X (Cho, Maeng et al. 2015), 4DPG (Ofir-Birin, Fang et al.
2013), and 4R3Z (Fu, Kim et al. 2014), were analyzed using the
Protein  Workshop program (Moreland, Gramada et al. 2005).
Distances within the structures were individually measured with the
PyMOL 2.3.3 program (Schrodinger, New York, NY, USA) and

labeled on the images created using the Protein Workshop program.

Data processing

All heatmaps and graphs were drawn using the GraphPad Prism 8.2.1
program (GraphPad Software, San Diego, CA, USA). Quantification
of protein levels detected by the immunoblotting was performed using

ImageJ 1.52v program (Schneider, Rasband et al. 2012).

23



Results

System validation

The split-luciferase complementation systems are based on the
structural and functional complementation of the two luciferase
fragments via the interaction between target proteins conjugated to
each fragment. Generally, the probes have high signal-to-background
ratios and their interactions are reversible by small molecules (Azad,
Tashakor et al. 2014). The split-NanoLuc complementation tags are
specifically engineered from the luciferase of the deep-sea shrimp
Oplophorus gracilirostris to have a large dissociation constant value
(Kp = 190 uM) thereby assuring accurate indication of the target
interactions with Kp < 10 uM (Dixon, Schwinn et al. 2016, Laschet,
Dupuis et al. 2019). Moreover, the molecular weight of the NanoLuc
is relatively low (19 kDa) compared to firefly (61 kDa) or Renilla (36
kDa) luciferases. The brightness of the NanoLuc is also 150 times
higher than these other two luciferases (Hall, Unch et al. 2012).
Therefore, | supposed that the split-NanoLuc complementation system
could be incorporated into the MSC due to the small size of the probes,

and subsequently report the weak dynamics or indirect interactions
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within the MSC by the high signal-window.

The two NanoLuc fragments, a large (LgBiT; LB) and small
subunit (SmBIT; SB), were tagged to either side of human cytoplasmic
AIMP1, AIMP2, EEF1E1, DARS1, EPRS1, IARS1, KARS1, LARS],
MARS1, QARS1, and RARS1 (Figure 1). Once the 44 reporter
constructs were cloned, all possible binary combinations were
evaluated; most of the reporters exhibited luminescence in a partner-
dependent manner (Figure 2-11). There were few exceptions, however,
that showed tag-specific low signals: KARS1-SB and LB-RARS1
emitted a much stronger signal than their counterparts, KARS1-LB
and SB-RARSI1. Hence, the latter clones were excluded from further
analysis. The pairs with the highest luminescence intensity from each
binary interaction were then selected and compared to each other on
the same 96-well plate to eliminate between-plate variation (Table 1
and Figure 12A).

To understand whether the expression or luminescent emission
of the reporters was perturbed by the untagged endogenous
homologues, the relative expression levels of the reporters of AIMP1,
AIMP2, and QARS], and their luminescent signals were measured by
knockdown of endogenous AIMP1. For AIMP1:AIMPL1 interaction,
the relative expression levels of LB-AIMP1 and SB-AIMP1 were
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increased by 1.2-fold and 1.1-fold, respectively, when the relative
expression of endogenous AIMP1 was decreased by 0.4-fold (Figure
12B). At the same time, the luminescent signal from LB-AIMP1:SB-
AIMP1 was increased by 1.3-fold (Figure 12E). For AIMP1:AIMP2
interaction, the relative expression level of SB-AIMP1 was decreased
by 0.9-fold, while that of LB-AIMP2 remained unchanged during the
reduction of endogenous AIMP1 by 0.6-fold (Figure 12C).
Meanwhile, the luminescent signal from SB-AIMP1:LB-AIMP2 was
increased by 1.4-fold (Figure 12F). For AIMP1:QARS1 interaction,
when the relative expression level of endogenous AIMP1 was
decreased by 0.4-fold, the relative expression level of LB-AIMP1 was
increased by 1.4-fold; however, the sum of SB-QARS1 and
endogenous QARSL1 expressions was decreased by 0.9-fold (Figure
12D). Meantime, the luminescent signal from LB-AIMP1:SB-QARS1
was increased by 1.5-fold (Figure 12G). There was some ambiguity in
the QARSL1 expression levels because SB-QARS1 and endogenous
QARSL1 bands were not well separated to determine the levels of each.
Therefore, for AIMP1:AIMP1 and AIMP1:QARSL1 interactions, there
is a possibility that the heightened luminescent signal was because of
the increased expression of the reporters due to the reduction in
endogenous AIMP1 levels. However, for AIMP1:AIMP2 interaction,
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enhanced incorporation of the AIMP1 reporter into the MSC, filling in
the vacancy of endogenous AIMP1, would be coupled with
incorporation of the AIMP2 reporter and elevate the luminescent
signal.

The derived steady-state configuration enabled reconstitution
of the sub-interactions that had been analyzed by the in vitro assays
(black connective lines) and assessment of the spatial-proximities
within the MSC (grey connective lines) (Figure 12H). Meanwhile, the
only sub-interactions not reconstructed by the system were those with
EPRS1cst: EPRSlesT:AIMP26st(:DARS1) and EPRSlest:EEF1EL.
The difference may be attributed to the EARS or WHEP domain of
EPRS1, which was not present in the previous studies, or to the
flexible association between EPRS1 and the MSC due to the dual
localization of EPRS1 in response to interferon gamma (IFNy)

signaling (Sampath, Mazumder et al. 2004) (Figure 15E).

Comparison of the system and the protein structures

X-ray crystallography and small-angle X-ray scattering techniques
have enabled elucidation of the partial structures for the MSC.
Therefore, validation of the MSC framework derived from the reporter
system via the known structures is crucial. Firstly, a maximal distance
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at which the interaction between the C-terminus of LB and the N-
terminus of SB was permitted, was measured. The distance between
the N- and C-terminus of LB was ~53 A, based on the structure of the
original protein, the NanoLuc (Figure 14A). When additional linker
peptides in the reporter constructs were taken into account, therefore,
the marginal distances allowing the interaction between the C-
terminus of LB and the N-terminus of SB were ~164 A for the N-
terminus to N-terminus interaction of the target proteins (Figure 13B,
D), ~125 A for the C-terminus to C-terminus interaction of the target
proteins (Figure 13A, C), and ~68 and ~221 A for the N-terminus to
C-terminus interactions of the target proteins (Figure 13B, C and A,
D). The contour length per amino acid was estimated as ~4 A in the
approximation (Carrion-Vazquez, Marszalek et al. 1999).

However, a large proportion of the terminus-to-terminus
distances measured on the known protein structures was much shorter
than the requirements above (Figure 14B-D, and F), indicating that
the difference in luminescent signals from the split-NanolLuc
complementation system may originate from steric hindrance within
the protein complex. For instance, the luminescent signal from the C-
terminus to C-terminus interaction of the DARS1 homodimer was the
highest among all the DARS1:DARSL1 pairs, since it was the only path
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at which LB and SB could interact without encountering any steric
bulk based on the DARS homodimer structure (Figure 14B and 5A).
For another example, the luminescent signal from the interaction
between the C-terminus of EEF1E1 and the N-terminus of MARS1
was stronger than that from the interaction between the N-terminus of
EEF1E1 to the N-terminus of MARS1 owing to steric hindrance,
although the lengths of the paths were very similar to each other
(Figure 14C and 4G). An exception was the C-terminus to C-terminus
interaction of the EPRS1 homodimer, which had the steric hindrance
based on the PARS homodimer structure. Therefore, the minimal
participation offered by the N-terminus of EPRSL1 in the interaction
was likely due to the flexibility of the WHEP domain, not by the steric
hindrance (Ray and Fox 2014) (Figure 14D and 6A).

The same notion can be applied to the partial-protein structures
that lacked the protein termini. The undetected portion of the N-
terminus of KARS1 was ~280 A (70 amino acids), while that of the C-
terminus of KARS1 was ~88 A (22 amino acids). And the N-terminus
of KARSL1 preferentially interacted with the N-terminus of AIMP2 as
it presented less steric hindrance than did the C-terminus of KARS1
within the crystallized region (Figure 14E and 3F).

Moreover, the undetected portions on the known protein
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structure could be predicted wusing the system. In the
AIMP1:QARS1:RARSLI structure, only the interaction between the N-
terminus of AIMP1 and the N-terminus of RARS1 was observed
(Figure 14F). Meanwhile, both interactions between the N-terminus
of AIMP1 and the N-terminus of RARSL1, as well as the C-terminus of
AIMP1 and the N-terminus of RARS1 were favored over other
AIMP1:RARSL1 pairs in the split-NanoLuc complementation system
(Figure 2K). Therefore, the undetected C-terminus of AIMP1 was
highly expected to face the same side of the N-terminus of AIMP1.
Furthermore, the N-terminus of QARSI interacted with both the N-
terminus of AIMP1 and RARS1, while the C-terminus of QARS1 was
not involved in the AIMP1:QARS1 and QARS1:RARSI interactions
in the split-NanoLuc complementation system (Figure 2J and 11B).
Hence, the N-terminus of QARS1 was predicted to be on the same
side of the N- and C-terminus of AIMP1 and the N-terminus of

RARSI.

Incorporation of the reporters into the endogenous

MSC

Although the components of the MSC are primarily located within the
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complex, some exist in their free forms. In the absence of
discrimination between the reporter and endogenous proteins in terms
of their recruitment into the endogenous MSC, the reporter system is
considered adequate to represent the MSC. To verify this presumption,
the EPRS1 reporters were paired with each other in every possible
combination and subjected to size-exclusion chromatography to
compare ratios of the MSC-integrated reporter and the total protein at
an elution volume containing the MSC. At the elution volume of 9 mL,
the ratios were 321 for the C-terminus to C-terminus interaction, 13
and 10 for the N-terminus to C-terminus interactions, and 4 for the N-
terminus to N-terminus interaction (Figure 15A-D). For the C-
terminus to C-terminus interaction, two peaks of the reporter signal
were observed: the major peak was sharp, and near to the expected
molecular weight of the MSC (~1.5 Mda) (Rho, Kim et al. 1999, Dias,
Renault et al. 2013), indicating successful incorporation of the
reporters into the endogenous MSC; while the minor peak was broader
than the first, and was located between the molecular weights of the
MSC and GAIT complex (~440 kDa) (Sampath, Mazumder et al.
2004) (Figure 15A and 16).

Additionally, most of the EPRS1 binary interactions were
decreased by prolonged IFNy treatment, and the system showed
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corresponding changes of other binary interactions representing the
rearrangement of the remaining components in response to EPRS1

release from the MSC (Figure 15E).

tRNA-mediated MSC-ribosome cooperation

To verify the hypothesis that the MSC-ribosome cooperation is
bridged by the aminoacyl-tRNA supply network, the system was
treated with chemical inhibitors targeting the ribosome. Although the
specific targets of the compounds are not the same, they all effectively
stall the ribosome. Since the CHO-K1 cell line is resistant to emetine,
which has mutations on ribosomal protein S14 (RPS14) (Gupta and
Siminovitch 1977, Martin-Nieto and Roufa 1997), emetine was used
as a control. Interestingly, puromycin, cycloheximide, and
harringtonine reduced the same binary interactions of the system
(AIMP1:AIMP1, AIMPL1L:AIMP2, AIMP1:IARS1, AIMP1:KARSI,
AIMP1:MARS1, AIMP2:AIMP2, IARS1:KARS1, IARS1:LARS],
IARS1:MARS], IARS1:QARS], KARS1:LARS], and
KARS1:MARS1) to a similar extent (> 0.55-fold decrease) (Figure
17A), and the endogenous MSC showed comparable swelling to the
system under puromycin treatment (Figure 17B-D). Moreover, both

LARS1 and ribosomal protein L4 (RPL4) exhibited a fractional shift
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to a higher molecular weight. Furthermore, rearrangement of RNA
distribution was observed simultaneously. RNA was concentrated at
the elution volume of 9 mL when the ribosome was translating. In
contrast, it was gradually disseminated at the broad fractions,

corresponding to prolonged ribosomal inhibition.
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Discussion

Among the various protein complexes, the MSC represents a suitable
example that undergoes conformational changes to achieve the
multiple purposes. As a complex comprised of housekeeping enzymes
and cofactors, the primary roles of the MSC are related to protein
translation. Additionally, the individual components of the MSC have
acquired unique secondary functions, independent of the complex,
throughout evolution. The physiological conditions, therefore, are
essential to determining the MSC organization. However, these are
difficult to analyze by in vitro techniques as the supplemental factors
that are not directly incorporated into the target-protein interaction do
not produce observable effects in the assays. Therefore, a cell-based
platform demonstrating the dynamic changes of the MSC is necessary.
The luciferase reporter system applied here simplified the multiplex
interconnections within the MSC by the sum of binary protein-protein
interactions. Further, by analyzing these interactions independently,
the system was able to reconstitute the MSC configuration in live cells
(Figure 12). This is the first report on such a system responding to
IFNy signal, and demonstrating subsequent conformational changes

under physiological conditions (Figure 15).
34



Two well-known ribosome inhibitors target tRNA: puromycin
mimics the aminoacyl-tRNA to block the P site of the polysome, and
cycloheximide prevents binding of the deacylated tRNA to the E site
of the polysome (Azzam and Algranati 1973, Schneider-Poetsch, Ju et
al. 2010). Harringtonine has an entirely different effect on the
monosome, halting it at the initiation codon via an unknown
mechanism (Ingolia, Lareau et al. 2011). Interestingly, all of these
compounds induced comparable levels of swelling of the MSC, as
evidenced by both the size-exclusion chromatography and the cell-
based system (Figure 17). As shown in Figure 17B-D, RNA was
redistributed at both higher and lower molecular weight fractions
during the ribosomal pause. In the context of functional relationships
between the MSC and the ribosome, tRNA is the only common
denominator. Therefore, a discontinuance of the aminoacyl-tRNA
supply network due to the ribosomal pause would be the primary
cause of the observed tRNA dispersion, which is responsible for the
coincident enlargements of the MSC and the ribosome. Furthermore,
in the mid-molecular weight fractions (11-13 mL) of the immunoblots,
a trail of LARS1 band was strengthened by ribosome inhibition. This
suggests the existence of a potential subcomplex of the MSC that
supports cellular survival under nutrient shortage or other stresses by
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holding the aminoacyl-tRNAs and enabling their rapid resupply on

restoration of normal conditions.
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Figure 1 A schematic of the split-NanoLuc complementation reporters.
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Figure 2  Aminoacyl-tRNA synthetase  complex-interacting
multifunctional protein 1 (AIMP1) binary interactions with the multi-
tRNA synthetase complex (MSC) components. (A) AIMP1:AIMP1
interaction. (B) AIMPLl:aminoacyl-tRNA synthetase complex-
interacting multifunctional protein 2 (AIMP2) interaction. (C)
AIMP1:eukaryotic translation elongation factor 1 epsilon 1 (EEF1E1)
interaction. (D) AIMP1L:aspartyl-tRNA synthetase 1 (DARS1)
interaction. (E) AIMP1: glutamyl-prolyl-tRNA synthetase 1 (EPRS1)
interaction. (F) AIMP1L:isoleucyl-tRNA synthetase 1 (IARS1)
interaction. (G) AIMP1:lysyl-tRNA synthetase 1 (KARSL1) interaction.
(H) AIMP1:leucyl-tRNA synthetase 1 (LARS1) interaction. (I)
AIMP1:methionyl-tRNA synthetase 1 (MARS1) interaction. (J)
AIMP1:glutaminyl-tRNA synthetase 1 (QARS1) interaction. (K)
AIMP1L:arginyl-tRNA synthetase 1 (RARSL1) interaction. The

experiments were repeated for three times.
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Figure 3 AIMP2 binary interactions with the MSC components. (A)
AIMP2:AIMP2 interaction. (B) AIMP2:EEF1E1 interaction. (C)
AIMP2:DARS1 interaction. (D) AIMP2:EPRS1 interaction. (E)
AIMP2:1ARS1 interaction. (F) AIMP2:KARS1 interaction. (G)
AIMP2:LARS1 interaction. (H) AIMP2:MARSL interaction. (I)
AIMP2:QARS1 interaction. (J) AIMP2:RARS1 interaction. The

experiments were repeated for three times.
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Figure 4 EEF1EL binary interactions with the MSC components. (A)
EEF1E1.EEF1E1 interaction. (B) EEF1E1:DARS1 interaction. (C)
EEF1E1:EPRS1 interaction. (D) EEF1E1:IARS1 interaction. (E)
EEF1E1:KARS1 interaction. (F) EEF1E1:LARS1 interaction. (G)
EEF1E1:MARSL interaction. (H) EEF1E1:QARSL1 interaction. (1)
EEF1E1:RARSL interaction. The experiments were repeated for three

times.
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Figure 5 DARSL binary interactions with the MSC components. (A)
DARS1:DARSL1 interaction. (B) DARS1:EPRS1 interaction. (C)
DARSI1:1ARS1 interaction. (D) DARS1:KARS1 interaction. (E)
DARS1:LARS1 interaction. (F) DARS1:MARS1 interaction. (G)
DARS1:QARS1 interaction. (H) DARS1:RARSL interaction. The

experiments were repeated for three times.
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Figure 6 EPRSL1 binary interactions with the MSC components. (A)
EPRS1:EPRS1 interaction. (B) EPRSI1:IARS1 interaction. (C)
EPRS1:KARSL1 interaction. (D) EPRS1:LARS1 interaction. (E)
EPRS1:MARS1 interaction. (F) EPRS1:QARS1 interaction. (G)
EPRS1:RARSLI interaction. The experiments were repeated for three

times.
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Figure 7 IARSL1 binary interactions with the MSC components. (A)
IARS1:IARS1 interaction. (B) IARS1:KARSL1 interaction. (C)
IARS1:LARSL1 interaction. (D) IARS1:MARS1 interaction. (E)
IARS1:QARS1 interaction. (F) IARS1:RARS1 interaction. The

experiments were repeated for three times.
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Figure 8 KARS1 binary interactions with the MSC components. (A)
KARS1:KARS1 interaction. (B) KARS1:LARS1 interaction. (C)
KARS1:MARS1 interaction. (D) KARS1:QARS1 interaction. (E)
KARS1:RARSLI interaction. The experiments were repeated for three

times.
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Figure 9 LARS1 binary interactions with the MSC components. (A)
LARS1:LARS1 interaction. (B) LARS1:MARS1 interaction. (C)
LARS1:QARS1 interaction. (D) LARS1:RARS1 interaction. The

experiments were repeated for three times.
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Figure 10 MARSL1 binary interactions with the MSC components. (A)
MARS1:MARS1 interaction. (B) MARS1:QARS1 interaction. (C)
MARS1:RARSL interaction. The experiments were repeated for three

times.
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Figure 11 QARS1 and RARSL1 binary interactions with the MSC
components. (A) QARS1:QARSL1 interaction. (B) QARS1:RARS1
interaction. (C) RARS1:RARSL1 interaction. The experiments were

repeated for three times.
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Figure 12 The steady-state configuration of the MSC was analyzed in
pairwise interactions. (A) Representative pairs of each binary
interaction were compared with each other at the same time. (B-G)
Effect of siRNA-mediated knockdown of endogenous AIMP1 on the
reporter signals. Protein levels were quantified compared to a-Tubulin.
(B) Protein expression levels of the reporters (LB-AIMP1 and SB-
AIMP1) and endogenous AIMP1. (C) Protein expression levels of the
reporters (SB-AIMP1 and LB-AIMP2) and endogenous AIMP1 and
AIMP2. (D) Protein expression levels of the reporters (LB-AIMP1
and SB-QARS1) and endogenous AIMP1 and QARS1. (E) The
luminescent signals of LB-AIMP1:SB-AIMP1 with endogenous-
AIMP1 knockdown (n = 9 per group; unpaired t test; **P < 0.0001;

mean £ SEM). (F) The luminescent signals of SB-AIMP1:LB-AIMP2
with endogenous-AIMP1 knockdown (n =9 per group; unpaired t test;
**P < 0.0001; mean £ SEM). (G) The luminescent signals of LB-
AIMP1:SB-QARS1 with endogenous-AIMP1 knockdown (n = 9 per
group; unpaired t test; **P < 0.0001; mean = SEM). (H) The steady-
state configuration of the MSC; the thickness of connecting lines was

weighted based on the luminescence intensities of (A). Al, AIMP1;

A2, AIMP2; EE, EEF1El; D, DARS]1; EP, EPRS1; I, IARS]; K,
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KARSI; L, LARS1; M, MARS]; Q, QARS]; R, RARSI.

72 ’H kl 1-'” U]r n’



==

C N
Target protein |—-1 LB
—
15 aa ~53 A
N C

Target protein

==

— LB
(—

Target protein

==

3aa

N C N

Target protein

{5 ]

N/

——
14 aa 13 aa

73

)

2

: 1_'_” [=

|

I

1L



Figure 13 The lengths of linker peptides and LB, SB tags of the
reporter constructs. (A) The reporter construct with C-terminal LB tag
(pBiT1.1-C [TK_LgBIiT]). (B) The reporter construct with N-terminal
LB tag (pBiT1.1-N [TK_LgBIiT]). (C) The reporter construct with C-
terminal SB tag (pBiT2.1-C [TK_SmBIiT]). (D) The reporter construct

with N-terminal SB tag (pBiT2.1-N [TK_SmBIT]).
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Figure 14 Validation of the reporter system by the sub-MSC
structures. (A) The distance between the N- and C-termini of LB was
measured for a crystal structure of the NanoLuc (PDB ID: 51BO). (B)
The distances between the N- and C-termini of the DARS homodimer
were measured for a crystal structure of Escherichia coli DARS:yeast
tRNAAP:aspartyl-adenylate complex (PDB ID: 1IL2). (C) The
distances between the N-terminus of MARS1 and the N- and C-
termini of EEF1E1 were measured for a crystal structure of human
MARS1 N-terminal domain:EEF1E1:13C complex (PDB ID: 4BVX).

(D) The distance between the C-termini of the PARS homodimer was
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measured for a crystal structure of human PARS:halofuginone:ATP
analog complex (PDB ID: 4HVC). (E) The distances between the N-
terminus of AIMP2 and the proximal regions of the N- and C-termini
of KARS1 were measured for a crystal structure of human AIMP2 N-
terminal domain:KARS1 complex (PDB ID: 4DPG). (F) The distance
between the N-termini of AIMP1 and RARS1 was measured for a
crystal structure of human AIMP1 N-terminal domain:RARS1 N-
terminal domain:QARS1 C-terminal domain complex (PDB ID:
4R3Z). The expected localization of the AIMP1 C-terminal and
QARSL1 N-terminal regions was indicated as a dotted circle. The
distances with steric bulk between the measured points were shown by
dotted lines. Others without steric hindrance were indicated by solid

lines.
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Figure 15 Incorporation of the EPRS1 reporters into the endogenous
MSC. (A) EPRS1-LB and EPRS1-SB, (B) EPRS1-LB and SB-EPRSL,
(C) LB-EPRS1 and EPRS1-SB, and (D) LB-EPRS1 and SB-EPRS1
were overexpressed and subjected to size-exclusion chromatography.
(E) The reporter system treated with interferon gamma (IFNy) was
used to detect the release of EPRS1 and accompanying changes of

other binary interactions of the MSC.
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Figure 16 The endogenous DARS1 and GAPDH, and both
endogenous and exogenous EPRS1 proteins of the chromatographic
fractions were detected by immunoblotting. The signals from the
exogenous EPRS1 reporters were detected as luminescence in Figure

14A.
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Figure 17 The sub-interactions of the MSC were weakened by
ribosome inhibition. (A) The reporter system was treated with various
ribosome inhibitors for 5 min and 4 h. PUR, puromycin; CHX,
cycloheximide; HRT, harringtonine; EME, emetine. (B-D) Size-
exclusion chromatography with puromycin. (B) Untreated control, (C)

puromycin for 5 min, and (D) puromycin for 4 h.



Table 1 List of representative reporter pairs.

No. Binary Reporter Reporter
interaction construct 1 construct 2

1 | AIMP1.AIMP1 LB-AIMP1 SB-AIMP1
2 | AIMP1.AIMP2 SB-AIMP1 LB-AIMP2
3 | AIMP1:EEF1E1 AIMP1-LB SB-EEF1E1
4 | AIMP1:DARS1 AIMP1-LB DARS1-SB
5 AIMP1:EPRS1 AIMP1-LB EPRS1-SB
6 AIMP1:IARS1 LB-AIMP1 SB-IARS1
7 | AIMP1:KARS1 LB-AIMP1 SB-KARS1
8 | AIMP1:.LARS1 LB-AIMP1 LARS1-SB
9 | AIMP1:MARS1 LB-AIMP1 SB-MARS1
10 | AIMP1:QARS1 LB-AIMP1 SB-QARS1
11 | AIMP1:RARS1 AIMP1-SB LB-RARS1
12 | AIMP2:AIMP2 LB-AIMP2 SB-AIMP2
13 | AIMP2:EEF1E1 AIMP2-SB EEF1E1-LB
14 | AIMP2:DARS1 LB-AIMP2 DARS1-SB
15 | AIMP2:EPRS1 AIMP2-SB EPRS1-LB
16 | AIMP2:IARS1 LB-AIMP2 IARS1-SB
17 | AIMP2:KARS1 LB-AIMP2 SB-KARS1
18 | AIMP2:LARS1 SB-AIMP2 LB-LARS1
19 | AIMP2:MARS1 SB-AIMP2 LB-MARS1
20 | AIMP2:QARS1 SB-AIMP2 QARS1-LB
21 | AIMP2:RARS1 SB-AIMP2 LB-RARS1
22 | EEF1E1:EEF1E1 LB-EEF1E1 EEF1E1-SB
23 | EEF1E1:DARS1 EEF1E1-LB DARS1-SB
24 | EEF1E1:EPRS1 LB-EEF1E1 EPRS1-SB
25 | EEF1El:IARS1 EEF1E1-SB LB-IARS1
26 | EEF1E1:KARS1 LB-EEF1E1 SB-KARS1
27 | EEF1E1:LARS1 SB-EEF1E1 LB-LARS1
28 | EEF1E1:MARS1 EEF1E1-LB SB-MARS1
29 | EEF1E1:QARS1 LB-EEF1E1 SB-QARS1
30 | EEF1E1:RARS1 SB-EEF1E1 LB-RARS1
31 | DARS1:DARS1 DARS1-LB DARS1-SB
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32 | DARSL:EPRS1 DARS1-SB EPRS1-LB
33 | DARSL:IARSI DARS1-LB IARS1-SB
34 | DARS1:KARS1 DARS1-SB LB-KARS1
35 | DARSL:LARSI SB-DARS1 LB-LARS1
36 | DARS1:MARS1 DARS1-LB MARS1-SB
37 | DARSL:QARS1 DARS1-LB QARS1-SB
38 | DARS1:RARS1 SB-DARS1 LB-RARS1
39 | EPRSI1:EPRS1 EPRS1-LB EPRS1-SB
40 | EPRS1:IARS1 EPRS1-SB LB-IARS1
41 | EPRS1:KARS1 EPRS1-SB LB-KARS1
42 | EPRSI1:LARS1 EPRS1-SB LB-LARS1
43 | EPRS1:MARS1 SB-EPRS1 LB-MARS1
44 | EPRS1:QARS1 EPRS1-SB LB-QARS1
45 | EPRS1:RARS1 SB-EPRS1 LB-RARS1
46 | 1ARSLIARS1 LB-IARS1 SB-IARS1
47 | 1ARS1:KARS1 SB-IARS1 LB-KARS1
48 | 1ARSL:LARS1 SB-IARS1 LB-LARS1
49 | IARS1:MARS1 LB-IARS1 SB-MARS1
50 | IARS1:QARS1 LB-IARS1 SB-QARS1
51 | IARSL1:RARS1 IARS1-SB LB-RARS1
52 | KARS1:KARS1 LB-KARS1 KARS1-SB
53 | KARS1:LARSI SB-KARS1 LB-LARS1
54 | KARS1:MARS1 SB-KARS1 LB-MARS1
55 | KARS1:QARS1 LB-KARS1 SB-QARS1
56 | KARS1:RARS1 SB-KARS1 LB-RARS1
57 | LARSL:LARS1 LB-LARS1 LARS1-SB
58 | LARS1:MARS1 LB-LARS1 MARS1-SB
59 | LARS1:QARS1 LB-LARS1 QARS1-SB
60 | LARS1:RARS1 LARS1-SB LB-RARS1
61 | MARS1:MARS1 MARS1-LB MARS1-SB
62 | MARS1:QARS1 MARS1-SB LB-QARS1
63 | MARS1:RARS1 MARS1-SB LB-RARS1
64 | QARSL:QARS1 LB-QARS1 QARS1-SB
65 | QARS1:RARS1 SB-QARS1 LB-RARS1
66 | RARS1:RARSI LB-RARS1
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Highlights

e Conventional radioactive aminoacylation assay could be harmful
for researcher’s health.

e For high-throughput screening (HTS), therefore, a non-radioactive
aminoacylation assay should be optimized.

e Aminoacyl-tRNA synthetases (ARSs) of rabbit reticulocyte closely
resemble both the individual and complexed structures of human
ARSs.

e A luminescence-based aminoacylation assay can give a high signal
window and resolve the health and safety issue.

e The HTS-optimized in vitro translation system using the rabbit-
reticulocyte lysate and the luminescence reporter showed great

potential for larger screening campaigns.
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Introduction

Dysregulation of translation is one of the most prominent
characteristics of oncogenic transformation and tumor maintenance.
Moreover, a large portion of signal transduction pathways altered in
the cancer cells are ultimately integrated into the protein synthesis
(Ruggero 2013). Therefore, therapeutic interventions targeting the
translational machinery have been expected to overcome drug
resistance from genomic heterogeneity which derived from the
therapies for the upstream signaling pathways (Bhat, Robichaud et al.
2015). At times, a group of translation apparatuses become
overabundant in cells, and the excess is hijacked by the cancer
metabolism. For example, a surplus of eukaryotic translation initiation
factor 4E (elF4E), one of the cap-binding factors, is coupled with the
translation of stress-response transcripts that are critical for survival of
the cancer cells. Meanwhile, to accomplish its physiological role, only
a half level of elFAE expression is sufficient in the normal cells
compared to the cancer cells (Truitt, Conn et al. 2015). Similarly,
another elongation factor, eukaryotic translation initiation factor 5A
(elF5A), has a specific isotype which is highly expressed in various

cancers, and drives tumorigenesis, malignant growth of the cancer
o i



cells, and epithelial-mesenchymal transition for increased cancer cell
motility and metastasis (Wang, Guan et al. 2013).

The aminoacylation is another nonlimiting element of the
translation. Firstly, tRNA, one of the substrates of the aminoacylation,
outnumbers the binding capacity of the ribosomes (Chu and von der
Haar 2012). And the aminoacylation of tRNAs occurs faster than
depletion of the aminoacyl-tRNAs (Chu, Barnes et al. 2011).
Meanwhile, other processes such as the transportation of tRNAs are
under a tight control, through the tRNA supply network. Furthermore,
most ARSs are upregulated in cancers, and their aminoacylation
activity promotes the cancer progression: alanyl-tRNA synthetase 1
(AARSL1), phenylalanyl-tRNA synthetase 1 (FARS1), glycyl-tRNA
synthetase 1 (GARSL1), threonyl-tRNA synthetase 1 (TARSL1),
histidyl-tRNA synthetase 1 (HARSL), tryptophanyl-tRNA synthetase 1
(WARS1), aspartyl-tRNA synthetase 1 (DARS1), and lysyl-tRNA
synthetase 1 (KARS1) are dysregulated in prostate cancer, and
methionyl-tRNA synthetase 1 (MARSL1) in colon and non-small cell
lung cancers (Kushner, Boll et al. 1976, \ellaichamy, Sreekumar et al.
2009, Lee, Kim et al. 2019).

The cancer cells also can take an advantage of mis-
aminoacylation. For instance, MARSL acylates noncognate tRNAs to
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scavenge reactive oxygen species (ROS) (Lee, Kim et al. 2014).
However, under prolonged oxidative stress which is a common feature
of the cancer cells, preferentially incorporated I-methionine may
promote multiple random mutations on the protein level, that can lead
to tumorigenesis (Burton and Jauniaux 2011).

Inhibitors for the ARSs have been used mainly as the
antibacterial, antifungal, and antimalarial drugs (Tao, Wendler et al.
2000, Rock, Mao et al. 2007, Lv and Zhu 2012, Dewan, Reader et al.
2014, Novoa, Camacho et al. 2014). Since the first-generation natural
ARS inhibitors had broad effects for the different species, most
developments of them were based on chemical derivation to achieve
the selectivity for the bacterial, fungal, malarial species and not for
humans (VMondenhoff, Pugach et al. 2013, Zhao, Meng et al. 2014).
Only recently, several studies have revisited borrelidin and
halofuginone as the anticancer drug to target human ARSs (Reifsnider,
Kaur et al. 2005, Habibi, Ogloff et al. 2012, Keller, Zocco et al. 2012,
Sidhu, Miller et al. 2015, Kim, Sundrud et al. 2020). Hence, using the
large-scale screening campaigns testing the ARSs against a wide
variety of chemical entities will be beneficial and may broaden the
availability of the anticancer drugs with novel candidates of the

mammalian ARS inhibitors.
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Previously, an in vitro translation system monitoring the
selective inhibition of TARS1 was developed (Fang, Yu et al. 2015). In
this study, the assay was optimized for the high-throughput screening
(HTS) and demonstrated its potential applications to other ARSs. A
library of pharmaceutically active compounds (LOPAC; n = 1280)
was successfully screened with suitable Z and Z’ values (0.79 £ 0.06
and 0.93 £ 0.02, respectively), thus proving the suitability of the assay
for further screenings to find the novel mammalian ARS inhibitors. A
counterscreen was also implemented, which discriminated between
specific and nonspecific chemicals for the protein synthesis; it helped

to select a set of inhibitors for follow-up target-identification studies.
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Materials and methods

Primary in vitro translation assay

In the previous study, rabbit reticulocyte lysate (L416A (L4960),
Promega) was diluted in buffer A (10 mg L yeast total tRNA
(10109509001, Roche, Basel, Switzerland), 80 mM potassium
chloride (KCI; P9541, Sigma-Aldrich), 0.25 mM magnesium
chloride (MgCl;; M2670, Sigma-Aldrich), 0.1 mM spermidine
(AC132740010, Thermo Fisher Scientific), and 50 pM amino-acid
mixture (L4461, Promega) or buffer T (80 mM KCI, 0.25 mM MgCl,,
and 0.1 mM spermidine) by 10-fold. Firefly luciferase mRNA (L-6107,
TriLink BioTechnologies, San Diego, CA, USA) was added at 20 mg
L™t as a template. The mixture was incubated at 30°C for 20 hours.
Bright-glo luciferase assay system (E2620, Promega) was used for
luminescence detection and all the procedures followed the

manufacturer’s manual (Promega).

HTS-optimized in vitro translation assay

The in vitro translation assay described above was modified to be

compatible with HTS format. The buffer A was chosen as the diluent,
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and the final concentrations of yeast total tRNA and KCI were reduced
to 3.53 mg L™* and 25.20 mM, respectively. The amount of spermidine
was adjusted to 63 pM, and the amino-acid mixture was excluded.
1.25 mg L firefly luciferase mRNA was used as the template. The
mixture of all the components, including the 10-fold diluted rabbit
reticulocyte and test compounds, was incubated at 26.5°C for 25 hours
in a gray 384-well microplate (6005310, PerkinElmer, Waltham, MA,
USA). The Iluminescence signal was read by the Enhanced2
luminescence option (US Luminescence) of EnVision (EnVision,

PerkinElmer).

Counterscreen

For the counterscreen, the mixture of 3.53 mg L™ yeast total tRNA,
25.20 mM KCI, 0.25 mM MgCl;, 63 puM spermidine, 1.25 mg L™
firefly luciferase mRNA, and 10-fold diluted rabbit reticulocyte lysate
was incubated at 26.5°C for 25 hours. At that time (i.e., when the
reaction was already completed), the compounds were added right
before the step of luciferase substrate addition and subsequently read.
All other procedures were kept the same as in the HTS-optimized in

vitro translation assay.
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Data processing

All parameters were calculated with the GraphPad Prism 6.02 suite of
programs (GraphPad Software) or Scripps internal database software

(Symyx, Santa Clara, CA, USA).
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Results

Assay principle

To maximize the system’s efficiency, each step in the primary in vitro
translation assay was optimized individually. When titrating the firefly
luciferase mMRNA from 0.04 to 20 mg L™, the luciferase activity
increased fourfold when the concentration was diluted 16-fold (Figure
18A). The data points adjacent to the final concentration, 1.25 mg L™,
yielded steep slopes, suggesting that the efficiency of in vitro
translation was highly dependent on the optimal number of target
molecules (e.g. ~1010 molecules of the firefly luciferase mRNA).

KCI, MgCl;, and spermidine were the components with
electric charges in the dilution buffer A. They were tested in wide
ranges of concentration (at 1.6-100 mM, 0.02-1.3 mM, and 8-500
KM, respectively), and all three factors were affirmed as indispensable
for the assay system (Figure 18B-D). The initial concentrations were
(or were near) optimal condition; slight changes were made for KCI
(from 80 mM to 32 mM) and spermidine (from 0.1 mM to 33 pM),
but not for MgCl.. Furthermore, to examine whether other cation
concentrations had potential for signal improvement, several
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monovalent (Na*, Li*, and Cs*) and divalent (Ca?*, Mn?*, Ni?*, and
Cd?*) cations were supplemented in forms of chloride salt in addition
to KCI and MgCl.. These factors showed signal disruption instead of
enhancement, however, and the patterns were correlated with their
charges (Figure 18E); the ionic pool of KCI and MgCl; already may
be sufficient to the system. Surprisingly, in further test at which K*
and Mg?* were excluded, none of the combinations of monovalent and
divalent cations produced a signal (data not shown).

The previous concentration of yeast total tRNA tested was
found to generate a downhill slope of a concentration-signal curve and
was adjusted by threefold to fall into a plateau (Figure 18F).

The temperature was another determinant for the efficient
protein synthesis, and a range between 20 and 30°C produced the
highest signal-background ratio (S/B) (Figure 18G).

When the incubation time was lengthened, the luciferase
activity kept increasing linearly throughout 3 days of measurement
(Figure 18H), followed by a sharp drop in signal to the level of null at
day 4. This may be due to the longtime exposure of bare cellular
components in vitro. Therefore, the Z’ factor, coefficient of variation
(%CV), and S/B value were considered to determine an appropriate
time length for incubation. In principle, the incubation time can be
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scaled to preference because all the Z’ values calculated were greater
than the threshold of a robust HTS, > 0.5. The %CV value was,
however, the lowest at 9.5 hours and stayed stable between 24.5 and
40 hours. Thus, 25 hours was chosen for the convenience of operation
(Table 2).

The additional supplement of amino-acid mixture of the buffer
A was withheld to allow for high sensitivity toward amino-acid

analogs.

Selection of compound for positive control

Prior to the compound addition, dimethyl sulfoxide (DMSQO) tolerance
was examined; DMSO is the most common solvent of drug libraries
(Figure 19A). Since there was a small affect seen in the range
between 1 and 3% along with the highest signal intensity, 2% was
chosen to allow room for minor mechanical errors that may arise from
dispensing or pinning.

5’-O-[(L-methionyl)-sulfamoyl]adenosine (MetSA) has an
unmodified amino terminus that can compete with I-methionine for
the catalytic pocket of MARS1 (Figure 19B). From this structure-
based hypothesis, MetSA was expected to perturb the translational
activity of MARSL1. And the optimized assay system was inhibited by

:l__:
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MetSA dose-dependently at nanomolar scale (Figure 19C).

To further verify sensitization of the system, ICso values of
MetSA from different compositions of the four individual factors were
compared to each other. Separate adjustments of yeast total tRNA
(Figure 18F and 19C) and KCI (Figure 18B and 19C) to their most
favored concentrations for the signal intensity made the assay less
sensitive to MetSA than the primary setup. When both yeast total
tRNA and KCI were altered at the same time, the basal level of signal
increased even with the high doses of MetSA. In contrast, those of
spermidine (Figure 18D and 19C) and firefly luciferase mRNA
(Figure 18A and 19C) improved the responsiveness of the assay.
Furthermore, the combination of spermidine and firefly luciferase
MRNA refinements gave better responsiveness than the two
components individually did. In this case, however, the luciferase
activity at the low concentrations of MetSA became unstable; this may
be due to the lack of balance between the buffered ions. Surprisingly,
the simultaneous optimization of all four factors enhanced not only the
signal window but also the sensitivity of the system, while
maintaining the signal stability at the low MetSA concentrations
(Figure 19C).

The blockage of the translation induced by MetSA was
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restored by exogenous addition of I-methionine, but not by 19 other
amino acids, supporting the presumption that the inhibition is due to
the specific interference of MARS1 (Figure 19D). Additionally, I-
methionine recovered the protein synthesis in the dose-dependent
manner (Figure 19E).

Furthermore, | hypothesized that an anti-MARS1 antibody
directly depriving MARS1 protein could further validate the
specificity of the system. However, currently available mouse and
rabbit immunoglobulins (IgGs) themselves showed nonspecific
Inhibitory effects on the assay (data not shown). Thus, the amino-acid
analog was chosen as the direct positive control for the further

screening process.

Pilot screen of the LOPAC collection

The HTS readiness of the assay was confirmed by pilot screening of
the LOPAC library (n = 1280) in the 384-well format. Before the pilot
screen, it was made sure that concentration-response curves and the
ICs0 values generated from benchtop and automated formats were
overlapping (Figure 20A). The concentration of MetSA for the high-
inhibition control was set as 3.16 uM to achieve complete (> 97%)
inhibition. The low-inhibition control wells received DMSO only. The
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LOPAC compounds were dispensed nominally as 2.5 uM final, done
with 10 nL pinned from the 2.5 mM compound stock. To match up the
final concentration of DMSO at 2%, additional DMSO was
supplemented in the dilution buffer. Statistics from the LOPAC pilot
screen remained steady, indicating an excellent assay with Z values =
0.79 £ 0.06, Z’ values = 0.93 £ 0.02, and S/B = 132.0 = 2.2 among all
plates (Figure 20B). Reproducibility of individual compounds was
also high enough, as the coefficient of determination (R squared; R?)
from the scatterplots of replicated measurements was > 0.9 (R? =
0.9887; Figure 20C). Preliminary hit-identification cutoff was set as
the sum of the mean and three times the standard of all samples tested
(cutoff = 20.06% inhibition), which identified 1.17% of compounds
from the LOPAC collection (n = 15) showing greater response than

the cutoff (Figure 20D).

Counterscreen and hit classification

The preliminary hits were subjected to both serial dilution and
retesting with the primary assay and the counterscreen in parallel. The
primary assay again showed consistent Z’ and S/B values (Z’ = 0.84 +

0.01 and S/B=23.8+ 0.9, and Z’=0.91 £ 0.02 and S/B = 26.8 = 0.4,
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respectively) in the same HTS format. In the serial dilution with
starting concentration of 8.5 uM, 13% of the compounds failed to
show dose-dependent inhibition and were excluded from further
analysis (n = 2) (Figure 21A, group A). And the counterscreen
effectively eliminated false-positive compounds from the rest, which,
as tested, identified compounds that interrupted the activity of
luciferase itself or quenched luminescence. As a result, 47% of the
preliminary hits were identified as false-positive compounds (n = 7)
(Figure 21A, group B). The remaining 40% (n = 6) showed great
selectivity over the counterscreen (Figure 21B).

All six true-positive compounds are known to be directly or
remotely related to part of protein translation. Emetine
dihydrochloride  hydrate  ((2S,3R,11bS)-2-[[(1R)-6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinolin-1-yl]methyl]-3ethyl-9,10-dimethoxy-2,3,
4,6,7,11b-hexahydro-1H-benzo[a]quinolizine;hydrate;hydrochloride),
the most potent one, is the well-known protein-synthesis inhibitor
targeting the ribosomal 40S subunit (Jimenez, Carrasco et al. 1977,
Meijerman, Blom et al. 1999). I1Cso of emetine from the system was at
the nanomolar concentration, proving that the assay is a promising
platform for further screening campaigns for the potential protein-
synthesis inhibitors. NSC 95397 (2,3-bis(2-hydroxyethylsulfanyl)nap-
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hthalene-1,4-dione) and DMNQ (2,3-dimethoxynaphthalene-1,4-
dione) share a 1,4-naphthoquinone moiety which causes oxidative
stress and leads to global suppression of protein-synthesis initiation
(Shenton, Smirnova et al. 2006, Liu, Wise et al. 2008, Kumar, Aithal
et al. 2009, Klotz, Hou et al. 2014). pB-Lapachone (2,2-dimethyl-3,4-
dihydrobenzo[h]chromene-5,6-dione) resembles a part of 1,4-
naphthoquinone structure. Interestingly, these three compounds with
the 1,4-naphthoquinone scaffold showed similar ICso values in the
system. Other two compounds, Ruthenium red (azane;ruthenium(2+);
hexachloride;dehydrate) and propylpyrazole triol (4-[2,3-bis(4-
hydroxyphenyl)-4-propyl1H-pyrazol-5-ylidene]cyclohexa-2,5-dien-1-
one), regulates cytoplasmic polyadenylation element binding protein
(CPEB)-dependent mRNA translation and controls the protein
translation through microRNAs (miRNAs), respectively (Wells,
Richter et al. 2000, Atkins, Nozaki et al. 2004, Adams, Furneaux et al.
2007, Goljanek-Whysall, Pais et al. 2012). The structure, 1Cso, hill
slope values, and general activity information of the true-positive

compounds are listed in Table 3.
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Discussion

The HTS-optimized in vitro translation system successfully identified
the familiar protein-synthesis inhibitors as the true-positive
compounds. Among them, several compounds shared similar
structural properties, suggesting that the assay was ready to pick up a
structure—activity relationship (SAR) from the chemical entities. The
system can be readily transfer to larger screening campaigns, based on
the stable QC parameters throughout the primary screen, the serial
dilutions, and the counterscreen, all performed in the same format.
With a proper target-validation approach, this assay would provide a

powerful screening platform for finding the novel ARS inhibitors.
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Figures and tables
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Figure 18 Optimization of the in vitro translation system for an
automated high-throughput screening (HTS) format. The optimal
concentrations of (A) firefly luciferase mRNA, (B) KCI, (C) MgCl,,
(D) spermidine, and (F) yeast total tRNA were determined. All the
original concentrations of each component fell into the range of serial
dilution. When the exact concentration was not included in the
experiment, the approximate point (50 mM KCI and 0.2 mM MgCI»)
was considered as the reference value for the relative-difference
calculation. (E) NaCl, LiCl, CsCl, CaClz, MnCl,, NiClz, and CdCl>
were added for various concentrations in the presence of 32 mM KClI
and 33 uM MgCl,. The assay conditions were also tested for (G)
temperature and (H) length of time. The experiments were repeated

for three times.
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Figure 19 Sensitivity and specificity of the HTS-compatible system.
(A) Dimethyl sulfoxide (DMSO) tolerance of the setup was measured.
(B) Comparison of the structures between I-methionine and and 5’-O-
[(I-methionyl)-sulfamoyl]adenosine (MetSA). (C) Quantification of
sensitization by the optimization of the individual components. MetSA
was serially diluted from 4 uM by threefold. P, primary condition; H,
HTS-optimized condition. (D) L-amino acids were added to rescue
translational activity inhibited by MetSA. 10 mM I|-amino acids and
200 nM MetSA were used. A, alanine; C, cysteine; D, aspartic acid; E,
glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine;
K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q,
glutamine; R, arginine; S, serine; T, tyrosine; V, valine; W, tryptophan;
Y, tyrosine. (E) L-methionine restored the translational activity dose-
dependently. ECso = 224.0 = 66.2 uM. The experiments were repeated

for three times.
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Figure 20 Pilot screen result from the library of pharmaceutically
active compounds (LOPAC). (A) Overlap of concentration-response
curves (CRCs) of MetSA from benchtop and automated procedures.
Each independent experiment was in triplicate. (B) Z’ and S/B values
from whole plates were stable. (C) Reproducibility of inhibition
profiles from the LOPAC compounds. (D) A scatter plot from the
LOPAC library (green dot), high-control (red dot) and low-control

(blue dot). Black-dotted line indicates a hit cutoff.
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Figure 21 Dose-dependent titration and counter screen of preliminary
hits. (A) Representative dose-response curves of false-positive and -
negative compounds. Green line is the CRC from the primary screen.
Red line is from the counterscreen. (B) Percentage inhibition of 6 true-
positive compounds at 8.5 uM. The experiments were repeated for

three times.
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Table 2 Statistics from various incubation times.

Time (h) Avg. £ Std. A %CV S/B
1.5 53+23 - 43 -
9.5 49,893 £ 2,785 0.83 6 936
15.0 63,840 + 5,373 0.75 8 1,197
20.0 78,400 + 6,626 0.75 8 1,470
24.5 97,587 + 5,993 0.81 6 1,830
28.5 112,173 + 7,165 0.81 6 2,103
40.0 153,973 £ 9,603 0.81 6 2,887
45.0 209,507 £ 29,263 0.58 14 3,928
50.0 212,267 + 13,477 0.81 6 3,980
60.0 256,853 + 24,812 0.71 10 4,816
65.0 249,907 + 38,893 0.53 16 4,686
70.0 340,720 £ 31,311 0.72 9 6,389

Z’, %CV, and S/B values are calculated in comparison with 1.5 h
which is assumed to be the basal level. All points were measured in
triplicate. Avg., average; Std., standard deviation; %CV, coefficient of

variation; S/B, signal-to-background ratio.
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Table 3 List of true-positive hit compounds.
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Table 3 (continued)
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# Fold-selective was calculated as [ICso for the primary assay] / [I1Cso

for the counter screen].
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Glossary

%CV a measure of dispersion of a probability or
frequency distribution

equation:

[standard deviation of the sample]
%CV = X 100%
[mean of the sample]

R? coefficient of determination

equation:

, lexplained variation]

[total variation]

Z value standard score

equation:

[observed value] — [mean of the sample]

[standard deviation of the sample]

Z’ value a measure of statistical effect size

equation:

=1 3{[standard deviation of positive control] + [standard deviation of negative control]}

|[mean of positive control] — [mean of negative control]|
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Abbreviations

aa-AMP
AARS1
ADP

AIMP1

AIMP2

Aminoacyl-tRNA
ARC1

ARS

ASK1

ATM

ATP

ATR

cDNA

CPEB

CRC

C-terminus

aminoacyl-adenylate

alanyl-tRNA synthetase 1

adenosine diphosphate
aminoacyl-tRNA synthetase complex-
interacting multifunctional protein 1
aminoacyl-tRNA synthetase complex-
interacting multifunctional protein 2
aminoacylated tRNA
aminoacyl-tRNA synthetase cofactor 1
aminoacyl-tRNA synthetase

apoptosis signal-regulating kinase 1
ataxia telangiectasia mutated
adenosine triphosphate

ATM and Rad3-related
complementary DNA

cytoplasmic polyadenylation element binding
protein

concentration-response curve

carboxyl-terminus
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CcVv
DARS(1)
DMSO
EARS
ECso
(e)EF1A

EEF1E1

EF-1H
elF2
elF4E
elF5A
EPRS1
E site
FARS1
FBP
FBS

GAIT

GAPDH

GARS1

coefficient of variation

aspartyl-tRNA synthetase (1)

dimethyl sulfoxide

glutamyl-tRNA synthetase

half maximal effective concentration
(eukaryotic) translation elongation factor 1A
eukaryotic translation elongation factor 1
epsilon 1

heavy form of elongation factor 1
eukaryotic translation initiation factor 2
eukaryotic translation initiation factor 4E
eukaryotic translation initiation factor 5A
glutamyl-prolyl-tRNA synthetase 1

exit site

phenylalanyl-tRNA synthetase 1
FUSE-binding protein

fetal bovine serum

interferon gamma activated inhibitor of
translation

glyceraldehyde-3-phosphate dehydrogenase

glycyl-tRNA synthetase 1
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GST
HARS(1)
HTS
IARS1
1Cs0

1gG
KARS(1)
LOPAC
LARS(1)
MARS(1)
MetSA
MiRNA
MRNA
MSC

MTORC1

N-terminus

PARP1

PARS

PEX21

PPI

P site

glutathione S-transferase

histidyl-tRNA synthetase (1)
high-throughput screening
isoleucyl-tRNA synthetase 1

half maximal inhibitory concentration
immunoglobulin

lysyl-tRNA synthetase (1)

library of pharmaceutically active compounds
leucyl-tRNA synthetase (1)
methionyl-tRNA synthetase (1)
5’-O-[(L-methionyl)-sulfamoyl]adenosine
micro RNA

messenger RNA

multi-tRNA synthetase complex
mammalian target of rapamycin complex 1
amino-terminus

poly(ADP-ribose) polymerase 1
prolyl-tRNA synthetase

peroxin 21

protein-protein interaction

peptidyl site
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QARS1
QC
RARS(1)
ROS
SAR
SARS
S/B

SDS-PAGE

siRNA
TARS(1)
tRNA
VARS1
WARS1

WHEP domain

YARS1

glutaminyl-tRNA synthetase 1

quality control

arginyl-tRNA synthetase (1)

reactive oxygen species
structure—activity relationship
seryl-tRNA synthetase
signal-to-background ratio

sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

small interfering RNA

threonyl-tRNA synthetase (1)

transfer RNA

valyl-tRNA synthetase 1
tryptophanyl-tRNA synthetase 1

a domain found in tryptophanyl-tRNA
synthetase 1 (WARSL), histidyl-tRNA
synthetase 1 (HARSL1), and glutamyl-
prolyl-tRNA synthetase 1 (EPRS1)

tyrosyl-tRNA synthetase 1
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