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synthetase–laminin receptor interaction

npg

© 2014 Nature America, Inc. All rights reserved.

Dae Gyu Kim1,2,15, Jin Young Lee1,2,15, Nam Hoon Kwon1,2, Pengfei Fang3, Qian Zhang4, Jing Wang3,
Nicolas L Young5, Min Guo3, Hye Young Cho6, Ameeq Ul Mushtaq6, Young Ho Jeon6, Jin Woo Choi1,7,
Jung Min Han1,2, Ho Woong Kang8, Jae Eun Joo8, Youn Hur8, Wonyoung Kang9, Heekyoung Yang9,
Do-Hyun Nam9, Mi-Sook Lee2, Jung Weon Lee2, Eun-Sook Kim10, Aree Moon10, Kibom Kim1,2,
Doyeun Kim1,2, Eun Joo Kang1, Youngji Moon1, Kyung Hee Rhee2, Byung Woo Han2, Jee Sun Yang11,
Gyoonhee Han11, Won Suk Yang1,2, Cheolju Lee12, Ming-Wei Wang13 & Sunghoon Kim1,2,14*
Lysyl-tRNA synthetase (KRS), a protein synthesis enzyme in the cytosol, relocates to the plasma membrane after a laminin
signal and stabilizes a 67-kDa laminin receptor (67LR) that is implicated in cancer metastasis; however, its potential as an
antimetastatic therapeutic target has not been explored. We found that the small compound BC-K-YH16899, which binds KRS,
impinged on the interaction of KRS with 67LR and suppressed metastasis in three different mouse models. The compound
inhibited the KRS-67LR interaction in two ways. First, it directly blocked the association between KRS and 67LR. Second, it suppressed the dynamic movement of the N-terminal extension of KRS and reduced membrane localization of KRS. However, it did
not affect the catalytic activity of KRS. Our results suggest that specific modulation of a cancer-related KRS-67LR interaction
may offer a way to control metastasis while avoiding the toxicities associated with inhibition of the normal functions of KRS.

B

ecause metastasis is the primary cause of death related to
cancer1, new therapeutic targets to control metastasis are a hot
topic of research. Invasion is the initiation step of cancer metastasis, and this step requires proteolytic degradation of surrounding
tissues and the extracellular matrix (ECM) and a change in cancer
cell adherence. The proteolysis of the ECM paves the way for invasion, and the dynamic switch of interaction between cancer cells
and the ECM transmits signals for cell migration1,2. Laminin is a
major constituent of the ECM and has critical roles in cell adhesion,
differentiation and migration2. Laminin induces a signal propagation pathway leading to the induction of matrix metalloproteinase
2 (MMP-2), which is involved in the degradation of the ECM3.
Laminin also activates phosphatidylinositol-3 kinase and p38
mitogen-activated protein kinase (MAPK)4 and induces cell migration by interacting with receptors such as integrins and 67LR.
67LR has attracted much attention as a marker of metastasis
in various cancers2,4–10. High expression of 67LR in breast, lung,
ovary, colon and prostate carcinomas and in lymphomas have been
reported, and it is known to be positively correlated with cancer
progression and malignancy7,9,11,12. 67LR stabilizes the interaction between laminin and cell surface integrins. This receptor also
induces conformational changes in laminin when binding to it
and thereby stimulates proteolytic cleavage of laminin to promote
tumor cell migration2. All of these findings point to the importance

of 67LR in cancer metastasis, making 67LR a promising target for
antimetastatic therapeutics.
The 67LR protein is a dimeric form of 37-kDa laminin receptor precursor (37LRP), a ribosomal subunit protein in the cytosol10.
The dimerization process of 67LR and its preferential localization in
the plasma membrane are not well understood. It is simply known
that fatty acylation is necessary for the conversion process13. The
membrane stability of 67LR increases when it associates with KRS,
which enhances cell migration4. Although 37LRP has the potential
for interaction with KRS, KRS preferentially binds to and controls
the stability of 67LR in the plasma membrane4.
Human KRS is an enzyme essential for protein synthesis and
normally resides within the multi-tRNA synthetase complex
(MSC)14 in the cytosol; however, it performs dynamic functions as a
result of various stimuli, moving to the nucleus or the extracellular
space15,16. After a laminin signal, p38 MAPK phosphorylates KRS
at Thr52, and KRS translocates to the plasma membrane, where
it protects 67LR from ubiquitin-mediated degradation4. In light
of the role of 67LR as a metastasis marker, we hypothesized that
KRS would promote metastasis via 67LR and that we could control metastasis by inhibiting the interaction between the two proteins. In this work, we investigated the pathological role of KRS in
promoting metastasis in vivo and its potential as an antimetastatic
therapeutic target.
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Hit identification and optimization

To determine whether we can control metastasis by inhibiting the
interaction between KRS and the laminin receptor (LR), we set up
a yeast two-hybrid (Y2H) assay where the interaction of the two
proteins would support cell growth, and we screened synthetic compounds for inhibition of cell growth (Fig. 2a and Supplementary
Table 1). Out of 2,988 compounds tested, 6 specifically inhibited
the interaction of the two proteins without affecting other interacting pairs, such as KRS-AIMP2 (ref. 17) and MRS-AIMP3 (ref. 18),
which are also the components of MSC (Supplementary Fig. 6a,b).
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We, therefore, verified the effect of KRS on the invasive characteristics of cancer cells by investigating the following issues in squamous
cell lung carcinoma H226 cells: (i) laminin-dependent localization
of 67LR and KRS in the plasma membrane, (ii) laminin-dependent
interaction of KRS and 67LR detected using immunoprecipitation (IP), (iii) effect of KRS on the level of membranous 67LR and
(iv) KRS-dependent cell migration and invasion analyzed using
Transwell chamber and Matrigel invasion assays, respectively
(Supplementary Results, Supplementary Fig. 1a–e). These results
demonstrated that KRS was localized in the plasma membrane and
associated with 67LR upon laminin signaling, thereby enhancing the stability of 67LR. The increased stability of 67LR in KRSoverexpressing H226 cells significantly enhanced cell migration and
invasion (about threefold, P < 0.001).
We then evaluated the importance of KRS for metastasis in vivo.
Because the highly metastatic 4T1 cells showed the same behavior
as H226 cells with regard to KRS-dependent 67LR stability and
KRS-67LR interactions (Supplementary Fig. 2), we created two
KRS-overexpressing stable 4T1 cell lines (KRS-1 and KRS-2;
Supplementary Fig. 3a) and injected each of them subcutaneously
into mice to analyze the effect of the KRS overexpression on metastasis to the lungs. We found that the upregulation of KRS significantly
increased the pulmonary nodule count more than twofold (P < 0.01)
(Fig. 1a,b) with little effect on the weight and volume of primary
tumors (Supplementary Fig. 3b,c). Conversely, we repeated the same
experiments using 4T1 cells stably expressing anti-KRS short hairpin
RNA (shRNA), sh-KRS-1 and sh-KRS-2, to suppress KRS expression
(Supplementary Fig. 3d). The two anti-KRS shRNA cell lines showed
a reduction in the number of pulmonary nodules by approximately
85% (Fig. 1c,d). Again, we observed little or no effect on the weight
or volume of primary tumors (Supplementary Fig. 3e,f).
To assess the effect of KRS-dependent 67LR stability on metastasis, we analyzed the amounts of KRS and 67LR in the primary tumor
and in the pulmonary nodules using immunohistochemistry and
immunoblotting, respectively. The levels of 67LR were proportional
to the expression level of KRS in primary tumors, though they did
not show an apparent correlation with KRS levels in the metastatic
nodules (Supplementary Fig. 4a–c). These findings suggest that
the KRS-67LR interaction, especially in the primary tumor, was a
critical factor for cancer metastasis.
Because integrins as well as 67LR mediate laminin signal transduction, we further investigated the type of laminin receptor that
is required for the membrane localization of KRS. We reduced the
expression of integrins and 67LR by means of integrin β1–specific
and 37LRP-specific siRNAs, respectively, and analyzed the amounts
of membranous KRS and 67LR (Supplementary Fig. 5a,b).
Downregulation of integrin β1 reduced the laminin-dependent
relocation of KRS to the plasma membrane and reduced the level of
67LR, whereas a knockdown of 67LR did not affect the KRS level in
the membrane. On the basis of these results and a previous study4,
we concluded that an integrin-mediated signal cascade activated
KRS upon laminin stimulation, and the activated KRS regulated cell
motility by controlling 67LR stability.
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Figure 1 | Effects of KRS on cancer metastasis. (a–d) Established stable
mouse breast carcinoma 4T1 cells with high expression of KRS (KRS-1 and
KRS-2) (a) or low expression of KRS (sh-KRS-1 and sh-KRS-2) (c) were
injected subcutaneously on the back of BALB/cAnCr mice (n = 5).
After we killed the mice, we assessed cancer metastasis by pulmonary
nodule formation (scale bars, 0.5 cm). EV, empty vector. The numbers of
pulmonary nodules (>1 mm in size) of stable KRS-1 or KRS-2 cells (b) and
stable sh-KRS-1/2 cells (d) were counted and presented as mean ± s.d.
(in b, **P < 0.01; in d, ***P < 0.001). Sh-cont, short hairpin RNA control.

Among these six compounds, BC-K01 (1) (2-(2-{[4-(methyl)
benzoyl]imino}benzothiazol-3-yl)butanoic acid) met all five of
Lipinski’s criteria (Fig. 2b and Supplementary Table 1). BC-K01
reduced the binding of the two proteins in pull-down and IP
assays (Supplementary Fig. 6c,d) and decreased the level of 67LR
in the plasma membrane in a concentration-dependent manner
(Supplementary Fig. 6e). BC-K01 effectively inhibited the effect of
KRS on cell migration4, as shown by a cell morphology change, actin
rearrangement and phosphorylation of focal adhesion kinase (FAK;
Supplementary Fig. 7a). It also suppressed the activity of MMP-2,
cell migration and invasion (Supplementary Fig. 7b–d).
To improve its efficacy and metabolic stability in vivo, we synthesized 1,463 derivatives of BC-K01 and compared them with BC-K01
using the abovementioned functional assays (Supplementary
Fig. 8a). Among the derivatives, we selected 54 candidates on the basis
of their ability to specifically inhibit the binding of the KRS-LR pair
and further compared their antimigratory activity and cytotoxicity
(Supplementary Fig. 8a,b). From these two rounds of screening,
we finally chose BC-K-YH16899 (YH16899) (2) (2-(5,6-difluoro-2{[3-(trifluoromethyl)benzoyl]imino}benzo[d]thiazol-3(2H)-yl)
butanoic acid; Fig. 2b and Supplementary Note) for further validation studies. YH16899 hindered the interaction between the two
proteins according to in vitro pull-down (Supplementary Fig. 9a)
and IP (Fig. 2c) assays. As a result, YH16899 treatment decreased
the amount of membranous 67LR but not that of cytosolic 37LRP
(Supplementary Fig. 9b). YH16899 also suppressed the induction of MMP-2 (Supplementary Fig. 9c), cell morphology change,
actin rearrangement, FAK activation and cell invasion, judging by
results of the abovementioned functional assays (Fig. 2d,e). Because
YH16899 consists of R and S enantiomers, we isolated each isoform
and compared their inhibitory effects (Supplementary Fig. 10a–c).
Both isoforms reduced the levels of membranous KRS and 67LR
and suppressed cell invasiveness by approximately 80%, regardless
of the type of isomerism. In summary, YH16899 showed a threeto sixfold improvement of half-maximum inhibitory concentration
(IC50) compared to BC-K01 in most of the assays tested and exhibited better volume of distribution in vivo (Supplementary Table 2).
Because KRS is essential for translation, we investigated the effect of
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Figure 2 | Identification of YH16899 inhibiting KRS–LR interaction and
cell invasion. (a) A schematic diagram of the screening strategy for an Y2H
assay. KRS and 37LRP were fused to a DNA-binding domain (BD, LexA)
and an activating domain (AD, B42) of a transcription factor, respectively.
Yeast cells expressing these fusion proteins together survive because the
BD and AD are brought into proximity via the KRS-LR interaction, which
initiates transcription of a reporter gene (left). If chemicals interfere with
the KRS-LR interaction, transcription of the reporter gene cannot occur,
and yeast cells cannot grow (right). (b) Chemical structure of the initial
compound BC-K01 and its derivative YH16899. (c) H226 cells were
incubated with YH16899, and KRS was immunoprecipitated (IP) to detect
coprecipitated 67LR using immunoblotting. Raw data is in Supplementary
Figure 24. WCL, whole-cell lysate. (d) KRS-transfected H226 cells
were treated with YH16899 (50 μM). Cell morphology was monitored
using phase contrast (PC) microscopy (left). Actin and FAK activity
were determined using immunofluorescence staining with rhodamine
phalloidin (red; middle) and phosphorylated Tyr397 (p-Y397)-FAK–specific
antibody (green; right). Scale bars, 10 μm. (e) H226 cells were subjected
to a Matrigel invasion assay in the presence of YH16899 at indicated
concentrations (mM), and the number of cells penetrating the membrane
(cells per high power field) were counted and are presented as mean ± s.d.
(f) The mixture of H226 cells and YH16899 (50 μM) was injected into the
upper layer of CAM and incubated to promote invasion. The amount of
human Alu elements was normalized (0–100%) and presented as
mean ± s.d. (n = 3; ***P < 0.001). Cont, control.

YH16899 on the catalytic activity of KRS. YH16899 had little or no
effect on the catalytic activity of KRS and cellular protein synthesis
(Supplementary Fig. 11a–c), suggesting that the suppressive effect
of YH16899 on cell migration did not result from reduced protein
synthesis. To determine whether the effect of YH16899 is specific
to cancer cells, we treated WI-26 and H226 cells with YH16899 and
assessed cell viability and migration (Supplementary Fig. 12a,b).
YH16899 did not affect the cell viability of the two types of cells,
whereas it inhibited migration of cancer cells more than it did in
normal cells. The IC50 for inhibition of migration of WI-26 did not
fall within the tested concentration range (0–50 μM), whereas the
IC50 value for inhibition of H226 migration was 8.5 ± 2.1 μM (± s.d.)
(Supplementary Table 2). The unmeasurably high IC50 of YH16899
against WI-26 is probably due to the relatively low expression of 67LR
in WI-26 cells (Supplementary Fig. 12c), showing the specificity
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of YH16899 to the KRS-67LR expression as well as interaction.
YH16899 was effective at suppressing cell migration and invasion
of H226 (Fig. 2e, Supplementary Fig. 12b and Supplementary
Table 2), which expresses a high level of 67LR.
Comparative investigation of YH16899 versus direct blocking of
67LR showed that YH16899-mediated suppression of cell invasion
(approximately 85%) worked as effectively as siRNA treatment did
(Supplementary Fig. 13). These data suggested that inhibition of
the KRS-67LR interaction by YH16899 was sufficiently effective for
suppression of the metastatic function of 67LR.
Next, we set up a chorioallantoic membrane (CAM) assay to
analyze the intravasation of H226 cells. We injected H226 cells into
the CAM in the upper layer of embryos, where blood vessels had
already formed. During incubation, migratory H226 cells would
spread through blood vessels after intravasation. We collected cells
from the bottom region of chick embryos to isolate DNA and then
performed quantitative PCR (qPCR) to detect the human Alu gene
elements. On the basis of the detected amount of the human Alu
elements, YH16899 inhibited H226 cell invasion by 80% compared
to the control without chemical treatment (Fig. 2f).

YH16899 suppressed cancer metastasis in vivo

Using YH16899 as a lead compound, we examined how it would
affect metastasis in three different in vivo models. First, we tested
the efficacy of YH16899 in a mouse breast cancer model19 in which
we injected 4T1 cells into a mammary fat pad. Oral administration of YH16899 at two different doses (100 mg per kg body weight
and 300 mg per kg body weight) inhibited tumor metastases to the
lungs by approximately 60% with little or no effect on body weight
(Supplementary Fig. 14a–c). Because the lower dose yielded a
robust suppressive effect, we used 100 mg per kg body weight for
further in vivo experiments.
The Tg(MMTV-PyVT) mouse is a well-known metastasis model
that naturally develops primary breast tumors that spread to the
lungs20. Tg(MMTV-PyVT) mice showed enhanced expression of
KRS and 67LR (Supplementary Fig. 14d), suggesting that they can
serve as a good model for the studies of KRS-mediated metastasis. We found that in this model, YH16899 also reduced pulmonary
nodule formation by approximately 70% without affecting body
weight (Supplementary Fig. 14e–g).
To test another metastasis model21, we injected invasive A549
cells expressing RFP into the left ventricle of the heart and monitored cancer cell colonization using in vivo photon imaging. The
A549-RFP cells injected into the control group generated tumors
in the brain and bones, but oral administration of YH16899 considerably reduced these metastases (Supplementary Fig. 14h). We
monitored the suppressive effect of YH16899 using photon imaging
for up to 7 weeks and found that YH16899 reduced the average radiance in the treated group by approximately 50% (Supplementary
Fig. 14i). YH16899 also greatly enhanced survival in the treated
group (Supplementary Fig. 14j). As described above, YH16899 did
not affect the body weight (Supplementary Fig. 14k).
Additional analysis of hematological metrics and blood chemistry in ICR mice treated with high doses of the compound confirmed
that YH16899 caused few side effects in mice (Supplementary
Table 3). Taken together, these results suggest that chemical inhibition of the KRS-67LR interaction can suppress metastasis in vivo
without severe toxicity.

YH16899 directly inhibited the KRS-67LR interaction

Human KRS comprises an N-terminal extension (N-ext; residues
1–72), an anticodon-binding domain (ABD; residues 73–209) and a
catalytic domain (CD; residues 220–597; Fig. 3a). To determine the
binding site of YH16899, we conducted surface plasmon resonance
(SPR) analysis of YH16899 with the polypeptides KRS1–597, KRS1–207
and KRS220–597. We observed preferential binding of the compound
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Figure 3 | Mapping and validation of an YH16899 docking site.
(a) A schematic of the functional domain arrangement in human KRS.
KRS contains an N-ext, an ABD and a CD. The Thr52 (which undergoes
phosphorylation, forming p-T52) is indicated as a red dot. The N-ext
and ABD of KRS specifically interact with the LR and YH16899. Arrow
width indicates intensity of the compound–KRS interaction. (b) Spatial
arrangement of the chemically perturbed residues (red) on KRS with
tRNALys. (c) Docking positions of R- (left) and S- (right) YH16899 in the
hydrophobic pocket of KRS were identified in NMR experiments. Ten
low-energy positions were represented, and the CSP-defined residues are
shown in red. (d) A summary of the critical residues around the YH16899binding site. Specific residues were replaced with alanine, and the effects
of the mutations on the binding to YH16899 and LR (in vitro pulldown and
on co-immunoprecipitation (co-IP)), 67LR stability and cell invasion were
examined (Supplementary Fig. 18). The results of these experiments were
calculated on the basis of the relative band intensities (pulldown, IP and
67LR level) and the relative numbers of migratory cells (invasion assay)
and are presented as a heat map with scale ranging from 0 to 10. For the
SPR, a −log-transformed value of each KD was obtained and presented on
a scale from 0 (KD, 1 × 10−3) to 10 (KD, 1 × 10−10). The location in the ABD of
Leu142 and Phe144, the most critical residues, is denoted in Figure 3c.

to the N-terminal domain, KRS1–207 (Supplementary Fig. 15a–e),
which is known to interact with LR4 (Fig. 3a). YH16899 did not
show strong binding to 37LRP (Supplementary Fig. 15d,e),
suggesting that KRS is the main target of YH16899.
We then conducted NMR-based chemical shift perturbation
(CSP) analysis using the purified peptide KRS1–207 in the presence
of YH16899 to identify the residues that may be in proximity to
YH16899. The addition of YH16899 strongly perturbed the Gly118,
His120, Gly194 and Glu195 residues and less strongly perturbed
Tyr163, Lys164 and Thr191 (Supplementary Fig. 16a). We mapped
these residues on the KRS structure in relation to the modeled docking of tRNA (Fig. 3b), and their localization is shown on the surface
around the hydrophobic pocket formed by two loops and a β-sheet
of ABD (Supplementary Fig. 16b). We compared the CSP data in
the presence of a YH16899 racemic mixture or the S or R isomer
with respect to the Gly118 and His120 residues at the binding site of
KRS1–207 (Supplementary Fig. 16c,d). As shown in the invasion assay
and in 67LR stability analysis (Supplementary Fig. 10a–c), the affinities of the two enantiomers were not apparently different from each
other, although the S enantiomer showed a slightly larger extent of
NMR chemical shift changes. We performed a docking study of the
two racemic forms (R and S) of YH16899 with the ABD and found
that the most frequent docking positions consistent with the CSP data
house the compound within the cavity surrounded by the perturbed
residues (Fig. 3c). The original hit compound BC-K01 also showed a
CSP pattern similar to that of YH16899 (Supplementary Fig. 17a,b),
suggesting that the two compounds bind ABD in a similar manner.
32

Figure 4 | Effects of YH16899 binding on the KRS structure. (a) SAXS
and HDX-MS analysis of the effect of YH16899 on conformational
changes of dimeric KRST52D. KRST52D has a more extended N terminus and
a more open ABD-CD interface compared to WT KRS, partially exposing
the AIMP2-binding site. Incubation of KRST52D with YH16899 induced a
conformational change, folding N-ext back toward the body of KRS.
Blue and red indicate less and more exposed surfaces, respectively.
KRS WT was used as a control. (b) HDX-MS analysis of the effect of
YH16899 on conformational changes of KRST52D. Fragments of both N-ext
and ABD showed decreased deuterium uptake in KRST52D plus YH16899
compared to KRST52D alone. Cyan, 20–40% decrease; blue, >40% decrease.
The mutagenesis-mapped binding site of the inhibitor is in red. (c) CSP of
[15N]KRS1–72 by means of phospholipid nanodisc binding. Superposition of
the two-dimensional 1H-15N TROSY spectra of free 0.2 mM KRS1–72 with
0 mM (black), 0.1 mM (blue) and 0.2 mM (red) of the nanodisc.
Strongly perturbed residues are denoted as blue circles.

In these positions, the aromatic rings of YH16899 would most
likely be accommodated in the hydrophobic pocket formed by the
side chains of Leu142, Phe144, Met157, Thr191 and Ile199. This
apolar pocket is further curved by the polar side chains of His120,
Asn159, Arg161 and Lys192, thus forming a site optimal for protein
binding and drug targeting22,23. To validate this binding model, we
generated a series of alanine substitution mutants at the residues that
may contact YH16899 and compared them in different functional
assays, as described above. The L142A and F144A mutants showed
a markedly reduced ability to bind YH16899, inhibit the KRS-LR
interaction, stabilize the membrane content of 67LR and promote
cell invasion (Fig. 3d and Supplementary Fig. 18a–f). These results
support the docking site of YH16899 in the ABD and further show
that YH16899 and 67LR share at least some residues involved in
KRS binding. Notably, none of these KRS mutations influenced the
aminoacylation activity of KRS, protein synthesis or cell viability
(Supplementary Fig. 18g–i). On the basis of these results, we propose that YH16899 directly interferes with the association of 67LR
with KRS via competitive binding to critical residues but does not
affect the catalytic activity of KRS.

YH16899 suppressed membrane translocation of KRS

Because KRS is normally bound to MSC in the cytosol, it must be
released from the complex to relocate to the plasma membrane. We
thus set out to determine whether YH16899 can also affect the association of KRS with MSC and the plasma membrane localization of
KRS. Under physiological conditions, KRS requires phosphorylation
at Thr52 (p-T52) to be released from MSC in the cytosol4. We analyzed the structure of p-T52 KRS using the T52D mutant, a mimetic
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Figure 5 | A schematic model for the mode of action of YH16899.
Phosphorylation of KRS at Thr52 (p-T52) induces a conformational change
that opens up the AIMP2-binding interface, releasing KRS from MSC.
YH16899 binds the KRS ABD (blue) and N-ext (gray), thereby directly
inhibiting the interaction between KRS and 67LR. In addition, YH16899’s
binding to KRS reduces the flexibility of N-ext and reduces the membrane
localization of KRS. 67LR in the membrane undergoes ubiquitin-mediated
degradation without binding KRS. Although 67LR is thought to be a dimer
of 37LRP, only a monomer is shown for the sake of simplicity.

of the p-T52 form, by means of small-angle X-ray scattering (SAXS)
and hydrogen-deuterium exchange mass spectrometry (HDX-MS).
Compared with the wild-type (WT) KRS, the T52D mutant showed
a more extended solution envelope and an increased deuterium
exchange rate (Fig. 4a, Supplementary Table 4 and Supplementary
Fig. 19a–c). The model of KRST52D suggested that phosphorylation at Thr52 could open up the ABD-CD interface and disturb
the binding pocket for AIMP2, the binding partner of KRS within
MSC14,24, thereby releasing p-T52 KRS from MSC (Fig. 4a and
Supplementary Fig. 19b,c). To confirm this prediction, we set up an
in vitro assay to quantify the interaction between KRS and AIMP2
and compare the binding of WT KRS and KRST52D with AIMP2.
KRST52D showed 4.6-fold weaker affinity for AIMP2 (with a KD of
333 nM) than WT KRS (Supplementary Fig. 20a). Using this assay
system, we also examined whether YH16899 affects KRS binding to
AIMP2 and observed little or no change in the binding affinity after
introduction of YH16899, suggesting that YH16899 activity was
specific to the KRS-67LR interaction (Supplementary Fig. 20b).
To determine whether YH16899 affects the conformation of KRS
upon binding, we compared the SAXS solution envelopes of free
and YH16899-bound KRST52D. We found that incubating KRST52D
with YH16899 induced a conformational change. Particularly,
N-ext folded back toward the body of KRS, reducing the overall
length of KRST52D by 30 Å (Fig. 4a and Supplementary Fig. 21).
In addition, YH16899 substantially reduced deuterium exchange
in the N domain (Fig. 4b and Supplementary Fig. 22), suggesting that it suppresses the dynamic movement of N-ext. Specifically,
the Ala6, Ala34, Ala53, Thr52 and Thr56 residues in N-ext also
showed chemical perturbation after the addition of YH16899
(Supplementary Fig. 16a), implying that N-ext can also interact with YH16899, although the signals were not strong. Notably,
the chemical treatment reduced membrane localization of KRS
(Supplementary Fig. 18d), suggesting that the flexible N-ext might
be necessary for the membrane penetration of KRS.
We also conducted an NMR binding study of N-ext with a phospholipid nanodisc and found that several backbone NMR signals
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were selectively perturbed by the addition of the phospholipid
nanodisc. This observation further supports the notion that N-ext
interacts with cellular membranes (Fig. 4c). We also observed that
Myc–KRS41–597 (ΔN), in which 40 N-terminal residues of N-ext were
deleted, did not localize to the plasma membrane (Supplementary
Fig. 23). Markedly, Thr52, Ala53 and Thr56, which were among the
strongly perturbed residues upon addition of the phospholipid nanodisc, overlapped with those of the CSP experiments with YH16899
(Supplementary Fig. 16a). These experiments suggest that the membrane anchoring of KRS requires N-ext and that YH16899 can hinder the N-ext–mediated membrane localization of KRS. According
to these results, YH16899 seems to inhibit the prometastatic association of KRS with 67LR in two ways. First, it binds the residues that
are critical for the interaction with 67LR, thereby directly blocking
the interaction of the two proteins. Second, it suppresses membrane
localization of KRS by restraining the flexible N-ext (Fig. 5).

DISCUSSION

Earlier studies reported that blocking or suppressing 67LR with specific antibodies or siRNAs reduces invasion of metastatic cancers25,26.
Nonetheless, targeting 67LR or its precursor 37LRP may also
hamper the normal functions of 67LR. The results of the current
study suggest that specifically inhibiting the metastasis-promoting
interaction of KRS with 67LR is an alternative way to reduce metastasis while allowing normal functions of 67LR to proceed unimpeded. In this regard, it is worth noting that high levels of KRS
frequently occur in various cancers16,27,28.
For a long time, aminoacyl-tRNA synthetases (ARSs) have been
attractive targets for the development of antibiotics29,30. Recently,
some progress was achieved in targeting the mammalian ARS for
the treatment of human diseases. Febrifugine derivatives, including
halofuginone, target prolyl-tRNA synthetase, and many laboratories
study them in connection with the possibility of treatment of cancer,
fibrosis and inflammatory diseases31,32. Threonyl-tRNA synthetase
was identified as a target protein of antiangiogenic borrelidin33, and
a peptide fragment derived from tryptophanyl-tRNA synthetase is
gaining interest as a possible antiangiogenic agent34. Cyclic peptides
inhibiting the interaction between HIV type 1 capsid protein and
KRS are also being developed to treat HIV infection35. All of these
approaches are indicative of the potential of human ARSs as new
therapeutic targets and agents of human diseases. From this perspective, targeting the KRS-67LR interaction has several benefits.
First, it can control the prometastatic interaction between KRS
and 67LR without affecting other activities of these two proteins.
Second, targeting the KRS-67LR interaction is effective at inhibiting cancer cell invasion to the same extent as direct 67LR downregulation, according to the present study. In contrast to targeting
the LR-binding activity of KRS, knocking down of LR expression
adversely affects translation and cell viability5,36. We presumed that
the effect of LR-specific siRNA on invasion was partially due to the
impeded protein synthesis and cell growth. Given that YH16899 did
not inhibit the catalytic activity of KRS, protein synthesis and cell
viability, YH16899 could be considered a specific metastasis inhibitor that causes few side effects in normal cells, which have relatively
low KRS and 67LR. As 67LR is a well-known marker of cancer
metastasis, targeting 67LR with antibodies or siRNA can be another
option to treat metastasis. Antibodies against 67LR, however, may
hamper other physiological functions of 67LR by blocking its interactions with its many partners. Again, suppression of 67LR with
specific siRNA, apart from the delivery issue, would block not only
membranous but also cytosolic activities, and this crude approach
may produce various undesirable effects. Targeting the KRS-67LR
interaction, therefore, may have advantages over direct inhibition of
67LR, especially from the standpoint of therapeutic specificity.
KRS is functionally versatile4,15,16,37 and undergoes dynamic
conformational changes for each of its distinct activities15 (Fig. 5).
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Here we show that YH16899 can specifically block the membrane
function of KRS with little influence on the catalytic activity of
KRS, suggesting that it is feasible to target only one of its activities
without affecting its other functions. Our work not only demonstrates that the membrane form of KRS is an effective target for
controlling metastasis but also suggests that specific modulation
of a pathology-related protein-protein interaction is a promising
approach to the development of new therapeutics.
Received 18 June 2013; accepted 18 September 2013;
published online 10 November 2013

Methods

Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Cell culture and materials. H226 and 4T1 cells were purchased from American
Type Culture Collection. DMEM containing 10% (v/v) FBS and 1% (v/v)
penicillin-streptomycin was used for culture of cell lines. Cells were incubated
with laminin (10 μg/ml) for 1 h in a serum-free medium and subjected to
immunoblotting. Cells were treated with compounds (4 h for immunoblotting
and 24 h for 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) assay) in a serum-free medium after 1-h preincubation with laminin.
Cytosolic and membranous fractions were separated using a ProteoExtract kit
(Calbiochem). The shRNA against mouse KRS and siRNAs targeting human
KRS were purchased from Sigma and Invitrogen, respectively. The sequences
of shRNA and siRNA are shown below: sh-KRS, 5′-CCGGCGGCGAATCA
ACATGGTAGAACTCGAGTTCTACCATGTTGATTCGCCGTTTTTG-3′;
si-KRS, 5′-GCUGUUUGUCAUGAAGAAAGAGAUA-3′.
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Generation of stable cell lines. 4T1 cells were transfected with Myc-tagged
KRS-expressing pCDNA3 (Invitrogen) and KRS-specific shRNA-expressing
pLKO.1 (puromycin) and were selected with G418 and puromycin, respectively. After 2–3 weeks, the clones were picked and checked for expression of
KRS using western blotting.
Cell migration and invasion assays. The cell migration assay was performed
using 24-well Transwell chambers with polycarbonate membranes (8.0-μm
pore size, Costar). H226 cells (1 × 105 cells per well) were added to the top
chamber coated with laminin (10 μg/ml). H226 cells were allowed to migrate
for 12 h in the presence of a compound. For the cell invasion assay, Matrigel
(1 mg/ml) in the serum-free cold cell culture medium was placed in the upper
chamber of 24-well Transwell chambers with polycarbonate membranes and
incubated at 37 °C for 4 h for solidification. H226 cells were seeded in the
upper chamber, and the lower chamber was filled with the medium containing
laminin (10 μg/ml). H226 cells were incubated with the compounds for 24 h.
Cells attached to the membranes from migration and invasion assays were
fixed with 70% methyl alcohol in PBS for 30 min, washed with PBS three times,
stained with hematoxylin (Sigma-Aldrich) for 10 min and washed with distilled
water. After removal of nonmigrant cells from the top face of the membrane
with a cotton swab, the migrant cells (those attached to the bottom side of the
membrane) were counted in three randomly selected visual fields (magnification 20×) under a microscope.
Metastasis of stable 4T1 cells in mice. Mouse breast cancer 4T1 cells
stably overexpressing mouse KRS or mouse KRS-specific shRNA were created.
Several colonies were harvested, and the expression of KRS was analyzed using
immunoblotting. Among them, two KRS-overexpressing cell lines (KRS-1
and KRS-2) and two KRS-knockdown cell lines (sh-KRS-1 and sh-KRS-2)
were injected into the back of 6-week-old female BALB/cAnCr mice. Mice
were killed 30 d and 25 d after the inoculation with KRS-1/2 and sh-KRS-1/2,
respectively, and the metastatic nodules in the lungs over 1 mm in diameter in
size were counted after fixation of excised lungs in 10% (v/v) formalin for 24 h.
The size and weight of primary tumors were also measured after the mice were
killed. Animal experiments were in compliance with the University Animal
Care and Use Committee guidelines at Seoul National University.
Screening of compounds using the Y2H assay. The screening of compounds
was performed on the basis of the Y2H system to identify specific inhibitors of
the KRS-LR interaction. LexA-KRS and B42-LR were co-introduced into yeast
EGY/SH cells, which were then seeded in a 96-well plate containing 200 μl of a
galactose medium without uracil, histidine, tryptophan and leucine. Each compound (Comgenex library and Yuhan synthetic compounds) was added into
each well (final concentration of 50 μg/ml), and OD values were measured at
540 nm after 6-d incubation. Compounds inhibiting the growth of yeast more
than 50% compared to the control were chosen. The selected compounds were
further tested for their effect on the interaction of protein pairs in MSC such
as LexA-KRS/B42-LR, LexA-KRS/B42-AIMP2 and LexA-MRS/B42-AIMP3 to
find a specific activity interfering with KRS-LR.
CAM assay. An in vivo invasion assay using chick embryos was performed as previously described38 with some modifications. H226 cells
resuspended in PBS (5 × 105) were mixed with YH16899 (50 μM), injected
into a CAM of 9-d-old chick embryos and allowed to invade for 48 h.
Genomic DNA was extracted from the lower part of the CAM, as described
doi:10.1038/nchembio.1381

previously39. Primers and the probe specific for the human Alu elements
sequence (sense, 5′-TCACGCCATTCTCCTGCCTCA-3′; antisense, 5′-TCA
CGCCTGTAATCCCAGCACTTT-3′; probe, 5′-56-FAM/TCAGGAGAT/Zen/
CGAGACCATCCCGGCTAAA/3IABkFQ-3′) were used to amplify the human
Alu elements repeats from the genomic DNA using qPCR. Chick GAPDH
detected with specific primers (sense, 5′-TCTCTGGCAAAGTCCAAGTG-3′;
antisense, 5′-TCACAAGTTTCCCGTTCTCAG-3′; probe, 5′-56-FAM/AGTG
CCCTT/Zen/GAAGTGTCCGTGT/3IABkFQ-3′) was used as a control.
Metastasis of 4T1 cells from breast tumors in mice. For the 4T1 breast
tumor metastasis experiment, 4T1 cells (4 × 104) were injected into the surgically exposed no. 2 mammary fat pad of anesthetized 7-week-old female
BALB/cAnCr mice. Primary tumors were excised in 10 d after the inoculation (primary tumor volume: 100–150 mm3), and the mice were divided into
control and YH16899 treatment groups (dose: 100 mg per kg body weight or
300 mg per kg body weight) with uniform distribution of resected primary
tumor weights (n = 5 per group). The indicated concentration of YH16899 and
methyl cellulose (MC, 0.5% v/v) was administered orally, once a day, starting
on day 1 after tumor resection. All of the mice were killed, and the lungs were
excised 28 d after the injection of 4T1 cells. Lungs were fixed in Bouin’s solution, and pulmonary nodules were counted to assess metastases. All animals
were maintained in accordance with the Yuhan Research Institute’s Animal
Care and Use Committee guidelines, with approved animal study protocols.
Metastasis of A549-RFP cells in mice. For the metastasis experiment with
A549 cells, stable A549-RFP cells (1 × 106) were injected into the left ventricle
of anesthetized 6-week-old female BALB/cAnCr nude mice (n = 10 per group).
YH16899 (100 mg per kg body weight) or MC solution (0.5% v/v) was administered orally once a day, starting on day 1 after the inoculation for 130 d. An
RFP photon signal of five randomly selected mice was detected using IVIS
optical imaging every week from week 4 to Week 7. Body weights were checked
two times per week for 50 d, and survival was followed up to the experimental end point (130 d). All of the animals were maintained in accordance with
the Samsung Biomedical Research Institute’s Animal Care and Use Committee
guidelines, with approved animal study protocols.
Breast cancer metastasis in Tg(MMTV-PyVT) mice. Female FVB/NTg(MMTV-PyVT)634Mul/J transgenic mice (6 weeks old) were intraperitoneally injected with 100 mg per kg body weight of YH16899 every other day for
6 weeks. The body weight was checked every 4 d for 6 weeks. Mice were killed,
and lungs were excised and fixed with 10% (v/v) formalin for 24 h. The metastatic nodules on lungs were counted as described above. Animal experiments
were in compliance with the University Animal Care and Use Committee
guidelines at Seoul National University.
Total protein synthesis. H226 cells were treated with YH16899 at the indicated concentrations (Supplementary Fig. 11b,c). The cells were incubated
with a methionine (Met)-free medium for 30 min, and [35S]Met (10 mCi/ml)
was added followed by incubation for 2 h. The cells were incubated again for
4 h in a complete medium and harvested. The harvested cells were lysed, and
the radioactivity was determined using scintillation counting. A lysine (Lys)
incorporation assay was also performed as described above using a Lys-free
medium and [3H]Lys instead of a Met-free medium and [35S]Met, respectively.
The MTT assay. Cells (1 × 104) were seeded in 96-well plates and treated with
the compounds for 24 h. An MTT stock solution (5 mg/ml) was diluted tenfold, and 10 μl of the diluted solution was added to each well containing 200 μl
the medium and incubated for 30 min. The precipitated crystals were dissolved
in 100 μl of DMSO. Absorbance was measured at 420 nm using a microplate
reader (Sunrise, TECAN).
IP, FAK assay, zymography and in vitro pull-down assay. H226 cells transfected with Myc-KRS were pretreated with 10 μg/ml laminin for 1 h in the
serum-free medium and further incubated with compounds for 4 h. The
cells were lysed and proteins were isolated from the lysate or membranous
and cytosolic fractions for IP and immunoblotting. For the zymography
assay, H226 cells were treated with laminin (10 μg/ml) and compounds for
12 h. Proteins from the cell culture medium were harvested and loaded onto
a 10% SDS-PAGE gel containing 1 mg/ml gelatin. After SDS-PAGE, the gel
was incubated in the reaction buffer, and the gelatin-digested area around
nature CHEMICAL BIOLOGY

MMP-2 was visualized by staining with Coomassie Blue R250. For the in vitro
pull-down assay, 37LRP was radioactively labeled using the TnT quick coupled transcription/translation system (Promega) and mixed with glutathione
S-transferase (GST)–KRS (1 μg) in the presence of the indicated concentrations of compounds (Supplementary Fig. 9a). GST-KRS was pulled down,
and the coprecipitated 37LRP was detected using autoradiography. For FAK
and actin analysis using immunofluorescence, H226 cells transfected with KRS
were seeded in laminin-coated culture dishes and treated with a compound
(50 μM). All of the other procedures have been described elsewhere4.
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SPR. The equilibrium dissociation constants of YH16899 with the His-tagged
WT KRS, N domain (KRS1–207) and C domain (KRS220–597) were determined
using BIAcore T-100 (GE Healthcare). GST-tagged 37LRP, WT KRS WT
and KRS point mutants were also purified for the SPR analysis. Each protein was diluted and adjusted to 30 μg/ml in 10 mM sodium acetate buffer
(pH 5.0). Each protein was then applied to the surface of a CM5 Sensor Chip
(GE Healthcare). YH16899 was diluted in PBS with 0.05% (v/v) Tween 20 and
2% (v/v) DMSO and injected at a flow rate of 20 μl/min at 25 °C, and the binding was determined by the change in resonance units (RU). For GST-tagged
proteins, RU from the sensorgram of YH16899 binding to GST was deducted,
and the apparent binding constant was obtained using a 1:1 binding model
using the BIAevaluation program.
Composition of nanodiscs. DMPC (1,2-dimyristoyl-sn-glycero-3phosphocholine) was solubilized in sodium cholate (cholate:DMPC molar
ratio 2:1) in a glass vial with a Teflon-lined screw cap. The apolipoprotein
MSP1D1 (Δ1–11 truncated membrane scaffolding protein) in buffer comprising 10 mM Tris-HCl (pH 7.4) and 100 mM NaCl was mixed with
the DMPC/cholate solution and incubated for 2 h at 27 °C with shaking at
150 r.p.m.40 The optimal composition of nanodiscs was achieved with the
molar ratio of MSP1D1/DMPC/cholate at 1:40:80. Incorporation of the nanodiscs was initiated with addition of 80% (w/v) Biobeads SM2 (BioRad) for 2 h
at 27 °C with shaking at 150 r.p.m. Size-exclusion chromatography of DMPC
nanodiscs was carried out at a flow rate of 0.5 ml/min on a Superdex 200 16/60
GL gel filtration column (GE Healthcare) equilibrated with buffer 20 mM
Tris-HCl (pH 7.4), 100 mM NaCl (ref. 40).
NMR analysis. Two N-terminal fragments of KRS, 15N-labeled KRS1–72 and
KRS1–207, were overexpressed and purified from E. coli, strain BL21(DE3), in
M9 minimal medium enriched with 15NH4Cl as the sole nitrogen source (99%
15
N; Cambridge Isotope Laboratories). NMR titration experiments of YH16899
and BC-K01 were performed with 0.2 mM 15N-labeled KRS1–207 in buffer
20 mM HEPES (pH 7.0), 100 mM NaCl, 1 mM DTT. In the titration experiment, YH16899 or BC-K01 was added to the protein solution serially to the
final concentrations of 0.2, 0.4 and 0.8 mM, and the 1H-15N TROSY experiments were monitored at 298 K. Similarly, for the titration of phospholipid
nanodiscs with DMPC/DHPC (1,2-dicaproyl-sn-glycero-3-phosphocholine),
the nanodisc was added to the 0.2 mM KRS1–72 solution to final concentrations
of 0.1 mM and 0.2 mM. The backbone assignment of 13C,15N-labeled KRS1–72
and KRS1–207 was performed with series of triple-resonance two- and threedimensional experiments. Data were processed with NMRpipe41 and analyzed
with CCPN2.1.5 (ref. 42). CSP of 15N and 1H nuclei were analyzed by overlaying
the 1H-15N TROSY spectra of free protein with those with YH16899 in a different
molar ratio. The magnitude of the combined 1H-15N chemical shift differences
(Δδ, p.p.m.) was calculated using the equation Δδ = {(δH2) + 0.2 × (δN2)}1/2,
where δH and δN are changes to the proton (1H) and nitrogen (15N) chemical
shifts, respectively43. All of the NMR spectra were recorded using an
Avance 600 MHz NMR spectrometer equipped with a triple-resonance
probe (Bruker).
Molecular docking analysis. AutoDock 4.2 (ref. 12) software was employed to
conduct the docking calculations. Structure of KRS ABD (Protein Data Bank
code 3BJU) was prepared, and Gasteiger charges were assigned. A YH16899binding site was determined from CSP-mapped residues obtained from the
NMR titration experiments, and the center of the grid box was set to the center
of a binding-site cavity with grid dimensions at 28 × 24 × 32 Å3 and 0.458-Å grid
spacing. Protein structure was kept rigid in docking. R and S stereoisomers of
YH16899 were modeled with SYBYL-X 2.0 molecular modeling package (http://
tripos.com/), and energy was minimized with Gasteiger-Hückel charge set in a
vacuum dielectric environment, using Powell algorithm and Tripos force field
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for 5,000 iterations subject to a termination gradient of 0.05 kcal/(mol × Å).
The docking calculations were performed using the Lamarckian genetic algorithm and a population size of 150, and 2.5 million energy evaluations were
used for 100× searches. The AutoDock calculations were performed on a Linux
workstation with an Intel Xeon 2.93 GHz Quad core processor. A representative docking pose was selected from the most populated cluster. PyMOL (http://
www.pymol.org/) was used for manual inspection of interactions.
SAXS data collection and analysis. The human full-length KRS gene (corres
ponds to a 597-residue protein) was previously codon optimized and cloned
in the vector pBADito (Invitrogen, Grand Island, NY) with a C-terminal His6
tag14. Human WT KRS, KRSS207D and KRST52D were expressed in the bacterial
strain E. coli BL21(DE3) and purified to homogeneity using a Ni-HiTrap affinity column (5 ml) and a gel filtration Superdex 200 column (10/300 GL, GE
Healthcare). All of the SAXS data were collected at the SIBYLS beamline at
electron energy of 12 keV covering the 0.011 Å–1 < S < 0.35 Å–1 range of momentum transfer29,44. Buffer exchange for WT and mutant KRS was performed
using gel filtration. Proteins were loaded at concentrations of 15–20 mg/ml,
and only the peak fraction of each protein sample was used without further
concentration. In addition, KRST52D was also incubated with 1 mM YH16899
or DMSO at 22 °C as a control. All of the samples were isolated 1 d before data
collection, flash frozen with liquid nitrogen immediately after elution from gel
filtration and stored frozen. SAXS data were collected for three serial dilutions
of each sample at a maximum of 6 mg/ml and a minimum of 1 mg/ml. Data
were collected from two short exposures (0.5 s) and one long exposure (6 s) for
each protein sample at room temperature (18–21 °C). Data scaling, merging
and evaluating were carried out by means of PRIMUS45. GNOM was used to
evaluate the P(r) function46. The value of the maximum diameter of the particle, Dmax, was determined empirically by examining the quality of the fit to the
experimental data for a range of Dmax values. Ab initio free atom modeling was
performed using the DAMMIF program with the scattering curves as the fitting target47. Forty independent simulations were performed for each sample.
Superposition, averaging and filtering with the DAMAVER program yielded
shape reconstructions45. These envelopes were then used as a guide to fit the
crystal structures by rigid body modeling with PyMOL and Chimera31.
For the spatial arrangement of the chemically perturbed residues on KRS
with tRNA, N-ext of human KRS was modeled on the SAXS envelope of WT
KRS. The tRNAs were docked by superimposition of the human KRS structure
(PDB code 3BJU) with the yeast aspartyl-tRNA synthetase–tRNAAsp complex
structure (PDB code 1ASY).
HDX FT-ICR mass spectrometry. The HDX methods have been described
previously48,49. HDX samples were prepared in the same way as those for the
SAXS analysis. Briefly, 5 μl of a sample (20 μM) was mixed with 45 μl of
20 mM HEPES, pH 7.5, and 150 mM NaCl in D2O to initiate each HDX
reaction. HDX incubation periods were 0.5 min, 1 min, 2 min, 4 min, 8 min,
15 min, 30 min, 60 min, 120 min and 240 min, each followed by simultaneous quench and proteolysis50. HDX was quenched by 1:1 (v/v) addition of protease type XIII solution in 1.0% formic acid to reduce the pH to ~2.3 and to
initiate the 2-min proteolysis. The digested peptide fragments were separated
by a fast LC gradient on a ProZap C18 column (Grace Davison, 1.5 m, 500 Å,
2.1 × 10 mm) to minimize back exchange49. A postcolumn splitter reduced
the LC eluent flow rate to ~400–500 nl/min for efficient microelectrospray
ionization (micro-ESI). Microelectrosprayed HDX samples were directed to
a custom-built hybrid linear quadrupole ion trap 14.5 tesla FT-ICR (Fourier
transform ion cyclotron resonance) mass spectrometer51 (Thermo Fisher). The
total data acquisition period for each sample was 6 min. Each experiment was
performed in triplicate. Data were analyzed using an in-house analysis package52. Time course deuterium incorporation levels were generated using an
MEM fitting method53.
Enzymatic assays. KRS was preincubated with YH16899 (0–40 μM, final
concentration) for 30 min at 4 °C before the reaction, and aminoacylation
was performed as described previously15. Reaction aliquots were quenched
and precipitated in 96-well Multiscreen filter plates (Millipore) as described
previously54. After washing and elution with 0.2 M NaOH, the samples were
quantified on a MicroBeta plate reader (PerkinElmer).
Quantification of the KRS–AIMP2 interaction. A fusion protein of human
AIMP21–48 with TRX (thioredoxin) was constructed as described previously24.
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The purified protein was then labeled with EZ-Link-NHS-PEG12-Biotin
according to the vendor’s instructions (Thermo Scientific). Gradient compound YH16899 and the His-tagged KRS were incubated overnight at 4 °C.
After adding 0.01 mg/ml (final concentration) of donor beads from the
AlphaScreen Histidine (Nickel Chelate) Detection Kit (PerkinElmer) to the
system to incubate for 15 min, 0.01 mg/ml (final concentration) acceptor beads
and AIMP21–48-TRX-Biotin were then added to the system and incubated for
1.5 h before quantification on an Envision Plate Reader (PerkinElmer). This
energy is instantly transferred to fluorophores that have long emission half
lives within the same acceptor bead, resulting in emitted light at 520–620 nm.
The reactions were carried out at room temperature in white 384-well plates
with a total volume of 20 μl. The effect of YH16899 was tested in triplicate, with
a gradient final concentration of 0–100 μM.

Statistical analysis. Student’s t-test was used for the analysis of differences
between groups (SPSS software).
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Pharmacokinetics analysis. Compounds (3 mg per kg body weight) were
administered intravenously as a solution in 40% dimethylformamide and
administered orally as a suspension in 0.5% MC to male ICR mice (n = 4 for each
group). After the oral or intravenous administration, blood samples (approximately 50 μl) were collected from an orbital vein at 0.083 h (intravenous only),
0.25 h, 0.5 h, 1 h, 2 h, 4 h, 8 h and 24 h, and the resulting plasma samples were
stored in a freezer at −70 °C before analysis. After protein precipitation, BC-K01
and YH16899 in plasma were analyzed using an LC/MS/MS system.
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