
The leucine and ATP-induced in vitro interaction of LARS1 and

RagD was significantly decreased in LARS1 R517A, N802C/

G889C, and A888P/G889P mutants compared with WT (Fig-

ure 6E), and cells expressing these mutants showed decreased

leucine-dependent mTORC1 stimulation on the basis of co-pre-

cipitation of RagD with LARS1, the amounts of RagB and RagD

precipitated with GTP-agarose beads, and the phosphorylation

patterns of S6K in response to leucine (Figures 6F and 6G), sug-

gesting the importance of the R-lever and swing helix rotation for

the leucine-dependent RagD association to LARS1.

Although we mutated LARS1 on the basis of structural infor-

mation to perturb leucine binding, ATP binding, and conforma-

tional changes, respectively, all of the mutants lost stimulatory

activity for the mTORC1 pathway. To exclude that possible mis-

folding of the proteins would result in their loss of function, we

compared the intrinsic tryptophan fluorescence of LARS1 WT

with mutants. The leucine binding-deficient (Y52A/Y54A/H91A),

ATP binding-deficient (H60A/H63A), and R-lever movement-

deficient (R517A and H251A/R517A) and one of the swing helix

movement-deficient (N802C/G889C) mutants showed similar

fluorescence ratio at 350 nm/330 nm around physiological tem-

perature, whereas LARS1 WT denatured by boiling showed a

much lower value (Figures S6A and S6B). On the other hand,

the other swing helix movement-deficient mutant (A888P/

G889P) showed slightly different patterns. Because proline has

the rigid side chain, there would be possible local misfolding of

the protein (Figure S6B). We also examined whether ectopic

expression of LARS1 WT or mutants would induce the unfolded

protein response (UPR) (Walter and Ron, 2011). LARS1 mutants

did not induce UPR markers compared with LARS1 WT, while

Brefelin A (BFA) effectively increase the level of binding immuno-

globulin protein (BiP) and activating transcription factor 4 (ATF4)

(Figure S6C), suggesting that LARS1 mutants were not signifi-

cantly misfolded.

Structural difference of LARS1 RBD in sensing-on and
sensing-off states
To gain insight into how leucine binding to LARS1 could facilitate

the association of RagD, we compared the RBDs of the two

distinct states. We performed reductive lysine methylation in

LARS1’s 111 lysine residues (Walter et al., 2006) to acquire

more information about disordered regions of the LARS1-Leu-

AMSsyn RBD and obtained the fourth crystal of LARS1 with

Leu-AMS (LARS1methyl-Leu-AMSsyn; PDB: 6KR7). Although we

cannot suggest the exact mechanism how LARS1-Leusyn is

preferred for RagD binding compared with LARS1-Leu-AMSsyn

at present, the RBD of LARS1-Leusyn is rotated toward the CD

compared with that of LARS1methyl-Leu-AMSsyn, and the sec-

ondary structure compositions are changed, which would be

correlated with RagD association (Figure 7A).

Model of LARS1 leucine sensing to RagD association
The R-lever in CP1 hairpin motif and swing helix appear to play a

crucial role in the functional switch of LARS1. The serial struc-

tural changes of LARS1 from sensing-off to sensing-on are as

follows (Figure S7): first, leucine first binds to 50FPYPY54 motif

(‘‘sensing key sequence’’). Second, H251 in CP1 hairpin motif

forms a hydrogen bond with the oxygen atom of Y54 and the

side chain of R517 (R-lever) protrudes outward, forming a

hydrogen bond with D244. (In contrast, in the sensing-off struc-

ture, H251 forms a hydrogen bond with R517. R517 appears to

move about 11 Å from one state to the other, on the basis of

the CZ atom of R517 (Figure 5L). Third, an alternation occurs in

hydrogen-bonding networks of CD and CP1, which includes

H251 and R517. Forth, swing helix is rotated about 25�, which

shifts the LVb. Finally, the RBD accommodates RagD binding.

DISCUSSION

In summary, LARS1 can adopt two distinct conformational

states, only one of which is preferred to interact with RagD,

and the transition between the two states is mediated along

with LARS1’s catalytic activity. Upon leucine binding to the syn-

thetic site, conformation of LARS1 is changed to ‘‘sensing-on+’’

status, and subsequent ATP binding appears to augment leucine

binding tomore active ‘‘sensing-on++’’ status, although the exact

structure is to be determined (Figure 7B). ‘‘Sensing-on++’’ LARS1

would interact with RagD for mTORC1 activation and then would

be changed back to ‘‘sensing-off’’ status, releasing RagD when

Leu-AMP is generated from leucine and ATP. LARS1 can then

bind to tRNA and mediate covalent ligation to make Leu-tRNA-
Leu, which is used for proteins synthesis. Although the involve-

ment of intramolecular coupling in conformational change was

not completely excluded considering the different unit cells

and crystal packing (Table S1), the results of various biochemical

and cell-based assays consistently support the R-lever hypoth-

esis. Taken together, we provided the molecular evidence as to

how leucine binding to the synthetic site of LARS1 is wired to

Figure 5. Comparison of sensing-off and sensing-on states of LARS1 conformation

(A and B) Two states of LARS1 with leucine-binding (sensing-on+) and Leu-AMS-binding (sensing-off) in the synthetic site. In the text, LARS1 bound with both

leucine and ATP in the synthetic site is marked as sensing-on2+. LeuCP1 is shown as green, while Leusyn and Leu-AMSsyn are cyan. The CP1 hairpin, swing helix,

and RBD of the LARS1 CTD are colored as Figures 1A and 1B.

(C–F) Zoomed view of the synthetic sites of LARS1 (C and E) and the junction region between the CD and CP1 hairpin motif (D and F). Leu-AMSsyn and Leusyn are

represented as cyan sphere models. The residues located in the CP1 hairpin motif and CD are shown as green and blue, respectively. R517, the key residue

discriminating sensing-on and sensing-off states, is the magenta stick model. The residues involved in the hydrogen-bonding network (black dotted lines) within

3.5 Ǻ are represented as a stick model.

(G and H) HEK293T cells expressing LARS1WT and mutants were starved of leucine and then stimulated with leucine. The effects of LARS1WT and mutants on

the leucine-dependent interaction with RagD (upper), conversion of RagD-GTP to RagD-GDP (middle), and S6K phosphorylation patterns (lower) were deter-

mined (G). Immunoblot images are representative of three biological replicates. The band intensity of immunoblot images was quantified using Multi Gauge (H)

(n = 3; mean ± SEM). **p < 0.01 and ***p < 0.001, two-way ANOVA.

(I–L) The structures of LARS1 complexed with Leu (magenta, sensing-on+) (I), ATP (blue, sensing-offATP) (J), and Leu-AMS (green, sensing-offLeu-AMS) (K) around

the 50FPYPY54, H251, and R517 region and their superimposition for comparison (L). Leucine, ATP, and Leu-AMS are represented as yellow stick models.
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Figure 6. R-lever movement and swing helix rotation for the association of LARS1 with RagD

(A) Superimposed structures of LARS1-Leusyn and LARS1-Leu-AMSsyn. The domain color scheme is the same as in Figures 1A and 1B. Leucine, Leu-AMS, R517,

N802, A888, and G889 residues are represented by stick models.

(B and C) Zoomed view of model structure around connecting loop between the swing helix and the CD. Substitutions of N802 and G889 to cysteine (B) and G889

and A888 to proline (C) are shown.

(legend continued on next page)
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accommodate RagD interaction in the CTD by suggesting

leucine-dependent ‘‘R-lever’’ model. Upon binding with leucine

and ATP, the R517 residue of LARS1 could be pulled (like a toy

vending machine) and then the swing helix rotates to make the

RBD more accessible to RagD (Figure 7C).

The recently reported structures of the C-terminal 106 amino

acid truncated LARS1 (1–1,070 aa) complexed with Leu-AMS

in the synthetic site and Nva2AA in the editing site (PDB:

6LPF), and also with Leu-AMS in the synthetic site and

AN6426-AMP in the editing site (PDB: 6LR6), show clear electron

density in the CTD, including RBD. Modeling LARS1-tRNA com-

plex on the basis of PhLARS-tRNA complex (PDB: 1WZ2) pro-

vided insight into the mutually exclusive relationship of tRNA

and RagD in LARS1 binding (Liu et al., 2020). However, it pro-

vides little information on the leucine-sensing mechanism of

LARS1 for control of the mTORC1 signal pathway. Here we sug-

gest an ‘‘R-lever model’’ for rotation of the CTD as a potential

mechanism for leucine-mediated control of LARS1 interaction

with RagD for mTORC1 activation. Superposition of the full-

length LARS1-Leusyn with the full-length LARS1-Leu-AMSsyn

(in this work) and C-terminal truncated LARS1-Leu-AMSsyn

structures shows 25� (Figures 5A and 5B) and 23� (Figure S4A)

rotation angles of swing helix, respectively, despite the differ-

ence in crystal packing. These results further support the pro-

posed ‘‘R-lever model’’ to control the RBD movement for

RagD interaction.

Despite our repeated effort to obtain crystals of LARS1 in com-

plex with both leucine and ATPaS in the synthetic site for

providing structural evidence on ATP’s role on leucine binding

to LARS1, we failed and could just obtain LARS1 crystals with

only ATP in the synthetic site (LARS1-ATPsyn) (Figure 4A). Unlike

the expected conformation of LARS1 in complex with both

leucine and ATP in the synthetic site, LARS1-ATPsyn showed

sensing-off conformation on the basis of the orientation of R-

lever (Figures 5J and 5L), consistent with the result that ATP-

dependent increase in LARS1-RagD interaction is observed

only in the presence of leucine (Figure 3D).

Steady-state cytosolic concentration of ATP is known to range

from 0.5 to 5 mM in various cell types (Gribble et al., 2000; Lar-

combe-McDouall et al., 1999). Considering that even 1 mM

ATP seems to be enough to facilitate leucine binding to LARS1

(Figure 3C), the exact physiological significance for ATP occupa-

tion in LARS1 to control leucine binding affinity must be further

investigated. Nevertheless, the ATP binding-mediated increase

in leucine-binding affinity still seems to be applied to physiolog-

ical conditions. A recent study reported that glucose starvation-

induced phosphorylation of LARS1 at the residue crucial for ATP

binding results in decreased ATP-binding affinity and then

decreased leucine binding affinity (Yoon et al., 2020), suggesting

the physiological significance of ATP binding to leucine binding

capability of LARS1.

Although we showed a potential leucine-sensing mechanism

of LARS1 by determining structural changes of LARS1 upon

binding to different substrates and the impact of these changes

to the RagD association, we do not yet know how LARS1 could

facilitate the conversion of RagD-GTP to RagD-GDP. Deter-

mining the complex structures of LARS1 with RagD would be

necessary for full understanding how leucine-induced conforma-

tional changes of LARS1 are wired to the activation of RagD

GTPase.
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Rabbit polyclonal anti-LARS1 Bethyl Laboratories Cat# A304-315A; RRID:AB_2620511

Mouse monoclonal anti-c-Myc (9E10) Santa Cruz Biotechnology Cat# sc-40; RRID:AB_390912

Rabbit polyclonal anti-c-Myc Bethyl Laboratories Cat# A190-105A; RRID:AB_67390

Mouse monoclonal anti-Flag M2 Sigma-Aldrich Cat# A1978; RRID:AB_476692
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Bacterial and virus strains

E. coli: DH5a Competent cells RBC Cat# RH618

E. coli: Rosetta 1 (DE3) Novagen 70954

Chemicals, peptides, and recombinant proteins
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[2,8-3H]- Adenosine 5‘-Triphosphate,

tetrasodium salt
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Phosphatase inhibitor cocktail Thermo Fisher Scientific Cat# 78427

Leucine-free DMEM Welgene Cat# LM001-91
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LB broth Merck Millipore Cat# 1102855000

Agar Duchefa Cat# M1002.1000
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IPTG Duchefa Cat# I1401.0025

L-Leucine Sigma-Aldrich Cat# L8000-100G

L-Isoleucine Sigma-Aldrich Cat# I2752-100G
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2-Mercaptoethanol Sigma-Aldrich Cat# M3148-250ML

Tween20 Sigma-Aldrich Cat# P1379-1L

Imidazole Biobasic Cat# IB0277 �500G

Hydrochloric acid Samchun Cat# H0255

Sodium hydroxide Samchun Cat# S0610

DTT Duchefa Cat# D1309.0025
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HEPES Merck Millipore Cat# 391338-1KGCN

PBS Sigma-Aldrich Cat# P3813
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Magnesium chloride Duchefa Cat# M0533.1000

Formaldehyde Sigma-Aldrich Cat# F8775-25ML

Borane dimethylamine complex Sigma-Aldrich Cat# 180238-25G

Bis-tris (pH6.5) Hampton research Cat# HR2-783

Ammonium sulfate Hampton research Cat# HR2-541

HEPES Hampton research Cat# HR2-585

PEG3350 Hampton research Cat# HR2-527

Sodium hydroxide Hampton research Cat# HR2-583

ATP Sigma-Aldrich Cat# A2383-25G

ATPaS Jena Bioscience Cat# NU-408L

Deposited data

Structure of human LARS1-Leusyn This paper PDB: 6KQY

Structure of human LARS1-ATPsyn This paper PDB: 6KID

Structure of human LARS1-Leu-AMSsyn This paper PDB: 6KIE

Structure of human LARS1methyl-Leu-

AMSsyn

This paper PDB: 6KR7

Structure of human cytoplasmic LRS with

Leu-AMS and Nva2AA

Liu et al., 2020 PDB: 6LPF

Structure of human cytoplasmic LRS with

Leu-AMS and AN6426-AMP

Liu et al., 2020 PDB: 6LR6

Structure of Pyrococcus horikoshii LARS Fukunaga and Yokoyama, 2005b PDB: 1WKB

Experimental models: Cell lines

Human: 293T cells ATCC Cat# CRL-3216; RRID:CVCL_0063

Recombinant DNA

Plasmid: pQE-80L-His-LARS1 Han et al., 2012 N/A

Plasmid: pQE-80L-His-LARS1 Y52A/Y54A/

H91A

This paper N/A

Plasmid: pQE-80L-His-LARS1 H60A/H63A This paper N/A

Plasmid: pQE-80L-His-LARS1 E257A This paper N/A

Plasmid: pQE-80L-His-LARS1 R517A This paper N/A

Plasmid: pQE-80L-His-LARS1 H251A/

R517A

This paper N/A

Plasmid: pQE-80L-His-LARS1 N802C/

G889C

This paper N/A

Plasmid: pQE-80L-His-LARS1 A888P/

G889P

This paper N/A

Plasmid: pcDNA3 Han et al., 2012 N/A

Plasmid: pcDNA3-Myc-LARS1 Han et al., 2012 N/A

Plasmid: pcDNA3-Myc-LARS1 Y52A/Y54A This paper N/A
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All data are available in the main text or supplementary information. The accession numbers for the structures of LARS1-Leusyn,

LARS1-ATPsyn, LARS1-Leu-AMSsyn, and LARS1methyl-Leu-AMSsyn reported in this paper are PDB: 6KQY, PDB: 6KID, PDB: 6KIE,

and PDB: 6KR7, respectively.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pcDNA3-Myc-LARS1 H91A This paper N/A

Plasmid: pcDNA3-Myc-LARS1 Y52A/

Y54A/H91A

This paper N/A

Plasmid: pcDNA3-Myc-LARS1 H60A/H63A This paper N/A

Plasmid: pcDNA3-Myc-LARS1 E257A This paper N/A

Plasmid: pcDNA3-Myc-LARS1 S673A/

D676A

This paper N/A

Plasmid: pcDNA3-Myc-LARS1 H251A This paper N/A

Plasmid: pcDNA3-Myc-LARS1 R517A This paper N/A

Plasmid: pcDNA3-Myc-LARS1 H251A/

R517A

This paper N/A

Plasmid: pcDNA3-Myc-LARS1 N802C/

G889C

This paper N/A

Plasmid: pcDNA3-Myc-LARS1 A888P/

G889P

This paper N/A

Plasmid: pGEX4T3-GST-RagD Q121L This paper N/A

Software and algorithms

Multi Gauge V3.0 Fujifilm Fujifilm

Prism 9 GraphPad https://www.graphpad.com/

scientific-software/prism/

HKL2000 Otwinowski and Minor, 1997 https://www.hkl-xray.com/

AutoSol Adams et al., 2002 https://www.phenix-online.org

PHENIX Adams et al., 2002 https://www.phenix-online.org

Phaser Adams et al., 2002 https://www.phenix-online.org

COOT Emsley and Cowtan, 2004 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot

PyMol PyMol http://www.pymol.org/2/

Monolith NT.115 MO.Affinity Analysis v2.3 NanoTemper Technologies, Munich,

Germany

Tycho NT.6 Tycho Analysis NanoTemper Technologies, Munich,

Germany

Affinity ITC NanoAnalyze program TA Instruments

Circular dichroism spectroscopy J715 spectropolarimeter JASCO corporation

Other

HisTrap HP GE Healthcare 17-5248-02

HiTrap Q FF GE Healthcare 17-5156-01

HiLoad 26/600 Superdex 200 pg GE Healthcare 28-9893-36

Amicon Ultra Centrifugal Filter Merck Millipore, GE UFC903096
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

293T cells
293T cells were obtained fromAmerican Type Culture Collection (ATCC). The cells were grown in Dulbecco’sModified EagleMedium

(Hyclone), supplemented with penicillin-streptomycin (Hyclone) and 10% heat inactivated fetal bovine serum (Hyclone).

Rosetta 1 (DE3) cells
Rosetta 1 (DE3) cells were obtained from Novagen.

METHOD DETAILS

Cloning, expression, and purification of LARS1
LARS1 cDNA was cloned into pQE-80L (Quiagen) and the recombinant plasmid was transformed into Escherichia coli Rosetta 1

(DE3) (Novagen). The cells were grown at 37�C in Luria-Bertani medium until the optical density at 600 nm reached 0.6 - 0.8. The

recombinant protein was induced by the addition of 0.5 mM isopropyl-b-D-1-thiogalactopyranoside at 18�C for 18 hr. The cells

were harvested by centrifugation at 4,500 g for 20 min at 4�C. The harvested cell pellet was resuspended in Buffer A containing

20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM MgCl2, 5 mM b-mercaptoethanol, and 0.1% Tween 20. The cell lysates were disrupted

by sonication and the soluble fraction was obtained by centrifuging at 24,878 g for 1 hr at 4�C. The supernatant was filtered with

a 0.45 mm pore-sized membrane and then loaded onto a Ni2+-affinity column (HisTrap HP 5 ml, GE Healthcare) that was pre-equil-

ibratedwith Buffer A. The recombinant proteins bound on the columnwere elutedwith a linear gradient of Buffer A containing 500mM

imidazole. The pooled fractions were diluted with Buffer B containing 20 mM Tris (pH 8.0), 2 mM DTT, and 0.1% Tween 20 up to 10

times, and the resulting proteins were further purified by anion exchange chromatography using a linear gradient of Buffer B contain-

ing 1 M NaCl. Finally, size-exclusion chromatography was conducted using a HiLoad 26/60 Superdex 200 prep-grade column with

Final Buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mMMgCl2, 2 mM DTT and 0.1% Tween 20), and the fractions containing the

recombinant proteins were pooled. The pooled proteins were concentrated to 30 mg/ml using an Amicon Ultra Centrifugal Filter

(Merck Millipore, GE) and then stored at - 80�C. Purification of LARS1 mutants was carried out as described above except for

LARS1 N802C/G889C. LARS1 N802C/G889C was purified in the absence of DTT in all steps.

Crystallization of LARS1 and structural data collection
Initial crystallization was performed at 20�C using the sitting-drop vapor diffusion method with MRC 2 Well Crystallization Plates

(Hampton Research). The purified full-length LARS1 was incubated with different molecules (2 mM leucine for LARS1-Leusyn),

2 mM leucine and 1 mM ATP for LARS1-ATPsyn), 2 mM leucine and 1 mM Leu-AMS for LARS1- Leu-AMSsyn), and 2 mM leucine

and 1 mM Leu-AMS for LARS1methyl-Leu-AMSsyn)) for 1 hr prior to crystallization. The suitable crystals of LARS1-Leusyn for X-ray

diffraction were obtained by mixing 1 mL of �25 mg/ml protein in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 2 mM

DTT, and 0.1% Tween 20 with 1 mL of a reservoir solution containing 0.1 M bis-tris (pH 6.5), 1.60 M Ammonium sulfate at 20�C using

hanging-drop vapor diffusion method. The suitable crystals of LARS1-ATPsyn, LARS1-Leu-AMSsyn, and LARS1methyl-Leu-AMSsyn for

X-ray diffraction were obtained by mixing 1 mL of �17 mg/ml protein in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 2 mM

DTT, and 0.1% Tween 20 with 1 mL of a reservoir solution containing 0.1 M HEPES (pH 7.1), 0.42 M Ammonium sulfate, and 24%

PEG3350 at 20�C using hanging-drop vapor diffusion method. A day before transfer to liquid nitrogen, the crystals of LARS1-Leusyn

were moved to the cryoprotectant solution containing 25% glycerol in the best optimized crystal reservoir condition and then frozen

at �20℃ for the stabilization. All crystals were transferred to a cryoprotectant solution containing 25% glycerol in reservoir solution

and then immediately flash-frozen in liquid nitrogen. Diffraction datasets were collected using Pohang Accelerator Light Source

beamline (5C, 7A, and 11C) (Pohang, South Korea), beamline BL44XU at the SPring-8 (Japan), and beamline BL1A at Photon Factory

(Japan). The dataset for LARS1-Leusyn, LARS1-ATPsyn, LARS1-Leu-AMSsyn, and LARS1methyl-Leu-AMSsyn were collected at

1.0000 Å.

Structure determination
The images were indexed, integrated, and scaled using HKL2000 (Otwinowski andMinor, 1997). Initial phases were obtained bymo-

lecular replacement (MR) using the structure of leucyl-tRNA synthetase from Pyrococcus horikoshii (PDB 1WKB) as an initial model

which is performed by Phaser (Murshudov et al., 1997). Then, density modification including averaging and solvent flipping was con-

ducted using Solomon in CCP4i Suite, followed by automated model building based on the density-modified data with Autobuild

module in PHENIX (Adams et al., 2002). The remaining residues were built manually using Coot (Emsley and Cowtan, 2004). The

ambiguous atomic positions of residues that resulted from poor electron density of low-resolution data were revised using Morph

module in PHENIX, and then, the refinement was conducted using Refine module in PHENIX. Initially, the electron density of the

RBD was not clearly shown in the other crystal forms except for the LARS1methyl-Leu-AMSsyn structure. Therefore, we built the

RBD model building based on the X-ray data of LARS1methyl-Leu-AMSsyn. Data collection and refinement statistics are provided

in Table S1. Ramachandran plot of LARS1-Leusyn showed 82% favored, 17% allowed, and 1% outlier regions. Ramachandran

plot of LARS1-ATPsyn showed 81% favored, 18% allowed, and 1% outlier regions. Ramachandran plot of LARS1-Leu-AMSsyn
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showed 88% favored, 10% allowed, and 2% outlier regions. Ramachandran plot of LARS1methyl-Leu-AMSsyn showed 97% favored,

3% allowed, and 0% outlier regions.

Binding affinity measurement by microscale thermophoresis (MST)
MST assays were performed with a Monolith NT.115 instrument (NanoTemper Technologies) (Bartoschik et al., 2018; Wienken et al.,

2010). Each titration curve contained 16 points prepared by serial dilution of ligands and a constant concentration of the fluorescein-

labeled protein. To measure the binding affinity between leucine or ATPaS, and purified LARS1 WT or mutants, proteins were

fluorescently labeled using a His-Tag Labeling Kit (The Monolith His-Tag Labeling Kit RED-tris-NTA 2nd Generation; NanoTemper

Technologies). 10 mM leucine or ATPaS were serially diluted by 2fold 15 times and then the 16 different concentrations of leucine

or ATPaS were incubated with labeled LARS1 WT or mutants, which were prepared at 400 nM. Experiments were performed in

Tris buffer supplemented with 0.05% (w/v) Tween-20 and 0.05% BSA. The samples were loaded into high precision capillaries

(Monolith NT.115 Capillaries; NanoTemper Technologies). MST assays were performed with 80% LED power using a green filter

and a 40% MST power. The normalized fluorescence readings (thermophoresis plus T-jump) were plotted as a function of analyte

concentration, and the curve fitting and dissociation constant Kd calculation were performed with NanoTemper software. MST as-

says of leucine to LARS1 and LARS1mutants under the condition of 1mMATPaSwere alsomeasured by samemethodwith LARS1-

leucine as described above.

Leucine starvation and stimulation of cells
For leucine starvation, cells were rinsed twicewith leucine-free DMEMand incubated in leucine-free DMEM for 1 hr. The cells were re-

stimulated by the addition of DMEM containing the indicated concentrations of leucine for 10 min.

GTP-agarose pull down assay
After cells were rinsed in ice-cold PBS, cells were collected in GTP-binding buffer (20 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 2 mM

PMSF, 20 mg/ml leupeptin, 10 mg/ml aprotinin, 150 mM NaCl and 0.1% Triton X-100). The soluble fraction of the cells was obtained

by sonication for 15 s and then centrifugation at 13,000 g for 10min at 4�C. Protein extracts were incubated with GTP-agarose beads

for 30min at 4�C. Beadswere then washedwith GTP binding buffer, and the supernatant was retained. The retained supernatant was

incubated with washed beads for another 30 min. The beads were washed again, then incubated with the retained supernatant over-

night at 4�C. After washing five timeswith GTP binding buffer, GTP-bounded protein extracts were denatured with sample buffer (Lee

et al., 2018).

Leucine binding assay
To measure leucine bound to proteins, HEK293T cells were transfected with the indicated cDNAs and empty vector (EV). The cells

lysates were pre-cleared with protein G agarose for 1 hr at 4�C and then immunoprecipitated with anti-Myc antibody and protein G

agarose which was pre-blocked with 5%BSA for 4 hr at 4�C. After washed with lysis buffer twice, the beads were washed twice with

leucine binding buffer (40 mM HEPES-KOH (pH 7.4), 5 mM ATP, 2.5 mM MgCl2, 50 mM KCl, 5 mM NaCl, 0.01% Triton X-100) and

incubated with 10 mML-[4,5-3H(N)]-leucine for 1 hr on ice with tapping of the tubes every 15min. The beads were washed three times

with wash buffer (40 mM HEPES-KOH (pH 7.4), 2.5 mMMgCl2, 50 mM KCl, 5 mM NaCl, 0.01% Triton X-100) and LARS1-bound [3H]

leucine was quantified using a liquid scintillation counter (Beckman Coulter) (Yoon et al., 2020). The average cpm of EV group was

subtracted from that of LARS1WT or mutants overexpressing groups to remove non-specific binding of leucine. The amount of rela-

tive leucine bound was calculated by dividing cpm of each value by the average cpm of LARS1 WT.

ATP binding assay
For the ATP-binding assay, HEK293T cells were transfected with the indicated cDNAs and empty vector (EV). The cells lysates were

pre-cleared with protein G agarose for 1 hr at 4�C and then immunoprecipitated with anti-Myc antibody and protein G agarose which

was pre-blocked with 5% BSA for 4 hr at 4�C. After washed twice with lysis buffer, the beads were washed twice with ATP binding

buffer (40mMHEPES-KOH (pH 7.4), 1mML-leucine, 2.5mMMgCl2, 50mMKCl, 5mMNaCl, 0.01%Triton X-100) and incubatedwith

105 mM [2,8-3H] ATP for 1 hr on ice with tapping of the tubes every 15 min. The beads were washed three times with wash buffer

(40 mMHEPES-KOH (pH 7.4), 2.5 mMMaCl2, 50 mMKCl, 5 mMNaCl, 0.01% Triton X-100) and [3H]ATP bound was measured using

a liquid scintillation counter (Yoon et al., 2020). The average cpm of EV group was subtracted from that of LARS1 WT or mutants

overexpressing groups to remove non-specific binding of ATP. The amount of relative ATP bound was calculated by dividing cpm

of each value by the average cpm of LARS1 WT.

Isothermal titration calorimetry (ITC)
To measure the dissociation constant (Kd) of leucine to LARS1, ITC experiments were performed using an Affinity ITC (TA Instru-

ments). 0.2 mM of LARS1 in buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 0.1% Tween) was titrated with 2.5 mM of leucine in a syringe.

Twenty successive injections of 2.5 mL of leucine were performed to 170 mL of LARS1 in the sample cell. The exact Kd value and stoi-

chiometry of leucine to LARS1 were calculated using NanoAnalyze program but the first injection was not used for the calculation.

The Kd value and stoichiometry of leucine to LARS1 in the presence of 1mMATPaSwere alsomeasured by the samemethodwith the
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interaction between LARS1 and leucine as described above. In this case, 0.2 mM of LARS1 in buffer B (20 mM Tris, pH 7.5, 150 mM

NaCl, 0.1% Tween, 1 mM ATPaS) was titrated with 2.5 mM of leucine in syringe.

Inflection temperature (Ti) measurement
Prior to Timeasurement, each of leucine, isoleucine, valine, tryptophan were incubated with LARS1WT, respectively, to compare the

stability of LARS1 which was complexed with various ligands. A Timeasurement was performed using Tycho NT.6 (Nanotemper) and

calculated by plotting the first derivative of the 350 nm/330 nm ratio to temperature.

Circular dichroism spectroscopy
Far-UV circular dichroism spectra were obtained using a J-715 spectropolarimeter (JASCO) at Korea Basic Science Institute. Circular

dichroismmeasurements were performed at 25�C using a quartz cell with a path length of 1 mm. The protein samples were prepared

at 0.1 mg/ml in PBS or in PBS containing 0.2 mg/ml leucine and 0.1 mg/ml ATPaS. The spectra were recorded from 260 nm to

190 nm, averaged five scans. Data were recorded at a scan speed of 100 nm/min, bandwidth of 1.0 nm, 1 s response and 0.1 nm

resolution. Near-UV circular dichroism measurements were performed at 25�C using a quartz cell with a path length of 10 mm.

The protein samples were prepared at 1 mg/ml in PBS or in PBS containing 2 mg/ml leucine and 1 mg/ml ATPaS. The spectra

were recorded from 350 nm to 250 nm, averaged five scans. Data were recorded at a scan speed of 100 nm/min, bandwidth of

1.0 nm, 1 s response and 0.1 nm resolution.

Thermal shift assay
The thermal shift assay was performed using Tycho NT. 6 (NanoTemper Technologies, Munich, Germany). LARS1 proteins were pre-

pared a buffer containing 20mMTris-HCl (pH7.5), 150mMNaCl. To clearly compare the change of thermal shift with variousmutants,

we used the unfolded LARS1WT as control protein which was boiled at 100�C in aqueous solution for 1min. Samples of 10 mL LARS1

constructs at a concentration of 1 mg/ml were prepared in the above buffer, and then loaded into glass capillaries (NanoTemper) by

capillary action. Intrinsic fluorescence was recorded at 330 nm and 350 nm while heating the sample from 35–95 �C at a rate of 3 �C/
min. The ratio of fluorescence (350/330 nm) and the Ti were calculated by Tycho NT. 6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of immunoblot imageswas performed usingMulti Gauge V3.0 (Fujifilm). Statistical analysis was performed using Prism

9 (GraphPad) including One-way ANOVA and Two-way ANOVA. Bar graphs were plotted as mean ± SEM P-values < 0.05 were

considered statistically significant.
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