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SI Materials and Methods 
 
Cloning and Mutagenesis 

Full-length klATE1 was amplified by PCR from genomic DNA of Kluyveromyces 
lactis. The amplified DNA fragment of klATE1 was digested with KpnI and XhoI restriction 
endonucleases and inserted into a modified pET E. coli expression vector to generate open 
reading frames (ORFs) that encoded N-terminal fusions of the His6-LC3B moiety to either 
the unmodified, untagged klAte1 or (for crystallization experiments) the otherwise identical 
but N-terminally extended XVAA-klAte1 (X=Asp, Glu) (see Results), using the previously 
described L3CB technique (1). The resulting plasmids encoded (after the removal of the His6-
LC3B moiety) either untagged klAte1 or XVAA-klAte1. The plasmids were transformed into 
E. coli BL21(DE3)-RIL. All site-directed klAte1 mutants for Nt-arginylation activity assays 
were constructed using the QuikChange mutagenesis kit (Stratagene). All final DNA 
constructs were verified by DNA sequencing (COSMO Genetech). 
 
Protein Expression and Purification 

The wildtype klAte1 protein and its site-directed mutants were expressed in E. coli 
(DE3)-RIL (grown in LB broth) as LC3B-based fusions (1). Cells were grown at 37 °C using 
a rotary shaker at 160 rpm until the A600 reached ~0.7, followed by the addition of isopropyl 
β-D-1-thiogalactopyranoside (IPTG) to the final concentration of 1 mM. The culture was then 
grown for 16 hr at 18 °C. Cells were harvested by centrifugation, resuspended in 0.3 M NaCl, 
1 mM tris(2-carboxyethyl)phosphine (TCEP), 20 mM HEPES (pH 7.5) (buffer A) to 
~2.4 ×1011 cells/ml, and thereafter disrupted by sonication. The sonicated suspension was 
clarified by by centrifugation at 17,000g for 1 hr at 4 °C. The His6-LC3B-fused klAte1 or its 
mutant derivatives was purified using a His-affinity column (GE Healthcare). Further 
purification was carried out using a heparin-Sepharose column (GE Healthcare). To remove 
the His6-LC3B tag, the purified fusion was treated with the ATG4B protease (2), followed by 
the second round of His-affinity chromatography in which the flow-through fraction 
(containing a purified untagged klAte1 or its mutant) was collected. Depending on the extent 
of purity of specific preparations, some samples were further purified using a Q-Sepharose 
anion exchange column (GE Healthcare). The final purification step for all samples was a gel 
filtation using Hi-Load 16/600 Superdex column. Selenomethionyl-derivatized klAte1 was 
expressed using the same L3CB technique (1) in E. coli B834 (auxotrophic for methionine) in 
M9 medium, as previously described (3). Selenomethionyl-substituted klAte1 and/or its 
mutants were purified using the above procedure. 
 
Crystallization and Structure Determination 

Purified XVAA-klAte1 (X=Asp, Glu) proteins (see Results) were crystallized at 
22 °C using hanging drop plates and 1:1 mixing of proteins (8 mg/ml) and mother liquors. 
The two identified optimized conditions were as follows: (i) [120 mM alcohols (Molecular 
Dimensions), 100 mM Buffer System 2 (pH 7.5) (Molecular Dimensions), and 37.5% (v/v) 
Precipitant Mix 4 (Molecular Dimensions)]; (ii) [100 mM carboxylic acids (Molecular 
Dimensions), 100 mM Buffer System 2 (pH 7.5) (Molecular Dimensions), and 33% (v/v) 
Precipitant Mix 4 (Molecular Dimensions)]. Crystals were flash-frozen using liquid nitrogen 
with 25% (v/v) glycerol as a cryoprotectant in the original mother liquor. 

Data were collected at the Photon Factory (PF) and Spring-8 in Japan and at the 
Pohang Accelerator Laboratory (PAL) in South Korea. The initial phases for the klAte1 
crystal structure were determined using multiwavelength anomalous dispersion (MAD) 
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datasets collected at beamlines BL17A and PF. Se (selenium)-site determination and phasing 
were performed using the MAD phasing module as implemented in the Phenix software 
package (4). The MAD-phased map was of excellent quality, which allowed the AutoBuild 
utility in Phenix to build an initial klAte1 model. The model was rebuilt in iterative cycles 
using Coot software (5), and was refined using the Phenix software package (4). 
Ramachandran values were calculated using MolProbity (6). Detailed data collection and 
refinement statistics are summarized in Table S1. The DALI server 
(http://ekhidna.biocenter.helsinki.fi/dali_server/) (7) was used to compare 3-D structures. All 
3-D images in the figures were drawn using PyMOL (http://www.pymorl.org/). 
 
Nt-Arginylation Activity Assay 

The in vitro Nt-arginylation of 13-residue peptides XAGAIISDWIPPK-biotin 
(X=Asp or Glu) (Peptron Inc.) was determined by quantifying the incorporation of 
L-[14C]-arginine (MC-137, Moravek, Inc.). First, 14C-Arg (12 μM) was incubated with total 
E. coli tRNA from E. coli MRE 600 (Roche) and purified E. coli Arg-tRNAArg synthetase at 
37 °C in 0.1 M KCl, 15 mM MgCl2, 1 mM TCEP, 2.5 mM ATP, and 50 mM HEPES 
(pH 7.5). After 30 min of incubation, different concentrations (in separate assays) of a 
substrate peptide were added, and Nt-arginylaton was initiated, at 25 °C, by the addition of 
(untagged) purified klAte1 (or its site-directed mutants) to the final concentration of 0.1 μM 
klAte1. The final reaction mixture contained 0.1 M KCl, 15 mM MgCl2, 1 mM TCEP, 
2.5 mM ATP, 50 mM HEPES (pH 7.5), 1 mg/ml total E. coli tRNA, and 1 μM E. coli 
Arg-tRNAArg synthetase. 

The reaction was stopped by the addition of 0.5M HCl to the final concentration of 
50 mM HCl. The pH of a sample was brought to pH ~7 by the addition of 0.5 M NaOH, 
followed by the addition of 10 volumes of 0.15 M NaCl, 0.1% (v/v) Nonidet-P40 (PBS-N), 
0.1 M NaH2PO4 (pH 7.4). Thereafter, 0.1 ml of streptavidin beads (20357, Thermo Scientific) 
was added to a 0.6-ml sample, followed by incubation overnight at 37 °C. Peptide-bearing 
beads in each sample were then harvested by centrifugation, washed four times with PBS-N 
at room temperature, and resuspended in 4 ml of Ultima Gold liquid scintillation cocktail 
(6013329, PerkinElmer). 14C radioactivity was measured using liquid scintillation (Hidex 300 
SL). Results were plotted in disintegrations per minute (dpm), with the measured cpm 
multiplied by 1.081 (the inverse of the 14C-counting efficiency of the Hidex scintillation 
spectromer). 
 
Yeast Strains, Media, and Yeast Genetic Methods 

S. cerevisiae strains and plasmids used in this study are cited in Table S4. Briefly, the 
S. cerevisiae strain CHY2014 (ate1∆) contains a null ate1∆::HphNT1 cassette in the JD53 
background (MATα trp1-63 ura3-52 his3-200 leu2-3112, lys2-801). Yeast cells were grown 
in YPD (1% yeast extract, 2% glucose, and 2% peptone) or synthetic complete medium 
(0.17% yeast nitrogen base, 0.5% ammonium sulfate, 2% glucose, and specific amino acids 
to support the growth of auxotrophic strains). To determine the effect of specific mutations in 
klAte1 (relative to wildtype klAte1 or wildtype scAte1) on the Nt-arginylation activity, the 
low copy (CEN-based) plasmids expressing either wildtype klAte1 or its mutants (pCH6959, 
pCH6960, pCH6961, pCH6962, pCH6963, pCH6964, pCH6965, pCH6966, pCH6967, 
pCH6968, pCH6969, pCH6970, pCH6971, pCH6972, pCH6973, and pCH6974 (Table S3), 
were cotransformed with either pCH350 or pCH6958 (encoding, respectively, Ub-Asp-eK-ha-
Ura3 or Ub-Glu-eK-ha-Ura3) into CHY2014 S. cerevisiae. The pCH6958 plasmid was 
constructed by the inverse PCR using the primer pair OCH8487 
(accacctcttagccttagcacaagatgtaag)/OCH8488 (gaa cacggatccggagcttggctg) and the template 
plasmid pCH350. The pCH6959-pCH6974 plasmids were constructed by the insertion, 

http://ekhidna.biocenter.helsinki.fi/dali_server/
http://www.pymorl.org/
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respectively, of the amplified DNA fragments of klATE1 and its site-directed mutants into the 
yeast expression vector pCH3282 using SpeI and XmaI restriction endonucleases (8). 

Transformed yeast cells were plated into tryptophan and leucine-lacking 
SC(-Trp,-Leu) plates. Single colonies were picked up from each plate and inoculated into 
SC(-Trp,-Leu) medium to grow until A600  of ~1. Thereafter cell suspensions were serially 
diluted 5-fold with water and spotted onto uracil-containing (SC(-Trp,-Leu)) and 
uracil-lacking (SC(-Trp,-Leu,-Ura)) plates. The plates were incubated for 3 days at 30 °C.  
 
Ion-Coupled Plasma Mass Spectrometry (ICP-MS) 

To determine the identuity of a metal ion in the crystal structure of klAte1, 0.1 ml of 
purified klAte1 (20 mg/ml in 0.15 M NaCl, 1 mM TCEP, 20 mM HEPES (pH 7.5) was 
acidified by mixing that sample with 1 ml of 14.34 M HNO3 and 3 ml of 12 M HCl. The 
resulting sample was heated at 200 °C (under a higher than atmospheric air pressure) for 2 hr. 
Thereafter the sample was diluted with water to the final sample mass of 20 grams. The 
concentrations of zinc and iron in the sample were quantified using Agilent 7700× ICP-MS 
instrument (Agilent Technologies), with the following calibration points: 1, 5, 10, 25, and 
100 ppb for zinc and 5, 10, 25, and 100 ppb for iron, with 89Y as an internal standard at the 
concentration of 50 ppb. The collision reaction system was used to remove isobaric 
interference with 4 ml/min He and a discrimination energy of 3 V. The forward power was 
1550 watts. 
 
Hemin-klAte1 Binding and Size-Exclusion Chromatography 

Before incubations with hemin (H9039, Sigma-Aldrich), purified klAte1 was passed 
through a Hi-Load 16/600 Superdex-200 gel filtration column in 0.15 M NaCl, 20 mM 
HEPES (pH 7.5) to remove the reducing agent in the initial buffer. The resulting sample was 
then diluted with the same buffer to 0.01 mg of klAte1 per ml. Different amounts of hemin 
(in dimethyl sulfoxide (DMSO)) in a constant volume (1% of the volume of a klAte1 
sample), were then added to klAte1 the following final molar ratios of klAte1 to hemin: 1:1, 
1:2, 1:5, 1:10, and 1:20). The control (1:0) sample was made with 1% (v/v) DMSO lacking 
hemin. All of these samples were analyzed by size-exclusion chromatography (gel filtration) 
using Hi-Load 16/600 Superdex 200 and detection procedures described in Results to analyze 
oligomeric states of klAte1 in the presence of hemin. The above Nt-arginylation assays were 
also used to measure the hemin-mediated inhibition of Nt-arginylation by klAte1. SDS-PAGE 
of hemin-treated klAte1 was carried out using standard procedures (9). Non-reducing SDS-
PAGE was carried identically save for the absence of reducing agents. 
 
Size-Exclusion Chromatography Coupled with Multi-Angle Light Scattering 
(SEC-MALS) 

SEC-MALS was performed using the Äkta FPLC system (Cytiva) coupled with a 
Wyatt MiniDAWN TREOS detector (Wyatt Technology). Protein samples were loaded on a 
Superdex-200 Increase 10/300 GL equilibrated with MALS buffer (0.15 M M NaCl, 1 mM 
TCEP, 10 mM HEPES, pH 7.5). Ovalbumin (Sigma-Aldrich, A7641) was used as an 
isotropic scatterer for calibration/normalization of detectors. Light scattering was measured 
and analyzed using ASTRA V software (Wyatt Technology). 
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Fig. S1. N-degron pathways. (A) 20 amino acids of the genetic code. Yellow ovals denote 
the rest of a protein substrate. N-terminal (Nt) residues are denoted by single-letter 
abbreviations. Amino acids cited more than once are marked by squares. Nt-Met is cited 
thrice: it can be targeted by the Ac/N-degron pathway (as Ac-Met); by the Arg/N-degron 
pathway (as Nt-Met-Ф motif, with Ф denoting a bulky hydrophobic residue); and by the 
fMet/N-degron pathway (as Nt-formylated fMet). Nt-Cys is cited twice: it can be targeted by 
the Ac/N-degron pathway (as Ac-Cys) and by the Arg/N-degron pathway (as oxidized 
Nt-Cys*, but apparently not in unstressed S. cerevisiae). Nt-Gly is cited twice: it can be 
targeted by the Gly/N-degron pathway (as unmodified Nt-Gly), and by the Ac/N-degron 
pathway (as Nt-acetylated Gly). (B) Eukaryotic (S. cerevisiae) fMet/N-degron pathway. 
(C) Eukaryotic (mammalian) Gly/N-degron pathway. (D) Bacterial (Escherichia coli, Vibrio 
vulnificus) Leu/N-degron pathway. (E) Eukaryotic (S. cerevisiae) Pro/N-degron pathway. 
(F) Eukaryotic (S. cerevisiae) Ac/N-degron pathway. (G) Eukaryotic (S. cerevisiae) 
Arg/N-degron pathway (see Fig. 1A for a more detailed diagram of this pathway). See 
Introduction for references and additional details. 
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Fig. S2. Topology diagram of the klAte1 R-transferase, and its zinc-binding site. 
(A) Topology diagram of klAte1. The coloring scheme is the same as in Fig. 1B. The C4-type 
metal-binding zinc-finger motif that comprises four Cys residues (Cys23, Cys26, Cys95, and 
Cys96) that coordinate with a zinc ion (see Results). The zinc-finger motif is located near the 
putative active-site cleft and is likely to contribute to its structural integrity (see Results, 
Figs. 1B and 3E). 
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Fig. S3. Domains of the klAte1 R-tansferase. (A) A ribbon diagram of the 3-D structure of 
klAte1. (B) The Ate_N and Ate_C domains (see Results) in the surface representation of 
klAte1 are colored lime and salmon, respectively. (C) Surface representation of the klAte1 
3-D structure that indicates specific GNAT-fold motifs. The positively charged α3 helix, 
highly conserved among aminoacyltransferases, is in blue (see Results). (D) A close-up view 
of the two hemin regulatory motifs (HRMs) of klAte1, in their surface representation. HRM1 
(Cys95 and Cys96, cyan), coordinating Zn2+. HRM2 (Cys298 and Pro299, magenta) is 
indicated as well. The negatively charged pocket of klAte1 (inferred to recognize the Arg 
moiety of Arg-tRNAArg) and the positively charged pocket (inferred to recognize an acidic 
Nt-residue of a protein substrate) are in red and blue, respectively. 
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Fig. S4. Sequence similarities among Ate1 R-transferases of different eukaryotes. Shown 
are the inferred (translated) amino acid sequences of Ate1s from the following organisms: 
KLULA, Kluyveromyces lactis (a budding yeast and the source of klAte1 of the present 
study); YEAST, Saccharomyces cerevisiae; HUMAN, Homo sapiens; MOUSE, Mus 
musculus; ARATH, Arabidopsis thaliana (a plant). Secondary structural elements (α-helices 
as coils and β-strands as arrows) are shown above the sequence alignments. The α3 helix that 
binds to tRNAArg moiety of Arg-tRNAArg is also marked. Every 10th residue of klAte1 (the 
first row) is marked with a dot and the corresponding residue number. The residues that 
contribute to the formation of the negatively charged and positively charged pockets (see 
Results) are marked by red and blue circles, respectively. The zinc-coordinating four Cys 
residues and a key catalytic Lys residue (Lys304 in klAte1) are marked by brown triangles 
and a red star, respectively. Short vertical black bars indicate the residues of klAte1 that were 
altered in our site-directed mutagenesis experiments. 
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Fig. S5. Sequence similarities between klAte1 and other aminoacyltransferases. Shown 
are the inferred (translated) amino acid sequences of specific aminoacyltransferases from 
from the following organisms: ATE1_KLULA, the klAte1 R-transferase (its 3-D structure 
was determined of Kluyveromyces lactis; BPT_VIBVY, the Bpt Leu-transferase (recognizing 
Nt-Asp/Glu) of Vibrio vulnificus; L-PGS_BACLD, lysyl-phosphatidylglycerol synthase 
(L-PGS) of Bacillus licheniformis; A-PGS_PSEAE, alanyl-phosphatidylglycerol synthase 
(A-PGS) of Pseudomonas aeruginosa; FEMX_WEIVI, 
UDP-N-acetylmuramoylpentapeptide-lysine N(6)-alanyltransferase (FemX) of Weissella 
viridescens; FEMA_S-tRNA-protein transferase of Escherichia coli; LFTR_ECOLI, the Aat 
L/F-tRNA-protein transferase of E. coli. Secondary structural elements (α-helices as coils and 
β-strands as arrows) of klAte1 are shown above sequence alignments. The colors for specific 
residues are indicated at the top of the diagram. Evolutionarily conserved, positively charged, 
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aliphatic, and Pro/Gly residues are marked in the alignments. The A, B, C and D motifs of the 
GNAT-fold are also indicated. Every 10th residue of klAte1 (the first row) is marked with a 
dot and the corresponding residue number. The α3 helix that binds to tRNAArg moiety of 
Arg-tRNAArg is also marked. The zinc-coordinating four Cys residues and a key catalytic Lys 
residue (Lys304 in klAte1) are marked by brown triangles and a red star, respectively. Short 
vertical black bars indicate the residues of klAte1 that were altered in our site-directed 
mutagenesis experiments. 
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Fig. S6. Structural (3-D) comparisons of klAte1 with other aminoacyltransferases. 
(A) Comparisons, based on ribbon diagrams, of the overall 3-D structure of klAte1 with those 
of the Bacillus licheniformis lysyl-phosphatidylglycerol synthase (L-PGS) (PDB ID: 4V36; 
the Z score (a measure of spatial similarity) from the DALI server is 9.8). (B) The same 
representation for the Pseudomonas aeruginosa alanyl-phosphatidylglycerol synthase 
(A-PGS) (PDB ID: 4V34; Z score: 9.6). (C) The same representation for the Weissella 
viridescens UDP-N-acetylmuramoylpentapeptide-lysine N(6)-alanyltransferase (FemX) 
(PDB ID: 4II9; the Z score: 8.7). (D) The same representation for the Escherichia coli Aat 
Leu/Phe-tRNA-protein transferase (L/F-transferase) (PDB ID: 2Z3N; Z score: 6.8). (E) The 
same representation for the Staphylococcus aureus FemA (PDB ID: 1LRZ). No Z score in 
this case, given a large structural difference between klAte1 and FemA. (F) A pairwise 
comparison of the inferred active site of klAte1 with those of L-PGS, A-PGS, FemX, and 
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FemA. Key determinants are labeled. For clarity, the hydrogen bond distances (bonds 
themselves are not shown) for klAte1 and L-PGS, A-PGS, FemX, and FemA are marked by 
bold and italic, respectively. In A-E, the region of the GNAT fold of klAte1 is colored 
magenta, while the remainder of the molecule is grey. The corresponding GNAT regions of 
aminoacyl-tRNA transferases are shown in cyan. Positively charged tRNA-binding protein 
helices (the α3 helix in klAte1), which are highly conserved among aminoacyl tRNA 
transferases, are shown as transparent surfaces. 
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Fig. S7. S. cerevisiae growth assays for the in vivo activity of klAte1 R-transferase and 
its mutants. Cell growth assays with [ate1∆ ura3∆) S. cerevisiae that expressed the 
Ura3-based reporters Asp-eK-ha-Ura3 (produced from Ub-Asp-eK-ha-Ura3) or 
Glu-eK-ha-Ura3 (produced from Ub-Glu-eK-ha-Ura3). Their degradation required the 
arginylation activity of Ate1. These cells also expressed either wildtype klAte1 or its specific 
mutants, indicated on individual panels. See Results and Materials and Methods for the logic 
and implementation of these assays. 
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Fig. S8. Arginylation activity of klAte1, its inhibition by hemin, and the monomeric state 
of klAte1. (A) In vitro arginylation assays (see Fig. 2 C, D, G and H) with wildtype klAte1 
versus its Y173F and W260A mutants. (B) Analogous arginylation assays with wildtype Ate1 
and the Nt-Asp-peptide in the presence of increasing concentrations of hemin. (C) Same as in 
B but using the Nt-Glu-peptide reporter. (D) SEC-MAL (size-exclusion chromatography 
coupled with multiangle light scattering. See Materials and Methods. The dark blue line 
within the peak represents the measured molecular mass of klAte1. The predicted (from the 
open reading frame; 58 kDa) and the experimentally determined (slightly larger; 78 kDa) 
molecular mass of klAte1 are indicated in parentheses to the right of the peak. The latter 
value indicated that klAte1 was a monomer in the 0.15 M M NaCl, 1 mM TCEP, 10 mM 
HEPES (pH 7.5) buffer, in the absence of added hemin (see Fig. 4). 
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Fig. S9. Hemin-induced oligomerization of klAte1 through formation of disulfides. Pairs 
of nonreducing and reducing SDS-PAGE fractionations (with staining by Coomassie Brilliant 
Blue) of purified klAte1 after its incubation with either buffer alone or increasing 
concentration of hemin. Designations on the right indicate SDS-resistant, reduction-sensitive 
oligomers of klAte1 that form in the presence of hemin. See also Fig. 4C-E. 
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Fig. S10. A working model of arginylation catalyzed by the klAte1 R-transferase. This 
reaction diagram was inferred from the 3-D structure of klAte1 and arginylation activities of 
site-directed klAte1 mutants whose construction and testing were suggested by structural 
findings (see Results). The critically important Lys304 residue is highlighted in red. Also 
indicated are the Arg residue of Arg-tRNAArg in A that becomes a part of reaction 
intermediate in B, and is conjugated to Nt-Asp or Nt-Glu in the last reaction step (C). 
 
 
  



 

Table S1. Data collection, phasing, and refinement statistics of klAte1. 

   EV_SeMet  EV_Ortho DV_Ortho EV_Tetra DV_Tetra 

Data collection      Orthorhombic Tetragonal 

Space group  P212121  P212121 P212121 P43212 P43212 

Cell dimensions          

a, b, c (Å)  66.3,107.0,160.3  69.7, 114.5, 159.5 69.1, 107.7, 161.5 86.6, 86.6, 161.1 86.5, 86.5, 160.6 

α, β, γ (°)  90, 90, 90  90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

 Peak Edge Remote     

Wavelength (Å) 0.9790 0.9793 0.9641 0.97960 1.1000 1.0000 1.0000 

Resolution (Å) 

(Highest shell)* 

50-3.00 

(3.05-3.00) 

50-3.00 

(3.05-3.00) 

50-3.10 

(3.15-3.10) 

50-1.95 

(1.98-1.95) 

50-2.2 

(2.24-2.20) 

29.49-1.76 

(1.82-1.76) 

29.42-1.51 

(1.56-1.51) 

Rmerge
† 15.2 (47.0) 12.9 (35.9) 16.7 (51.7) 14.6 (76.0) 15.8 (73.3) 14.51 (24.8) 9.96 (30.4) 

I/σI 8.06 (1.89) 9.00 (2.25) 7.00 (1.75) 10.85 (1.44) 8.77 (1.04) 18.99 (1.87) 17.27 (1.41) 

Completeness (%) 98.7 (96.1) 97.8 (71.3) 99.7 (99.2) 99.7 (99.7) 99.9 (99.0) 97.6 (95.9) 97.6 (95.9) 

Redundancy 3.7 (3.6) 3.7 (3.1) 3.7 (3.7) 4.9 (3.6) 5.7 (3.9) 26.5 (26.5) 17.7 (17.1) 

Phasing (# of Se sites)  7      

Refinement        

Resolution (Å)    46.51-1.95 48.2-2.20 28.62-1.76 28.57-1.51 

No. of reflections    93,774 61,503 61,432 93,627 

Rwork/Rfree
‡    0.164/0.202 0.178/0.234 0.179/0.212 0.185/0.216 

No. of atoms        

Protein    7,954 7,933 3,948 3,971 



Water/Zn2+    762/2 407/2 339/1 304/1 

        

B-factors (Å2)        

Protein    34.03 42.61 33.08 34.00 

Water/Zn2+    34.71/28.22 35.14/39.66 34.62/21.71 34.62/22.11 

R.m.s. deviations        

Bond lengths (Å)    0.008 0.009 0.010 0.017 

Bond angles (°)    0.90 0.93 1.07 1.360 

Ramachandran plot        

Favored region (%)    98.66 98.14 98.13 98.15 

Allowed (%)    1.24 1.86 1.87 1.85 

Outliners (%)    0.10 0.00 0.00 0.00 

PDB ID    7WFX 7WG1 7WG2 7WG4 

* Values in parentheses are for reflections in the highest resolution bin. 

† Rmerge = hiI(h,i)<I(h)>/hi I(h,i), where I(h,i) is the intensity of the ith measurement of h, and <I(h)> is the corresponding average value 

for all i measurements. 

‡ Rwork and Rfree = FOFCFO for the working set and test set (5%) of reflections. 
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Table S2. Summary of measured kcat and Km of N-terminal arginylation reactions  

catalyzed by klAte1 and its site-directed mutants. 

 

N.D., not detected. 

 

  

 D-p E-p 

klAte1 

proteins 

kcat 

[min-1] 

Km 

[M] 

kcat/Km 

[min-1•M] 

kcat 

[min-1] 

Km 

[M] 

kcat/Km 

[min-1•M] 

Wildtype 32.57 10.02 3.250 39.00 25.38 1.537 

R80E 0.213 65.91 0.0032 0.047 28.28 0.0032 

R80K 16.63 40.74 0.4082 16.58 150.9 0.1099 

Y25F 32.49 375.6 0.0865 4.499 593.3 0.0076 

Y87F 41.47 35.98 1.153 46.10 276.7 0.1666 

E277A 6.873 219.1 0.0314 12.08 643.0 0.0188 

E277K 4.053 148.7 0.0273 3.429 239.6 0.0143 

E277D 28.99 9.030 3.210 33.86 16.85 2.009 

K304A N.D. N.D. N.D. N.D. N.D. N.D. 

EEEEE N.D. N.D. N.D. N.D. N.D. N.D. 

RRRRR 32.05 13.03 2.460 39.21 34.98 1.121 

H178A 44.04 529.7 0.08314 85.75 2991 0.02867 

Y303F 13.45 648.4 0.02074 7.524 717.8 0.01048 

Y173F 61.20 63.13 0.9694 43.17 168.0 0.2570 

W260A 62.78 186.5 0.3366 58.59 464.0 0.1263 
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Table S3. Results of inductively coupled plasma–mass spectrometry (ICP–MS) 

analyses with purified klAte1. 

 

*IDL = Instrument detection limit 

†Dilution factor = the final mass of sample solution (g)/the mass of sample used in the test (g) 

‡Concentration = (measurement of sample solution – measurement of blank solution)  

dilution factor 

N.D.; not detected. 

 

 

  

Trial 
Test 

item 

Measurement 

of sample 

solution (μg/L) 

Measurement 

of blank 

solution 

(μg/L) 

IDL* 

(μg/L) 

Dilution 

factor † 

Concentration‡ 

(μg/L) 

1st 

Fe 

(Iron) 
0.000 0.000 10 198.34 N.D. 

Zn 

(Zinc) 
8.143 1.237 1 198.34 1369.736 

2nd 

Fe 

(Iron) 
0.000 0.000 10 201.82 N.D. 

Zn 

(Zinc) 
3.366 1.237 1 201.82 429.675 
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Table S4. S. cerevisiae strains used in this study. 

 

*The plasmid pCH6958 was constructed using inverse PCR, with pCH305 as a template. The 

primer pair used was OCH8487 (5’-accacctcttagccttagcacaagatgtaag-3’)/OCH8488 (5’-

gaacacggatccggagcttggctg-3’). The resulting PCR-amplified DNA was self-ligated to yield 

pCH6958. 

 

 

plasmid Descriptions Sources 

pCH350 p314CUP1-UbR48-Asp-eK-ha-Ura3 (pBAD) Hwang lab collection 

pCH6958* p314CUP1-UbK48-Glu-eK-ha-Ura3 (pBAE) this study 

pCH6959 p315TDH3-scAte1flag this study 

pCH6960 p315TDH3-klAte1flag this study 

pCH6961 p315TDH3-klAte1Y25F
flag this study 

pCH6962 p315TDH3-klAte1R80E
flag this study 

pCH6963 p315TDH3-klAte1R80K
flag this study 

pCH6964 p315TDH3-klAte1Y87F
flag this study 

pCH6965 p315TDH3-klAte1Y173F
flag this study 

pCH6966 p315TDH3-klAte1H178A
flag this study 

pCH6967 p315TDH3-klAte1W260A
flag this study 

pCH6968 p315TDH3-klAte1E277A
flag this study 

pCH6969 p315TDH3-klAte1E277K
flag this study 

pCH6970 p315TDH3-klAte1E277D
flag this study 

pCH6971 p315TDH3-klAte1Y303F
flag this study 

pCH6972 p315TDH3-klAte1K304A
flag this study 

pCH6973 p315TDH3-klAte1EEEEE
flag this study 

pCH6974 p315TDH3-klAte1RRRRR
flag this study 
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