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An unbiased proteomic platform for 
ATE1-based arginylation profiling
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Protein arginylation is an essential post-translational modification catalyzed 
by arginyl-tRNA-protein transferase 1 (ATE1) in mammalian systems. 
Arginylation features a post-translational conjugation of an arginyl to a 
protein, making it extremely challenging to differentiate from translational 
arginine residues with the same mass. Here we present a general ATE1-based 
arginylation profiling platform for the unbiased discovery of arginylation 
substrates and their precise modification sites. This method integrates 
isotopic arginine labeling into an ATE1 assay utilizing biological lysates  
(ex vivo) rather than live cells, thus eliminating ribosomal bias and enabling 
bona fide arginylation identification. The method has been successfully 
applied to peptide, protein, cell, patient and mouse samples, with  
235 unique arginylation sites revealed from human proteomes using 20 µg 
of input. Representative sites were validated and followed up for their 
biological functions. This global platform, applicable to various sample 
types, paves the way for functional studies of this difficult-to-characterize 
protein modification.

As a critical post-translational modification, arginylation is catalyzed 
by arginyltransferase (ATE1), which is the only known enzyme install-
ing arginylation in mammalian systems1. The absence of arginylation 
in ATE1 knockout (KO) models resulted in embryonic lethality due to 
heart defects1. Specifically, ATE1 KO caused thinned myocardium with 
immature septa, and nonseparation of the aorta and pulmonary artery, 
resulting in defects in cardiac contractility, myofibril dysfunction and 
eventually embryonic death1, demonstrating the essential nature of 
arginylation1. Tissue-specific knockdown or deletion (KO) of argin-
ylation resulted in impaired myosin phosphorylation and thrombus 

formation2, elevated myocardial fibrosis and progressive heart fail-
ure3, cardiomyocyte hypertrophy4 and many other symptoms5,6. At the 
molecular level, the arginylation field has long tried to understand the 
biological roles of arginylation in cardiovascular-associated proteins 
including β-actin (Asp3 arginylation) regulating cytoskeleton and cell 
motility7,8, calreticulin (CALR) (Asp18 arginylation) regulating stress 
granules in a Ca2+-dependent manner9,10 and RGS4/5/16 (tri-oxidized 
Cys2 arginylation) acting as nitric oxide and oxygen sensors11,12. Many 
of these studies focused on the implications of shortened half-lives of 
proteins involved in cardiovascular biology1,7–12.
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has many biological functions yet to be determined. However, only a 
handful of proteins have been validated for their arginylation sites, 
and the discovery of arginylation substrates and sites is becoming a 
bottleneck for arginylation biology.

Identification of arginylation has been inherently challenging 
because both ATE1 and ribosomes use the same arginine (Arg or R) 
source, arginyl-transfer RNA (tRNA), to add an arginyl group to a  
protein, yielding post-translational and translational addition, res
pectively, of arginyl with the same mass shift (+156 Da)13 (Fig. 1a).  
This makes unbiased differentiation of post-translational arginyla-
tion and translational arginine residues extremely difficult when  
both ATE1 and the ribosome are active (that is, when cells are alive). 
In addition, arginylated proteins may go through the Arg–N-degron 

Meanwhile, many studies suggested that arginylation is also 
important for certain proteins to function properly (noncanoni-
cal roles) beyond its canonical role in the N-degron pathway13,14. It is 
reported that arginylation of β-amyloid guides proper α-helical shape 
preventing misfolding and aggregation15. Arginylation of α-synuclein 
(α-syn) facilitates brain health by preventing neurodegeneration16,17. 
Arginylation of CALR promotes its association with stress granules18,19. 
Decreased arginylation of nuclear proteins results in smaller nucleus 
size and architecture20. In addition, arginylation has been detected 
on histone proteins20,21, potentially facilitating their interaction with 
DNA through the positively charged Arg residue. Other prominent 
arginylated examples are chaperone HSPA5 (ref. 22), BRCA1 (ref. 23), 
PDI24 and CDC6 (ref. 25). It is becoming clear that protein arginylation 
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Fig. 1 | Isotopic arginine labeling and detection strategy for ATE1 substrates 
and arginylation sites. a, Scheme of arginyl installation onto proteins by 
ribosomal synthesis (translational) and ATE1 (post-translational). b, Arginylation 
profiling platform for arginylation site and substrate discovery from biological 
samples. Lysate is labeled by isotopic arginine molecules (Arg10 and Arg0), 
respectively, using ATE1 assay, mixed and digested. Peptides are fractionated 
and analyzed by mass spectrometry in data-dependent acquisition mode. 
Proteomics data are searched to produce peptide identifications (IDs), among 
which peptide pairs modified by H and L Arg are further evaluated for MS1 
isotopic features. c, Isotopic arginylation of a peptide ATE1 substrate. EICs were 
extracted using monoisotopic peaks based on calculated m/z values. EIC in black 

indicates chromatography of the unmodified peptide. d, Isotopic feature in MS1 
spectra and their summary (upper, center and lower: 75, 50 and 25 percentiles, 
respectively). The first monoisotopic peaks in technical MS1 scans (n = 81) from 
a representative LC–MS run is set to 1 for normalization. Relative intensities of 
other isotopic peaks (n = 81, 80, 61, 28, 8, 81, 81, 79, 53, 25 and 3 technical scans) 
are displayed. A 10-ppm error is set for all MS1 isotopic peaks. e, Ratio summary 
of MS1 pairs in four replicates (n = 4) using doublet, quartet and sextet peaks. 
Detailed ratios from the replicates are provided. The numbers of pairs in quartet 
and sextet are normalized to the numbers of pairs in doublet from respective 
replicate. Nle, norleucine.
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pathway for rapid ubiquitin-mediated degradation, decreasing 
the endogenous arginylation level for detection13,25. Furthermore, 
arginylation mostly happens on the protein N-termini after proteo-
lytic cleavage, which is poorly understood for individual proteins in  
the whole proteome13. Further confusion comes from trypsin mis
cleavage resulting in peptides starting with an R residue in bottom- 
up proteomics. Disregarding those challenges, efforts have been  
made aiming to systematically identify arginylation.

One early approach to screening arginylation substrates involved 
adding subdivisions of a complete complementary DNA library to a 
transcription–translation–degradation system, which assumes that 
arginylated substrate is prone to the N-degron pathway26. A few argi-
nylation substrates (for example, BiP and PDI) have been identified 
from the whole proteome through the combination of ATE1 assay  
ex vivo and [3H]arginine autoradiography24. The autoradiography was 
also used for further identification of individual proteins (for example,  
CALR10 and α-syn16) as ATE1 substrates. Notably, these methods heavily 
relied on mass spectrometry to reveal the arginylation sites. In con-
trast, proteomic profiling was attempted to identify the endogenous 
(in vivo) arginylation sites using anti-arginylation antibody enrichment. 
Such an approach enabled the first proteomic analysis to identify 43 
plausible arginylated proteins21. Similarly, two later studies identi-
fied 19 and 15 proteins potentially arginylated on their side-chain Asp  
and Glu residues27,28, a different ATE1 catalysis mechanism from canonical  
N-terminal arginylation. However, most of those sites have little overlap 
with existing confirmed proteins and/or sites from ex vivo experi-
ments and were largely postulated from search algorithms without  
experimental validation. Therefore, there is still a huge unmet need 
for an unbiased arginylation profiling method.

Inspired by unbiased labeling using isotopic Arg24 and 
proteomics21, here we present a technology for the unbiased disco
very of ATE1 substrates and arginylation sites from whole proteomes 
(Fig. 1b). This work could serve as the technological foundation for 
studying the functions of arginylation, will open new biochemical 
frontiers and thus have a long-lasting impact on the arginylation field.

Results
Isotopic arginylation of substrate peptide by ATE1 in vitro
To test the proof-of-concept of the arginylation profiling strategy based 
on ATE1 enzymatic activity (Fig. 1b), we started by isotopically labeling 
a peptide with an unmodified Asp (D) residue at the N-terminus (Fig. 1c 
and Supplementary Fig. 1). The ATE1 assay was slightly modified from 
the well-established conditions29, where arginine-tRNA ligase (RARS) 
and ATE1 enzymes were kept at the micromolar range. The arginylation 
activity of the assay was dependent on essential components such as 
arginine, ATP, tRNA, RARS, ATE1 and substrate (Supplementary Fig. 2). 
Replacement of N-terminal D residue to acetylated D or Val produced no 
detectable arginylation (Supplementary Figs. 3 and 4). The arginylation 
was time dependent (0–60 min), and most peptides were arginylated 
within 30 min or longer (Supplementary Fig. 5). Higher concentrations 
(20–300 μM) of substrate produced more arginylation product but  
correlated to lower yields (Supplementary Fig. 5). The incubation time 
and substrate concentration were set at 30 min and 100 μM, respec-
tively, while arginine (2 mM) and ATP (2 mM) remained excessive.

After the ATE1 assays using isotopic Arg10 and Arg0, respectively, 
the reactions were mixed (1:1) and desalted for analysis (Fig. 1c). The 
extracted ion chromatograms (EICs) of the products were manually 
examined for hypothetical isotopic ratio (1.0) based on coelution peak 
intensities (Fig. 1c), demonstrating that the isotopic labeling strategy 
could introduce Arg10 to arginylation sites. The data were also searched 
to confirm the products (Supplementary Fig. 1). The MS1 spectra were 
extracted to validate the Arg10–Arg0 pair features in doublets (‘1 + 1’ = 2 
isotopic peaks, error ≤10 ppm) and summarized into a box plot (Fig. 1d). 
The coeluting isotopic peaks indicated unbiased identification of 
arginylation. The average value of heavy/light (H/L) intensity ratios 

calculated from individual MS1 spectra was considered the H/L ratio 
in a liquid chromatography with mass spectrometry (LC–MS) run. The 
isotopic labeling of the standard peptide was replicated four times 
with consistent ratios (Fig. 1e). An increasingly stringent MS1 pair 
detection (error ≤10 ppm) using a quartet (‘2 + 2’ = 4 isotopic peaks) 
and sextet (‘3 + 3’ = 6 isotopic peaks) yielded H/L ratios closer to hypo-
thetical 1.0 than the doublet but gave fewer MS1 pairs. To ensure all MS1 
pairs are included, we decided to use the MS1 doublet as the threshold  
filter and include a duodecet (‘6 + 6’ peaks) for pair overview (Fig. 1d). 
When isotopic peptides were mixed at other ratios (R10:R0-peptide, 1:2 
and 7:10), experimental H/L ratios around 0.5 and 0.7 were observed  
as expected (Supplementary Figs. 6 and 7), another approach to  
confirm the products. For the convenience of experiments and data 
analysis, an isotopic 1:1 mix strategy is used in the rest of this study.

Development of in-house software for dataset analysis
We then developed a computational tool ‘ArginylomePlot’ (Fig. 2a) 
to facilitate handling datasets from complex samples. The software 
should be able to (1) filter out MS2 pairs with the same sequence modi-
fied by Arg10 and Arg0 (change in mass (ΔM) of 10.008269 Da) disre-
garding other modifications (for example, carbamidomethylation),  
(2) extract their MS1 scans from raw data, (3) summarize H/L ratios of 
each arginylation peptide and (4) export paired MS1 and MS2 scans 
for data visualization. The software is publicly available to download. 
Briefly, mzXML data converted from raw data were used as input, and 
search results from proteomics software (for example, Byonic) were 
used as peptide input. Once a coelution MS2 pair was identified, their 
MS1 information was used to extract pairs from mzXML for ratio calcula-
tion. To present high-confidence proteomics data, peptide score (H or L 
≥300) was applied as a filter before MS2 spectrum export. The instruc-
tions and an exemplary dataset are provided in Supplementary Data 1.

Isotopic arginylation of HEK293T peptides by ATE1 in vitro
Assisted by the software, we tested the arginylation of a whole-proteome 
peptide mixture from human embryonic kidney 293T (HEK293T) cells 
with ATE1 knocked out to avoid potential interference from endogenous 
arginylation (Fig. 2b). After data analysis, a total of 772 arginylation 
pairs belonging to 167 unique arginylation sites were detected at the 
MS1 level (Fig. 2c, Supplementary Fig. 8 and Supplementary Data 2). 
The data showed exclusive N-terminal arginylation (Supplementary 
Data 2), even though we searched for both N-terminal and side-chain 
arginylation at the same time. While charges 2 (83.7%) and 3 (13.8%) 
account for 97.5% of all identified peptides, most arginylated peptides 
(98.3%) are detected at charges 2 (47.3%) and 3 (51.0%) with a small 
portion in charge 4, indicating a charge shift for arginylated peptides 
(Supplementary Fig. 9). The distribution profile of H/L ratios (thresh-
old 0.1 ≤ ratio ≤ 10) from all MS1 pairs is centered at hypothetical 1.0 
(Fig. 2d) per the experimental design, demonstrating the success of the 
workflow. The doublet ratios were compared with the quartet and sextet 
profiles (Supplementary Fig. 10). When a peptide pair was observed 
with the same charge state and a ΔM of 10.008269 Da, the averaged 
retention time of relevant peptide IDs containing both Arg10 and Arg0 
was used to create a ±1.25-min window for paired MS1 scan extraction. 
MS1 scans containing doublets (10-ppm error) were exported. The 
average value of H/L intensity ratios calculated from individual MS1 
scans was considered the H/L ratio of a peptide pair. The numbers of 
MS1 scans with the doublet feature used for generating respective 
H/L ratios are provided (Fig. 2d and Supplementary Fig. 11). When 
looking at the arginylated N-terminal residues of all unique peptides, 
most arginylation happened on D and E (including Q → E) residues 
(96.36%) (Fig. 2e) while the data suggested possible arginylation on 
other N-terminal residues (for example, A, G, L and V), consistent  
with reported specificities and activities of ATE1 (refs. 30,31). We 
then generated the sequence logo of unique peptides using WebLogo 
v.3.0 (ref. 32) (Fig. 2f) and the arginylation motif using pLogo33 
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(Supplementary Fig. 12). The result suggested that arginylation favors 
N-terminal D and E residues substantially, while subsequent nonpolar 
residues (I, L, F, V and A) and acidic residues (D and E) may facilitate argi-
nylation (Fig. 2f and Supplementary Fig. 12). While most of the unique 
peptides (95.76%) are tryptic after K or R cleavage, a few nontryptic 
peptides were arginylated (Fig. 2g). For example, the arginylation of 
SSBP E17 (Supplementary Fig. 13) may have resulted from endogenous 
protein N-terminal cleavage34. This observation demonstrates the 
potential application of our peptide workflow for the discovery of 
the cleavage and arginylation of the endogenous protein N-terminus.

Isotopic arginylation of proteins by ATE1 in vitro
We then moved on to protein arginylation using CALR with reported 
N-terminal E18 arginylation after endogenous cleavage of a signaling 
peptide (amino acids 1–17)18. Purified 18E-CALR in HEK293T ATE1 KO 
cells was isotopically labeled and yielded the H/L ratio of 1.0 in the 
arginylated E18 peptide (R10/R0-E18PAVYFK) (Fig. 3a and Supplementary 
Fig. 14). The in vitro arginylation efficiency of CALR is preliminarily 
estimated to be 64.7% for the E18 site based on MS2 spectrum counts 
of modified (R10/R0-EPAVYFK, counts 33) and unmodified (EPAVYFK, 
counts 18) peptides. When counting the unmodified peptide (EPAVYFK) 
in samples with and without ATE1, the arginylation efficiency was esti-
mated to be 80.2% (n = 3, Supplementary Fig. 15). Replication of CALR 
arginylation (n = 5) showed consistent ratios near 1.0 (Fig. 3a and Sup-
plementary Fig. 16). In addition, arginylation results (n = 5) of a com-
mercial 18E-CALR (Abcam, cat. no. ab276554) showed consistent E18 
labeling (Supplementary Fig. 17). In comparison, the 18R-CALR protein 
was purified and tested, and the results (n = 5) showed almost no R10 
arginylation due to the absence of an open N-terminal E18 residue (Sup-
plementary Fig. 18). The results indicated that the isotopic arginylation 
strategy could be used to discover modification sites in proteins.

Arginylation profiling in human proteomes
Using this established platform, we profiled 16 human samples by ATE1 
assay ex vivo, a key to installing isotopic Arg post-translationally under 

ribosome-free conditions to bypass translational Arg incorporation and 
bias. A total of 1,876 isotopically labeled pairs belonging to 235 unique 
arginylation sites on 165 proteins were identified (Fig. 3b, Table 1,  
Supplementary Data 3 and Supplementary Figs. 19 and 20). As a nega-
tive control, the HEK293T sample without the addition of ATE1 did  
not show any arginylation site (RAW data are available). Only seven 
arginylation sites (ACTC C259 RO2, BI1 N9 R_deami, HBA N79 R_deami, 
HMSD Q43 R_deami, PSD12 E348 R, S10AE C74 RO3 and SCN1A C1588 
RO2) were assigned as side-chain arginylation accounting for 3% of 
all unique sites, while the remaining 97% of sites were identified as 
N-terminal arginylation. Similar to results from HEK293T peptides, 
most of the peptide pairs are detected at charge states 2 (45.0%) and 
3 (49.9%), with small portions in charges 4 and 5 (Supplementary 
Fig. 21). As cross-validation, CALR E18 and PDIA D18 are among the top 
high-frequency sites with 185 and 135 detections (MS1 pairs), respec-
tively, consistent with the literature on their confirmed E18 (ref. 10 and 
D18 (ref. 24) arginylation. The number of unique sites from each sample 
is listed in Fig. 3c that shows an average of 29 sites per sample. The 
H/L ratios (threshold used 0.1 ≤ ratio ≤ 10) of MS1 pairs are symmetri-
cally distributed and perfectly centered at the hypothetical ratio of 1.0 
(Fig. 3d). Endogenous Arg0 at the micromolar level may interfere with 
the Arg10 labeling; however, the final concentration of Arg10 is at 2 mM 
thus Arg0 interference on final H/L ratios might be minimal. Since iso-
topic labeling was carried out separately on complex whole proteomes, 
deviations of H/L ratios (range 0.3–8.5) from the hypothetical ratio 
of 1.0 were expected, which might be introduced from the multi-step 
preparation procedures including ATE1 arginylation on substrates  
in the whole proteome, H/L mixing, digestion and peptide fraction-
ation (Fig. 1b). The doublet ratios were compared with the quartet  
and sextet profiles (Supplementary Fig. 22). The numbers of MS1 scans 
with the doublet, quartet and sextet features for generating respective 
H/L ratios are provided, quartet and sextet pairs showed lower numbers  
of qualified MS1 scans than doublets based on their trendlines (Sup-
plementary Fig. 23). The sequence logo (Fig. 3e and Supplementary 
Fig. 24) and arginylation motif (Supplementary Fig. 25) from all unique 
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peptides suggested that arginylation favors N-terminal D and E residues 
substantially, while subsequent nonpolar residues (A, L, V and P) and 
acidic residues (D and E) may facilitate N-terminal arginylation. All four 
types of arginylation based on different modification masses (Supple-
mentary Fig. 26) have been detected including arginylation (R, 84.7%), 
Cys tri-oxidation arginylation (RO3, 3.4%), N/Q deamidation arginy
lation (10.6%) and Cys di-oxidation arginylation (RO2, 1.3%), (Fig. 3f). 
Comparison of arginylation sites between induced pluripotent stem 
cells, cancerous cells and patient samples showed only 32 shared sites, 
while most of the remaining sites are unique to their respective sample 
groups (Supplementary Fig. 27). Comparisons between individual 
samples are listed in Supplementary Fig. 28 (cardiac), Supplementary 
Fig. 29 (brains) and Supplementary Fig. 30 (cancerous), indicating 
unique and shared arginylation sites from individual samples. Repli-
cation (n = 3) analysis of four samples showed that most arginylation 
sites were detected in replicates (Supplementary Fig. 31), indicating  
the repeatability of the profiling method. Among 165 proteins identi-
fied, 162 protein targets are involved in many key biological processes 
(for example, cellular process, biological regulation and cellular  
metabolism) according to the PANTHER classification (Fig. 3g).

Validation of arginylation sites using synthetic peptides
We validated representative sites using synthetic peptides (for example, 
REPAVYFK for CALR E18 peptide) whose MS behaviors (MS1 spectra in 
Fig. 4a and MS2 spectra in Supplementary Fig. 32) matched those in 
our MS data. The chosen sites are a mixture of known (CALR and PDIA)  

and unknown, and they represent high-frequency (CALR, PDIA, SSBP 
and RM12), mid-frequency (ERO1A and CH60) and low-frequency 
(GATB) sites in our data (Table 1). Such a validation added extra confi-
dence to the Arg10 arginylation that is an unnatural process and thus 
can be considered an internal validation of our workflow. For example, 
an H/L ratio of 1.0 for RM12 C45 arginylation (Fig. 4b) eliminated the 
possibility of tryptic missed cleavage between Arg44 and tri-oxidized 
Cys45; the standard peptide confirmed this type of arginylation with 
the copresence of Cys tri-oxidation1 (Supplementary Fig. 32). It is worth 
noting that the low frequency of a site does not necessarily mean low 
confidence since most of the reported sites are based on many isotopic 
MS1 scans (Supplementary Fig. 23 and Supplementary Data 3) and 
paired MS2 spectra (Supplementary Data 4). To confirm that these 
sites possess arginylation at the N-termini but not on the side chain of 
N-terminal residues, we purchased peptides containing arginylation 
on the side chain (for example, E(R)PAVYFK for CALR E18 peptide). 
Analyzed by LC–MS, side-chain arginylation peptides may behave simi-
larly (for example, CALR E18 peptide) or differently (for example, SSBP 
E17 peptide) with N-terminal arginylation peptides (Supplementary 
Fig. 33). Arginine residue on the side chain produced a signature ion at 
m/z 175.1190 when the peptide did not end with a C-terminal R residue 
(for example, E(R)PAVYFK). When the C-terminal R residue was present 
on side-chain arginylation peptides (for example, E(R)EQPPETAAQR), 
both R residues could produce the same ion at m/z 175.1190 with a higher 
intensity than that from N-terminal arginylation peptides (for example, 
REEQPPETAAQR) (Supplementary Fig. 33). By adding the side-chain 
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Table 1 | Number of detections in isotopic pairs and MS1 scans for each arginylation site from human proteomes

Site n1c n2c Site n1 n2 Site n1 n2 Site n1 n2 Site n1 n2

CALR E18 Ra 185 8434 LMAN2 D45 R 6 147 CNBP Q44 R_deami 3 84 NDKM K91 R 1 192 VIME D451 R 1 26

MBP D168 R 139 5153 MTAP2 Q431 
R_deami

6 122 MYH7 E1902 R 3 71 ACTC E109 R 1 121 HOOK1 D659 R 1 25

PDIA1 D18 Ra 135 6071 SRCA E21 R 6 108 CALU D62 R 3 70 AKAP2 D638 R 1 84 MYH7 E1489 R 1 25

SSBP E17 Ra 127 4744 CBS E4 R 6 101 KTN1 D238 R 3 61 ATAD5 V1449 R 1 70 TBA4A D69 R 1 25

RM12 C45 RO3a 115 3085 MYH7 E1461 R 6 96 HACD3 P100 R 3 58 SRRT D868 R 1 70 ACTA E318 R 1 24

NFL D468 R 66 3260 ACTB E241 R 6 79 PLEC E4050 R 3 56 SFPQ E696 R 1 68 HNRPK Q358 
R_deami

1 24

SAP D405 R 52 1485 H2B1K E94 R 6 35 MYH7 D1229 R 3 54 VATD E242 R 1 63 MYH7 E1376 R 1 24

A1AT E25 R 48 1648 NFM E497 R 5 321 TBA1B D327 R 3 52 CC148 I574 R 1 54 MYH6 E73 R 1 23

CATD E64 R 38 986 MBP T200 R 5 264 NFL Q75 R_deami 3 46 NFM E884 R 1 51 NOP16 E77 R 1 23

CATD G65 R 36 1008 CH60 Q42 
R_deami

5 207 CALD1 E161 R 3 42 HMGA1 E47 R 1 49 NPC2 E20 R 1 23

ERO1A E24 Ra 36 984 LN28A E18 R 5 200 NT5D3 C44 RO3 3 35 RS7 E188 R 1 49 ACLY E830 R 1 21

F162A C41 RO3 26 516 LETM1 D116 R 5 188 PTBP1 D7 R 2 124 ACTA E109 R 1 47 ATS15 D749 R 1 21

TBB5 E3 R 25 1342 TNNI3 E165 R 5 169 FCN1 D120 R 2 111 MYOZ2 D255 R 1 44 ATP5J N33 
R_deami

1 20

PDIA4 E25 R 25 756 VIME E425 R 5 166 HS90B E539 R 2 102 NCAM1 E833 R 1 43 KS6A1 D37 R 1 20

GFAP D417 R 22 722 NFL E453 R 5 145 LDB3 E257 R 2 79 BI1 N9 R_deami 1 42 ATIF1 E42 R 1 19

G3P D296R 22 482 MYL3 E131 R 5 119 NPM D178R 2 77 CH60 D209 R 1 41 CH60 D100 R 1 18

ODO2 D68 R 21 735 CH60 D49 R 5 111 ROA2 D161 R 2 76 RON D1232 R 1 41 HNRPL D284 R 1 18

MBP N226 
R_deamib

21 364 TXND5 E40 R 5 94 VIME D90 R 2 76 CH60 C447 R 1 40 MYH7 E927 R 1 18

MBP E217 R 20 582 SPTN1 E1124 R 5 61 S10AE C74 RO3 2 75 DJC10 D33 R 1 40 SNX17 E463 R 1 18

MBP G277 R 18 488 RL23A E8 R 5 59 XRCC5 E583 R 2 66 RM12 C45 R 1 40 JTB E31 R 1 17

H4 D25 R 18 466 PGRC1 D49 R 4 201 NPM D180 R 2 63 RT18A E37 R 1 40 MITOK C37 
RO3

1 17

MBP D216 R 17 550 NFL E469 R 4 193 TCAF1 V114 R 2 59 MYH9 D1846 R 1 39 RS27 D6 R 1 17

NFM E454 R 17 466 CASQ2 E20 R 4 151 MAP1A E663 R 2 58 DREB D636 R 1 38 HBA D48 R 1 16

PGCB D23 R 16 772 TBA1B D69 R 4 146 HSP7C G372 R 2 55 NEUG C9 RO3 1 37 PCDH1 D944 R 1 16

GFAP E391 R 15 600 NFM E599 R 4 129 aGATB E42 R 2 53 DZI1L Q132 R 1 35 AT5G1 D62 R 1 15

MYH9 D1136 R 15 495 ACTC E318 R 4 119 NPM D179 R 2 53 RLA1 D19 R 1 34 F205A E1023 R 1 15

CH60 E107 Ra 15 452 NFH E469 R 4 88 EFHD2 Q67  
R_deami

2 50 PTBP1 G306 R 1 33 ILF2 D347 R 1 15

MLRV E22 R 14 266 NFL E507 R 4 88 TBB4A D67 R 2 50 TYB4 D6 R 1 32 MAP1B Q907 
R_deami

1 14

SAP G407 R 13 172 NHRF1 E121 R 4 77 HBA N79 R_deami 2 48 CH60 G43 R 1 31 MTDC E36 R 1 14

NFM E470 R 12 354 RD23B E136 R 4 65 SCMC1 Q16 
R_deami

2 45 HNRPK D279 R 1 31 MYH7 D1008 R 1 14

TBA1B D218 R 12 132 SCG1 D88 R 4 51 TFF1 E25 R 2 42 ROA1 E93 R 1 31 GLYM Q27 
R_deami

1 13

AP180 N767 
R_deami

12 77 EF1D E27 R 4 21 CWC15 Q45 
R_deami

2 40 SPTB2 E1469 R 1 31 SF3B1 D93 R 1 13

NFM E496 R 10 770 HNRPK N306 R 3 146 AKA12 E952 R 2 37 SRRT D866 R 1 31 MBP D279 R 1 12

CLUS D23 R 10 179 MBP N226 R 3 142 MYH7 E73 R 2 35 FUBP1 N369 
R_deami

1 30 NECP1 C162 
RO3

1 11

NEUM E89 R 10 152 APOA1 D25 R 3 140 RL1D1 D319 R 2 32 COX17 D6 R 1 29 RM12 C45 RO2 1 11

ATIF1 E65 R 10 148 H15 E8 R 3 119 BACH C36 RO3 2 31 NUCL E628 R 1 29 ATIF1 D28 R 1 10

DREB D634 R 9 460 CD99 D23 R 3 115 PGCB E412 R 2 29 TBA1B D251 R 1 29 MAP1A E1580 R 1 10

MYH7 E1821 R 9 232 C99L2 D26 R 3 114 UTP18 E374 R 2 26 E2F7 D10 R 1 28 MYPT2 D816 R 1 9

ENPL D22 R 8 555 LDB3 N197 
R_deami

3 112 AAK1 Q374 R_deami 2 23 IF4H D196 R 1 28 TNNT2 D108 R 1 9

NCAN E23 R 8 177 HNRPU E259 R 3 110 MLRV N154 R_deami 2 23 AQP4 E279 R 1 27 KAD4 G82 R 1 8

BCLF1 E463 R 8 160 HNRPC D123 R 3 109 TMM11 D163 R 2 20 ATP5H D129 R 1 27 NFL E509 R 1 7

RLA1 N62 R_deami 8 159 RLA1 D18 R 3 109 ACTC C259 RO2 2 17 CALX E275 R 1 27 PDLI5 E297 R 1 7

TAU N644 R_deami 8 136 PELP1 E1008 R 3 104 CDY1 D285 R 2 17 PSMD6 L84 R 1 27 DPEP3 D150 R 1 5
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arginylation peptides after ATE1 assay, the N-terminal arginylation was 
further confirmed for the standard peptide (DIAALVHSSGNleS-NH2) 
(Supplementary Fig. 34), CALR pure protein (Supplementary Fig. 35) 
and CALR in HEK293T cells (Supplementary Fig. 36).

Site validation by in-bacteria arginylation assay
We selected two new sites for validating their arginylation in an  
ATE1–protein coexpression system in Escherichia coli35. The two pro-
teins are (1) a chaperone ERO1A in the endoplasmic reticulum, being 
similar to CALR and PDIA; and (2) SSBP being distinct from endoplasmic 
reticulum proteins in molecular size (17 kDa), localization (mitochon-
dria) and function (single-stranded DNA binding). Briefly, a protein 
or peptide containing an arginylation site is fused to ubiquitin and 
coexpressed with human ATE1 and Ulp1 protease in E. coli. The results 
showed that both ERO1A E24 and SSBP E17 were arginylated (Fig. 4c 
and Supplementary Figs. 37 and 38). As a bonus, we detected leucyla-
tion on top of arginylation (Supplementary Figs. 37 and 38), a unique 
process to modify N-terminal Arg by leucyl–phenylalanyl-tRNA-protein 
transferase36. We also tested the in-bacteria arginylation of ERO1A  
and SSBP peptides, whose respective N-terminal E24 and E17 were  
also arginylated (Supplementary Fig. 39). The arginylation and leucyla-
tion were observed by top-down proteomics (Supplementary Figs. 40 
and 41). The results concluded that ERO1A E24 and SSBP E17 are argi-
nylation sites.

Validation of representative arginylation sites in cells
To confirm arginylation of proteins in cells, we overexpressed the 
wild-type (WT) ERO1A and SSBP in HEK293T cells using CALR as a posi-
tive control. Due to the low abundance of endogenous arginylation, 
arginylated peptides were not detectable in peptide mixtures obtained 
from whole proteomes if overexpressed proteins were not purified by 
immunoprecipitation. For example, the MS2 spectrum of arginylated 
peptide for the SSBP E17 site was only detected once from a pull-down 
sample (Supplementary Fig. 42). Nevertheless, the arginylated pep-
tides corresponding to all three sites (CALR E18, ERO1A E24 and SSBP 
E17) were identified after overexpression and immunoprecipitation 
(Fig. 4d and Supplementary Fig. 42). We also performed the same 
experiment in HEK293T (ATE1 KO) cells (Fig. 4d) or on E-to-V mutants 
of ERO1A and SSBP (Supplementary Fig. 43), which did not show any 
arginylation indicating arginylation dependency on ATE1 and argi-
nylation selectivity on E residue. To test dose dependency on ATE1, 
we cooverexpressed ATE1 and protein substrates in HEK293T (ATE1 
KO) cells. The data show the arginylation levels of the tested sites are 
dose dependent on the ATE1 expression (Fig. 4e). Such dose depend-
ency was also observed when cooverexpressing CALR and ATE1 in WT 
HEK293T cells (Supplementary Fig. 44). Both ERO1A (ref. 37) and SSBP38 
contain cleavage peptides before the arginylation sites (E24 and E17, 
respectively), similar to that of CALR. Taking advantage of this feature, 
we further prepared 24R-ERO1A and 17R-SSBP plasmids by inserting an 
R residue before E into the full-length plasmids as positive transfection 
controls, the spectra of their arginylated peptides (Supplementary 
Fig. 45) further confirmed the arginylation of their WT counterparts.

We have additionally validated the endogenous arginylation in 
HEK293T cells of two more sites: A1AT E25 (Supplementary Fig. 46) 
and Tau N644 after deamidation (Supplementary Fig. 47). Similar to 
CALR, ERO1A and SSBP, A1AT has a signal peptide39 before E25, thus it 
is not surprising to observe its E25 arginylation. Tau N644 arginylation 
after deamidation has not been observed previously. We confirmed 
the arginylation of this site using overexpression of WT Tau plasmid 
in HEK293T cells (Supplementary Fig. 47). We have also confirmed 
the arginylation of the Tau E3 site (Supplementary Fig. 47), which 
was proposed previously as an ATE1 site, but not validated for argi-
nylation40. A previous study showed that purified Tau did not show 
detectable arginylation by ATE1 in vitro16, possibly due to the lack of 
exposed arginylation sites (for example, E3 and N644 deamidation). 
Different from Tau E3 as a calpains cleavage product40, the mechanism 
of generating an open N644 followed by deamidation for arginylation 
remains to be elucidated.

Biological functions associated with ERO1A arginylation
To investigate whether arginylated ERO1A resides in endoplasmic 
reticulum, we did imaging on overexpressed ERO1A and 24R-ERO1A 
in HEK293T ATE1 KO cells. Both proteins colocalized with endoplasmic 
reticulum marker and PDI (Fig. 5a and Supplementary Fig. 48), suggest-
ing that 24R-ERO1A was translocated into endoplasmic reticulum. As a 
positive control, we showed that CALR-halo and its arginylation form 
colocalized with a GFP-tagged endoplasmic reticulum marker (Supple-
mentary Fig. 49). Similar to CALR and PDIA, ERO1A is translocated into 
endoplasmic reticulum after signal peptide cleavage. A previous study 
reported the formation of the ERO1A–PDI complex in regulating cellular 
function41, our pull-down data showed that 24R-ERO1A interacted with 
PDI to a comparable extent with and without PDI cooverexpression 
(Supplementary Figs. 50 and 51). We also showed that arginylation of 
ERO1A maintains its enzymatic activity on oxidative protein folding 
compared with WT ERO1A as indicated by the disappearance of the 
reduced immunoglobulin J chain ( JcM) band (Supplementary Fig. 52).

To investigate the arginylation effect on ERO1A stability and degra
dation using HEK293T ATE1 KO cells, we compared the degradation 
patterns of ubiquitin-ERO1A fusion proteins with and without argi-
nylation (Supplementary Fig. 52) according to similar experiments 
performed on CALR42. Briefly, ubiquitin is cleaved by de-ubiquitinase 
after protein synthesis to expose E24 and R24 residues in ERO1A (no 
arginylation on E24) and 24R-ERO1A (~100% arginylation on E24), 
respectively. Proteasome inhibitor MG132 treatments after transient 
transfection increased the levels of ERO1A and 24R-ERO1A, suggesting 
that both are involved in proteasome-mediated degradation. Similar 
dose dependence on MG132 was observed in cotreatments when the 
ribosomal translation of both species was inhibited by cycloheximide 
(CHX). In addition, 24R-ERO1A showed slightly higher levels after 
MG132-CHX cotreatment, indicating better stability than ERO1A against 
proteasomal degradation (Supplementary Fig. 52). To take a closer 
look at their stabilities, we did CHX chase experiments42 where cells 
were treated with CHX after a 2-day transient transfection. The results 
showed that 24R-ERO1A was less prone to degradation than ERO1A with 

Site n1c n2c Site n1 n2 Site n1 n2 Site n1 n2 Site n1 n2

ACTC D53 R 7 270 CAVN2 Q161 
R_deami

3 95 NFM E763 R 2 17 AKA12 E418 R 1 26 HMSD Q43 
R_deami

1 5

ACTB E107 R 7 179 G3P D315 R 3 92 ANK2 E1760 R 2 15 COX41 D43 R 1 26 PTGDS E25 R 1 3

ACTB D51 R 6 257 MESD E35 R 3 92 PACN1 N330 
R_deami

2 8 MPPB Q46 
R_deami

1 26 PSD12 E348 R 1 1

MCFD2 E27 R 6 231 NFM E455 R 3 87 PGCB E26 R 2 7 PDLI5 E215 R 1 26 SCN1A C1588 
RO2

1 1

aValidated by standard peptides. bR_deami, N/Q arginylation after deamidation. cn1, the total number of fractions and n2, the total number of paired MS1 scans.

Table 1 (continued) | Number of detections in isotopic pairs and MS1 scans for each arginylation site from human proteomes
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clear degradation after CHX treatment (Fig. 5b and Supplementary 
Fig. 53). Such behavioral differences have been previously observed  
in cytosolic CALR42, suggesting that arginylation of ERO1A may also 
have a stabilization effect against proteasomal degradation.

Biological functions associated with SSBP arginylation
SSBP matures by translocation into mitochondria after cleavage 
of its transit peptide (amino acids 1–16)38. We did imaging on SSBP  
and 17R-SSBP to investigate whether arginylated SSBP resides in  
the mitochondria. Both species colocalized with mitochondria  
protein COX4 (Fig. 5c and Supplementary Fig. 54), suggesting that 
17R-SSBP was translocated into mitochondria after cleavage. To assess 
the cytosolic degradation of SSBP with and without arginylation in the 
N-degron pathway, we evaluated its expression levels using a ubiquitin 
cleavage plasmid system. As a result, we did not observe an obvious 

response toward MG132 treatment (proteasome inhibitor) for both 
SSBP species (Supplementary Fig. 55). CHX (protein synthesis inhibitor) 
treatment reduced the expression levels of both SSBP and 17R-SSBP 
compared with cells without CHX treatment, indicating that ribosomal 
synthesis was contributing to the cellular expression levels of both  
species. The 17R-SSBP expression levels were higher than WT SSBP  
with and without CHX treatment, indicating a slower turnover of 
17R-SSBP than SSBP. The results indicate that the major role of  
SSBP arginylation might not be degradation (Supplementary Fig. 55).

We then turned our attention to mitochondrial SSBP. SSBP KO 
in mouse models is embryonic lethal whereas conditional KO in the  
heart results in cardiomyopathy and reduced life span (~18 weeks) 
accompanied by heart respiratory chain deficiency43. It is worth noting 
that ATE1 KO is also embryonic lethal with heart defects1, being similar 
to SSBP KO. Thus, arginylation of SSBP may regulate cells through 
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Fig. 4 | Validation of representative arginylation sites. a, Synthetic peptide 
validation of seven arginylation sites. b, Representative MS2 spectra indicating 
RM12 arginylation on Cys45 with tri-oxidation (C45 RO3) and its MS1 summary 
(upper, center and lower: 75, 50 and 25 percentiles, respectively). Its first 
monoisotopic peak in MS1 scans (n = 44 technical scans) from a representative 
run is set at 1 for normalization. Relative intensities of other isotopic peaks 
(n = 43, 38, 30, 18, 2, 44, 44, 40, 30, 9 and 0 technical scans) are displayed.  
c, Open E24 in ERO1A and E17 in SSBP are arginylated in an in-bacteria 
arginylation system. Protein and ATE1 are coexpressed in E. coli for in-bacteria 
arginylation. The protein was purified and digested for proteomics analysis. 
d, Arginylation dependency of CALR, ERO1A and SSBP sites on endogenous 
ATE1 (n = 1 biological replicate). Anti-ATE1 was used to detect the expression of 

endogenous ATE1. β-tubulin was used as a loading control. Anti-Flag antibody 
was used to detect expressions of CALR, ERO1A and SSBP proteins. EICs of 
arginylated peptide in each protein in WT and KO cells after pull-down and 
proteomics are provided. e, Relative arginylation levels of CALR, ERO1A and SSBP 
sites after cooverexpression of ATE1. Protein was purified by antibody pull-down 
experiment followed by proteomics analysis. Peak areas of arginylated peptides 
were normalized to the sample with the highest signal and relative ratios are 
displayed. Different amounts (0, 0.5 and 1 µg) of ATE1 plasmids were used for 
transfection. β-tubulin was used as a loading control. Anti-Flag antibody was  
used to detect expressions of CALR, ERO1A and SSBP proteins. KO, ATE1 KO;  
Std, standard peptide.
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mitochondria functions. Considering the importance of mitochondria 
in energy generation and heart functions, we investigated the func-
tional differences between SSBP and 17R-SSBP on cellular bioenergetics 
(Fig. 5d) based on a previous study on SSBP mutants44. The Seahorse 
XF24 Cell Mito Stress Test was performed to measure the arginylation 
effects of SSBP on mitochondrial respiration before and after sequential 
addition of oligomycin (oligo), carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone and rotenone/antimycin A. Analysis of cellular  
oxygen consumption rate showed that HEK293T cells overexpressing 
17R-SSBP displayed comparable basal respiration, ATP production 
and nonmitochondria respiration than WT SSBP (Fig. 5d). 17R-SSBP 
resulted in significantly higher maximal respiration (P = 0.0104)  
and spare capacity (P = 0.0076) than cells overexpressing WT SSBP 
(Fig. 5d, Supplementary Fig. 56 and Supplementary Data 5). The rela-
tive ratios of maximal respiration and spare capacity in 17R-SSBP are  
1.6 and 8.5 compared with WT SSBP (Supplementary Fig. 56), indicat-
ing improved mitochondria respiration potential after SSBP arginyla-
tion. 17V-SSBP did not display these effects on mitochondria when  
compared with WT SSBP (Supplementary Data 6).

Arginylation profiling in mouse tissues
We next applied our profiling platform to mouse tissues. We acknow
ledge that it is not ideal to use human ATE1 to arginylate mouse  
proteomes, although such a cross-species approach has been previ-
ously used16. Results from three tissues (lung, heart and brain) showed 
that the platform is applicable to arginylation discovery from mouse 
proteome (Supplementary Data 7). A total of 14 sites from 69 MS1 pairs 
were identified (Supplementary Fig. 57). CALR D18 and A1AT1 E25 are 
the two shared arginylation sites across three tissues. We noticed 
that the mouse A1AT1 E25 site was identified by a different peptide 
sequence (EDVQETDTSQK) (Supplementary Fig. 58) from the human 
A1AT E25 site (EDPQGDAAQK) (Supplementary Fig. 46). In addition, 
human CALR E18 and mouse CALR D18 sites were also identified  
from species-dependent sequences (EPAVYFK and DPAIYFK, respec-
tively) (Supplementary Fig. 59), indicating that mouse and human  
sites can be used to cross-validate when overlapped.

Establishing a public database for arginylation sites
The fact that our high-frequency hits (CALR, PDIA and TAU and  
others)25,40 are among the most studied arginylation proteins instilled 
confidence to follow the biology of new sites. This represents a major 
advantage of our method compared to existing methods21,28. We under-
stand that we alone cannot follow up on all targets or sites, a public 
database (Extended Data Fig. 1) was thus formulated to allow everyone 
to examine our data and follow the biology. The isotopic MS1 and MS2 
scans from standard peptides, peptide mixtures, proteins, human 
proteomes and mouse proteomes are included on the website.

Discussion
ATE1 is the only enzyme known to catalyze arginylation in mammalian 
systems, it has two isoforms in humans (ATE1-1 and ATE1-2) and four iso-
forms in mice (ATE1-1, ATE1-2, ATE1-3, ATE1-4). (Supplementary Fig. 60). 
The expression levels and enzymatic functions vary among different 
isoforms24,45. While our work mostly focuses on establishing a general 
proteomic platform using human ATE1-1, using other isoforms is a 
necessary next step to uncover the ATE1 substrates comprehensively. 
We preliminarily compared human ATE1-1 and ATE1-2 for arginylation 
in two samples. The isoforms showed unique and shared sites, more 
arginylation sites were revealed by ATE1-1 than ATE1-2 for both samples 
(Supplementary Figs. 61 and 62), indicating that ATE1-1 may have a 
slightly broader substrate scope. Previous studies showed that the 
expression of ATE1 isoforms is tissue specific and cell dependent24,45, 
thus the expression levels might be a important consideration when 
choosing ATE1 isoforms for arginylation.

Arginylation was initially believed to occur only on exposed 
N-terminal Asp, Glu and Cys residues in the N-degron pathway46. Later 
studies identified proteins (for example, α-synuclein16) potentially 
arginylated on their side chain27, resulting from a minor catalytic 
mechanism of ATE1. Our search algorithm considered both N-terminal 
and side-chain arginylation situations (Supplementary Fig. 26). The 
resulting sites from peptide mixture (Fig. 2) and proteomes (Fig. 3) 
are in agreement with the fact that ATE1 predominantly arginylates 
N-terminal C (oxidized), D and E residues, while other residues and 
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sidechains are less preferably arginylated. Since the ATE1 assay was  
performed on proteomes, we believe most sites were arginylated at  
protein N-termini (Fig. 3 and Supplementary Data 3). A preliminary 
analysis of the P1 residues in arginylated peptides showed potential 
protease cleavage after every amino acid (Supplementary Fig. 63 and 
Supplementary Data 3). Cleavages at K and R sites accounting for 18.6% 
and 18.2%, respectively, might be produced from endopeptidases  
such as trypsin-like proteases; in contrast, how cleavages at A (13.3%) 
happened remains unanswered. While some sites (for example, CALR 
E18, ERO1A E24 and SSBP E18) were known to be protein N-terminal, 
many sites (for example, TAU N644) are left unexplained as to how 
the parent proteins were cleaved. Previous studies have offered some 
insights into protease cleavage (for example, calpains for TAU E3 (ref. 
40) and caspase 3 for CDC6 D101 (ref. 25); however, the cleavage prod-
ucts of more than 600 proteases remain elusive. Great efforts are 
needed to understand the interplay between proteolytic cleavage 
and arginylation.

Proteomic discover y of endogenous arginylation is 
challenging21,28. This is largely due to (1) the mass difference (+156 Da) 
introduced by arginylation being the same as the normal arginyl resi-
due, making label-free proteomics biased to predefined arginylation 
sites by nature; and (2) efficient enrichment methods are lacking. The 
fact that arginyl-tRNA is the same source of arginylation and trans-
lation makes unbiased endogenous arginylation discovery almost 
impossible since one cannot exclude ribosomal incorporation when 
cells are alive13. Our initial effort using Arg10 and Arg0 for pulse labe-
ling of arginylation in HEK293T cells yielded a putative list of sites 
(Supplementary Fig. 63). Further efforts using CHX to stop protein 
synthesis, MG132 to accumulate arginylation and peptide fractiona-
tion to boost peptide IDs did not seem to increase our confidence. 
Arginylation identification from a proteome is not ideal. Our efforts on 
in vivo strategy also suggested that endogenous arginylation should 
have minimal contribution to the light (Arg0) labeling in our ex vivo 
approach. Previous studies tried to use anti-arginylation antibodies to 
enrich endogenous arginylation21,28; however, these efforts by design 
were biased toward nondegradative ATE1 targets and high-abundance 
proteins. Sites from those studies showed nearly no overlap with those 
previously characterized in ref. 13. We thus turned our attention to an 
ex vivo approach using lysates, which are less physiologically relevant 
than cells or tissues. Arginylated proteins ex vivo were not localized 
correctly in cell compartments, thus these may be false-positive hits. 
However, this method, due to its unbiased nature, represents a superior 
strategy for arginylation discovery.

This method relies on deep peptide fractionation because intact 
peptides that are not of interest (accounting for >99.99%) are inter-
fering signals in proteomics. The reduced complexity of peptide 
fraction after fractionation is key to identifying arginylated pairs 
from proteomes. The additional charge in ionization (Supplementary 
Fig. 9) and polarity in chromatography of arginylated peptides (Fig. 1c) 
may help validate peptide identity using LC-centric prediction tools 
such as DeepLC (Supplementary Data 8)47 and Chronologer48. The 
sites revealed by our method could be dependent on the expression 
levels of the proteins. We foresaw that enrichment is essential to 
achieve improved sensitivity in arginylation detection. Since ATE1 
mainly arginylate N-termini, some technologies targeting N-terminal 
peptides might be helpful for arginylation enrichment. Examples 
are terminal amine isotopic labeling of substrates technology49 and 
the integrated N-terminal peptide enrichment method50, which are 
currently under our investigation. The anti-arginylation antibody 
enrichment of in vivo arginylated proteins is also under consideration. 
However, antibody enrichment may require scaling up the assay to mil-
ligram scale from the current 20-µg scale. Looking ahead, combining 
this strategy with targeted enrichment techniques and in vivo valida-
tion should substantially advance our understanding of arginylation’s 
functional roles in biological contexts.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
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Methods
Expression and purification of RARS1 and ATE1 proteins
BL21 (DE3*) (Invitrogen) and BL21-CodonPlus (Agilent Technolo-
gies, catalog no. 230245) were used for expressing RARS1 and ATE1, 
respectively, according to a previous study29. Bacteria expressing 
protein were grown in large cultures (1 l per flask) at 37 °C in rich 
Luria-Bertani medium to an optical density of 0.7–0.9 at 600 nm. The 
flasks were cooled rapidly on ice before induction with isopropyl β-d-
1-thiogalactopyranoside at a final concentration of 1 mM. Cultures were 
grown at 16 °C for an additional 16–20 h and cells were collected by cen-
trifugation (5,000g, 30 min, 4 °C), flash frozen in liquid nitrogen and 
stored at −80 °C. Cells were lysed in lysis buffer (50 mM Tris, 500 mM 
NaCl, 5 mM β-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluo-
ride, 10% glycerol, pH 7.8) at 4 °C by probe sonication. The His-tagged 
proteins were purified on the HisTrap HP column (Cytiva, catalog no. 
17-5248-01) in the lysis buffer containing 300 mM imidazole by fast 
protein LC (Cytiva). Fractions containing the protein were pooled and 
concentrated by centrifugation to a final volume of ~1 ml. Protein was 
loaded to the size exclusion column, eluted by elution buffer (50 mM 
Tris, 100 mM NaCl, 2 mM Tris(2-carboxyethyl)phosphine (TCEP), 10% 
glycerol, pH 7.8) and concentrated in Millipore 30-kDa molecular 
weight cutoff filters. Protein concentrations were determined and 
10-µl aliquots were stored at −80 °C.

In vitro transcription and production of tRNA
A double-strand DNA template (TAATACGACTCACTATA-GGGCCAG 
TGGCGCAATGGATAACGCGTCTGACTACGGATCAGAAGATTCTAG 
GTTCGACTCCTGGCTGGCTCGCCA) containing a T7 RNA polymerase 
recognition sequence (TAATACGACTCACTATA) and a 76-base tRNAarg 
sequence51 was ordered from IDT. The in vitro transcription was car-
ried out following the manufacturer’s protocol on HiScribe T7 High 
Yield RNA Synthesis Kit (NEB, catalog no. E2040S) using 250 ng of DNA 
template for a 20–µl reaction incubated at 37 °C for 4 h. DNase and its 
buffer were added (final volume 30 µl) to remove DNA template by 
incubation for 30 min at 37 °C. The 170 µl ddH2O was added followed 
by 200 µl of phenol:chloroform:isoamylalcohol pH 6.7 (Sigma, cata-
log no. 516726). The supernatant was added to a one-tenth volume of 
3 M NaOAc and 2.5 volumes of cold 200-proof ethanol, incubated at 
−20 °C for 20 min and centrifuged at 4 °C. The pellet was air-dried 
until moist and resuspended in 20 µl of ddH2O. tRNA concentration 
was determined by NanoDrop, and 2-µl aliquots were stored at −80 °C.

Preparation of whole-proteome peptide mixture
HEK293T (ATE1 KO) cell pellet collected from a 6-cm dish was added 
200 µl of ice-cold PBS, lysed by probe sonication (Fisherbrand Model 
120 Sonic Dismembrator, settings: 1 s on, 2 s off, 20% energy, 60 cycles) 
to yield a homogeneous solution. Lysates were ultracentrifuged at 
100,000g for 30 min at 4 °C to yield soluble and insoluble proteomes. 
To the insoluble fraction, 200 µl of PBS was added and resuspended 
by probe sonication. Protein concentration was determined by DC 
assay (Bio-Rad). Then 100 µg of soluble and insoluble proteomes were 
diluted in 40 µl of 8 M urea in PBS, reduced by 5 mM of TCEP with 30 min 
incubation at 37 °C and alkylated by 15 mM of iodoacetamide with 
30 min incubation at room temperature in the dark. The solution was 
diluted to 2 M urea by 50 mM ammonium bicarbonate in H2O, digested  
by trypsin (sequence grade, Promega) at 1:50 trypsin:protein ratio 
(w:w) with overnight (~12 h) incubation at 37 °C. The resulting peptide 
solutions were acidified by formic acid (FA) at a final concentration of 
5%, desalted and resuspended in H2O for ATE1 assay.

Preparation of cell and tissue proteomes
Ice-cold PBS (200 µl and 400 µl for pellet from a 6-cm and 10-cm dish, 
respectively) was added to cell pellets, which were then lysed by probe 
sonication (Fisherbrand Model 120 Sonic Dismembrator, settings were 
1 s on, 2 s off, 20% energy, 60 cycles) to yield a homogeneous solution. 

A few milligrams (5–10 mg) of tissue pieces and samples (human or 
mouse) were transferred to tubes (Thermo Scientific, catalog no. 3468) 
and ice-cold PBS was added (200–400 µl). A scoop of beads (GB05 
beads for the brain and ZRB05 beads for other tissues, Next Advance, 
Inc.) was added to each tissue. Samples were homogenized in the cold 
room using FastPrep-24 Classic bead beating grinder (FastPrep-24, MP 
Biomedicals) at default settings (4.0 m s−1, 20 s, 2 cycles). Lysates were 
ultracentrifuged at 100,000g for 30 min at 4 °C to yield soluble and 
insoluble proteomes. To the insoluble fraction, the same volume of 
PBS as the soluble fraction was added to resuspend by probe sonication 
until homogeneity (5–10 cycles). Protein concentration was deter-
mined by DC assay (Bio-Rad).

Affinity purification of Halo-tagged CALR
C-terminal Halo-tagged CALR was cloned into the pcDNA5/FRT vector 
(Invitrogen) for mammalian expression52. The CALR coding sequence 
was amplified from clone ID OHu23892 (GenScript). The C-terminal ver-
sion of the HaloTag was amplified from pFC14A (Promega). 18R-CALR 
was generated by inserting an Arg codon after the signal peptide of 
CALR using mutagenesis. WT or ATE1−/− HEK293T cells were trans-
fected with plasmids expressing Halo-tagged WT or 18R-CALR using 
FuGENE HD (Promega). For experiments where ATE1 was coexpressed, 
various amounts of the plasmid expressing Flag-tagged ATE1 were 
also transfected together with CALR. After 2 days of transfection, 
cells were gathered and pellets were snap-frozen with liquid nitrogen. 
Halo purification was performed according to the manual of HaloTag 
Mammalian Pull-Down Systems (Promega). Briefly, thawed cell pellets 
were lysed with Mammalian Lysis Buffer with the addition of protease 
inhibitors (Promega). Crude lysates were centrifuged at 20,000g at 
4 °C for 10 min, and supernatants were collected to bind with Magne 
HaloTag Beads (Promega). After rotating at 4 °C overnight, beads 
were washed with cold Wash Buffer five times, then eluted with AcTEV 
Protease (Invitrogen) at room temperature for 1 h with shaking. Eluates 
were subjected to sample processing for bottom-up mass spectro
metry analysis.

Isotopic labeling by ATE1 arginylation assay
The ATE1 assay was adapted from a previous study29. The assay was 
set up on ice by mixing a 20-μl reaction containing 1× reaction buffer, 
2 mM Arg (Arg10 and Arg0, respectively), 2 mM ATP, 3 μM tRNAArg, 1 μM 
RARS1, 3 μM human ATE1 and 1 µg µl−1 substrate. The 5× reaction buffer 
consists of 50 mM HEPES, 30 mM KCl and 10 mM MgCl2. The substrate 
can be peptide, peptide mixture, protein or proteome. A total of 20 µg 
of substrate was always used unless the protein substrate was puri-
fied from overexpression and pull-down experiments where protein 
concentration was too low to quantify. The amount of commercial 
CALR was 3.5 µg per reaction. The concentration of standard peptide 
was 100 µM unless otherwise noted. Volumes of ddH2O were adjusted 
every time depending on the volumes of other reagents. The pair reac-
tions were incubated at 37 °C for 30 min for peptides, 1 h for proteins 
and 2 h for proteomes. The pair reactions were mixed 1:1 for sample 
preparation or −80 °C storage.

Sample preparation after ATE1 arginylation assay
The peptide sample was acidified by FA to a final concentration of 
5%, desalted, dried by SpeedVac and reconstituted for LC–MS analy-
sis. Whole-proteome peptide sample was acidified by FA to a final 
concentration of 5%, desalted, dried by SpeedVac and reconstituted 
for peptide fractionation. Protein or proteome sample was added 
accurately 20 mg urea (final concentration 6 M) to denature proteins, 
TCEP (final concentration 10 mM) for 30 min incubation at 37 °C to 
reduce disulfides and iodoacetamide (final concentration 30 mM, final 
volume 54 µl) for 30 min at room temperature protected from light to 
alkylate reduced thiols. The solution was diluted to 2 M urea by 50 mM 
ammonium bicarbonate in H2O, digested by trypsin (sequence grade, 
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Promega) at a 1:50 trypsin:protein ratio (w:w) with overnight (~12 h) 
incubation at 37 °C. The resulting peptide solution was acidified by 
FA at a final concentration of 5%, desalted, dried by SpeedVac and 
reconstituted for peptide fractionation.

Peptide desalting
Peptides were resuspended in 0.1% FA and desalted by in-house packed 
stage tips. Stage tips were self-prepared by sealing five disks of C18 
material (cat. no. 2315, Empore, 3 M Company) at the bottom of a P200 
tip. C18 disks were cut by sample corers (cat. no. 18035-01 for peptides 
<20 µg, cat. no. 18035-02 for 20–100 µg peptides, Fine Science Tools). 
Stage tips were equilibrated with 50 µl of methanol, 50 µl of 80% aceto
nitrile in H2O containing 0.1% FA and 50 µl of water containing 0.1% FA 
by centrifugation (1,000g, ~1–2 min). The sample was loaded to the 
stage-tip and centrifuged to flow through, washed with 75 µl of water 
containing 0.1% FA. The stage-tip was transferred to a new collection 
tube, eluted by 2× 75 µl of 80% acetonitrile in H2O containing 0.1% FA. 
The sample was dried by SpeedVac (SAVANT SVC100H Refrigerated 
Condensation Trap) under vacuum for 30–60 min at room tempera-
ture, stored at −80 °C.

Peptide fractionation
Peptides (20 µg, half material from ATE1 assay) were fractionated 
before proteomics analysis. For high-pH fractionation, peptides 
were resuspended in 50 µl ammonium formate (pH 10). Stage tips 
were self-prepared by sealing five disks of C18 material (cat. no. 2315, 
Empore, 3 M Company) at the bottom of a P200 tip. C18 disks were cut 
by sample corers (cat. no. 18035-02, Fine Science Tools). Stage tips 
were equilibrated with 50 µl of methanol, 50 µl of 80% acetonitrile in 
H2O containing 0.1% FA and 50 µl of ammonium formate pH 10 by cen-
trifugation (1,000g, ~1–2 min). The sample was loaded to the stage-tip 
and centrifuged to flow through (fraction 1), then eluted by 20 µl of 
buffers consisting of MeCN (1–28% and 80%) and ammonium formate 
(pH 10) to yield an additional 29 fractions. The fractions were dried by 
SpeedVac (SAVANT SVC100H Refrigerated Condensation Trap) under 
vacuum for 30–60 min at room temperature, and stored at −80 °C. Each 
fraction was resuspended in 20 µl of 2% MeCN in 0.1% FA and 5 µl were 
injected (~167 ng per fraction in average) for analysis.

LC–MS for proteomics analysis
A Vanquish Neo UHPLC (for ultrahigh-performance LC) was coupled 
to an Exploris 240 or Orbitrap Ascend (Thermo Scientific). Peptide 
samples were maintained at 7 °C on the sample tray in the LC system. 
Separation of peptides was carried out on an Easy-Spray PepMap Neo 
nano-column (2 µm, C18, 75 µm × 150 mm) at room temperature with 
a mobile phase consisting of a linear gradient of A (0.1% FA in H2O) and 
B (acetonitrile containing 0.1% FA) under the following conditions: 
0 → 80 → 83 → 90 min, 0% → 27% → 100% → 100% B. The flow rate was 
300 nl min−1. The injection volume is 5 µl. The voltage applied to the 
nano-LC electrospray ionization source was 1.9 kV. The temperature 
of the ion transfer tube (ITC) was set at 275 °C. Spectra were collected 
in a data-dependent acquisition mode with MS1 scan range of m/z 350–
2,000 in the Orbitrap. For Exploris, the top 20 most intense peaks from 
a single high-resolution (120,000) full MS spectrum of parent ions were 
fragmented for MS2 spectra. For Ascend, the time of a scan cycle is 3 s. 
Parent ions assigned as peptides in charge states +2–5 with an intensity 
higher than 1 × 104 were included for fragmentation. High-energy col-
lisional dissociation-induced fragmentation (MS2) scans were recorded 
in the Orbitrap (scan from m/z 150–1,500). Dynamic exclusion was set as 
a repeat count of 1 within an exclusion time of 20 s. All other parameters 
were left as default values.

A Waters M5 UHPLC was coupled to a ZenoTOF 7600 (Sciex) in 
positive data-dependent mode. Peptide samples were maintained  
at 7 °C on the sample tray in LC. Separation of peptides was carried  
out on an Waters nanoEase M/Z Symmetry C18 Analytical Column 

(5 µm, 100 Å, 300 µm × 150 mm) at room temperature with a mobile 
phase consisting of a linear gradient of A (0.1% FA in H2O) and B (acetoni-
trile containing 0.1% FA) under the following conditions: 0 → 1 → 46 → 
47 → 50 → 50.5 → 55 min, 2 → 2 → 32 → 80 → 80 → 2 → 2% B. The flow rate 
was set at 5 μl min−1. The ZenoTOF 7600 system was operated using 
the OptiFlow TurboV ion source with a vertical microflow probe 
(1–50 μl min−1 electrode). The ionization window was 2.5–48.5 min. 
Source and gas parameters were 20 psi and 60 psi for ion source gases 
1 and 2, respectively; 35 psi and 7 psi for curtain and collision gas, 
respectively; and 200 °C and 35 °C for temperature and column tem-
perature, respectively. The spray voltage was 5 kV. The MS1 mass range 
was 350–1,500 Da with an accumulation time of 0.1 s, declustering 
potential of 80 V and collision energy of 10 V. The top 45 monoiso-
topic ions assigned as peptides in charge states +2–6 with an intensity 
higher than 100 cps were included for fragmentation. Dynamic exclu-
sion was set as a repeat count of 1 within an exclusion time of 7 s. MS2 
collision-induced dissociation fragmentation with Zeno trapping was 
carried out over a mass range of 120–1,600 Da with an accumulation 
time of 0.02 s, declustering potential of 80 V, time bins to a sum of 8 
and a Zeno threshold of 1 × 105 cps. All other parameters were left as 
default values.

Search parameters using Byonic software
Each data file (in ‘.raw’ format) was generated by the instrument  
(Xcalibur software), and searched using the Byonic software v.4.5.2 
(Protein Metrics) against a reverse-concatenated, nonredundant data-
base of the human proteome (20,398 proteins in total from UniProt). 
Peptides were required to have at least a tryptic C-terminus and up to 
one missed cleavage was allowed in the database search. The mass toler-
ances of precursor and product ions were set to 10 ppm and 20 ppm, 
respectively. Carbamidomethylation (+57.021464 Da) on cysteine 
residues was allowed for two per peptide as a ‘common’ variable modi-
fication in the Byonic parameter file. Oxidation (+15.99492 Da) on 
methionine residues was allowed for two per peptide as a ‘common’ 
variable modification. Total ‘common’ modifications were limited to 
up to four per peptide. Arginylation (+156.10111 Da as Arg0 modifica-
tion or +166.10937 Da as Arg10 modification) on peptide N-terminal, 
Asp and Glu residues, arginylation after deamidation (+157.08513 Da as 
Arg0 modification or +167.09339 Da as Arg10 modification) on Asn and 
Gln residues, arginylation after di-oxidation (+188.09094 Da as Arg0 
modification or +198.09920 Da as Arg10 modification) or tri-oxidation 
(+204.08585 Da as Arg0 modification or +214.09411 Da as Arg10 modi-
fication) on Cysteine residues was allowed for one per peptide as a 
‘rare’ modification. Total rare modifications were limited to one per 
peptide. Peptides with two or more arginylation modifications were 
not included in the search. The false-positive rate was set at 1% or lower.

ArginylomePlot software determines arginylation sites  
after Byonic
Custom software based on RStudio (version 2023.06.0 Build 421) script, 
ArginylomePlot, was used to process all MS1 spectra of arginylated 
peptide and peptide IDs in Excel files generated from Byonic search. 
The software is publicly available to download from GitHub at https:// 
github.com/BeckyHan/Garcia-Lab/tree/main/ArginylomePlot. A copy 
of the software together with a demo dataset is provided in the Sup-
plementary Data 1. Briefly, .raw files from fractions of a sample were 
converted to .mxXML files using RawConverter (version 1.1.0.23) with 
monoisotopic selection (2015 released, publicly available at http:// 
fields.scripps.edu/rawconv). The software first combines all peptide 
IDs into a single file, then extracts all coeluting MS2 spectra with a mass 
difference of 10.008269 Da indicating copresence of Arg10 and Arg0 
modifications on the same peptide. Using the average retention time 
of all MS2 spectra from each arginylated peptide, the software then  
goes to a specific mzXML file and extracts their matching MS1 scans 
(doublet, quartet or sextet matching with a threshold of 10 ppm for 
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each m/z value) within a time window (±1.25 min of average reten-
tion time). The H/L ratio was calculated based on each MS1 scan, and  
the number of MS1 scans of each peptide was exported with respective 
ratios (doublet, quartet, or sextet). Failure to detect matching doublet 
MS1 will result in the exclusion of an MS2 pair. A ratio summary in a  
box plot (duodecet, ‘6 + 6’ peaks) was generated for each arginylation 
site with a unique peptide sequence, charge and raw. A summary table 
for each sample was generated with listed information on protein, 
unmodified peptide sequence, site, Arg10/Arg0 modified peptide ID, 
charge, raw, Byonic scores of Arg10/Arg0 modified peptides, H/L ratios 
of doublet, quartet or sextet MS1 scans, and their exact numbers of 
MS1 scans.

The Supplementary Methods section is provided in the Supple-
mentary Information.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectra RAW data are publicly available online at https://massive. 
ucsd.edu under the accessions MSV000097195, MSV000097197 and 
MSV000097196. The RAW file index is listed in Supplementary Data 
9. Arginylation site data are publicly available to view and download 
from www.arginylation.com. Source data are provided with this paper.

Code availability
Python codes for website construction are available via Zenodo at 
https://doi.org/10.5281/zenodo.15770600 (ref. 53). R codes for Arginy-
lomePlot software are available via Zenodo at https://doi.org/10.5281/
zenodo.15742920 (ref. 54). The arginylation website is publicly acces-
sible at www.arginylation.com for data visualization and download.
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Extended Data Fig. 1 | Design and flowchart of the arginylation database and 
its website. Arginylation data are from peptides, whole-proteome peptides, 
proteins, human proteomes, and mouse proteomes. Visualization includes 

isotopic ratios and annotated isotopic MS1 and MS2 spectra. All indexed MS1 and 
MS2 scans are accessible to the public to download. A dashed arrow means a one-
to-multiple inclusion relationship.
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