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Abstract

Arginylation is a protein post-translational modification catalyzed by arginyl-tRNA transferases 

(ATE1s), which are critical enzymes conserved across all eukaryotes. Arginylation is a key step in 

the Arg N-degron pathway, a hierarchical cellular signaling pathway that links the ubiquitin-

dependent degradation of a protein to the identity of its N-terminal amino acid side chain. The 

fidelity of ATE1-catalyzed arginylation is imperative, as this post-translational modification 

regulates several essential biological processes such as cardiovascular maturation, chromosomal 

segregation, and even the stress response. While the process of ATE1-catalyzed arginylation has 

been studied in detail at the cellular level, much remains unknown about the structure of this 

important enzyme, its mechanism of action, and its regulation. In this work, we detail the current 

state of knowledge on ATE1-catalyzed arginylation, and we discuss both ongoing and future 

directions that will reveal the structural and mechanistic details of this essential eukaryotic cellular 

regulator.
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Keywords

ATE1: an abbreviation for arginyl-tRNA transferase (also known as R-transferase), a eukaryotic 
enzyme that catalyzes post-translational arginylation in a tRNA-dependent manner; arginylation: 
the post-translational covalent addition of the amino acid arginine (Arg) to a peptide or a protein 
arginylome: a compendium of all arginylation targets within an organism; GNAT fold: an 
abbreviation for the Gcn5-related N-acetyl transferase fold, a protein fold that typically comprises 
a six-stranded β-sheet of mixed polarity surrounded by four α-helices of mixed orientations and 
that catalyzes the acetylation of various substrates; isoform: a functionally similar protein of 
nonidentical amino acid sequence encoded by either the same gene from which exons have been 
removed or by a completely separate gene; L/F transferase: an abbreviation for leucyl/
phenylalanyl-tRNA transferase, a bacterial enzyme that catalyzes posttranslational leucylation/
phenylalanylation in a tRNA-dependent manner; N-degron: an N-terminal chemical moiety that 
signals the degradation rate of a peptide or protein; N-degron pathway: formerly the N-end rule 
pathway, a hierarchical cellular signaling pathway that links the ubiquitin-dependent degradation 
of a protein to the identity of its N-terminal amino acid side chain; post-translational 
modification (PTM): covalent additions of, or chemical modifications to, protein functional 
groups that occur after protein synthesis and are essential for normal cellular function; tRNA: an 
abbreviation for transfer ribonucleic acid, a type of RNA that commonly decodes mRNA, but may 
also be used for purposes other than protein translation; ubiquitin proteasome system (UPS): one 
of the major eukaryotic mechanisms of intracellular protein degradation and protein turnover

POST-TRANSLATIONAL MODIFICATIONS

Post-translational modifications (PTMs) are covalent additions of, or chemical modifications 

to, protein functional groups that occur after protein synthesis and are essential for normal 

cellular function.1,2 Proteins generally function as the work horses of biological 

macromolecules; however, not all necessary cellular functions can be easily achieved by the 

combination of the 20 canonical amino acids that make up most polypeptides. Despite the 

relatively low number of genes in a eukaryotic cell (ca. 105), the breadth of the proteome is 

estimated to be significantly higher (ca. 107).3,4 To expand the repertoire of proteins, nature 

relies on PTMs to diversify function and to provide regulation. These post-translational 

chemical modifications can produce a variety of changes to protein function by affecting 

diverse properties of the polypeptide, including stability, conformation, dynamics, binding 

propensity, and even activity.5 Unsurprisingly, the fidelity of these processes is crucial for 

normal cellular function, and errors in PTM pathways are linked to diseases in humans.6–8

This biological importance has spurred decades of research aimed at understanding the 

nature of PTMs, including the types of chemical modifications that occur, the enzymes that 

accomplish such modifications, and the biochemical ramifications of these modifications.2 

Consequently, some of the best-known PTMs, such as acetylation,9,10 methylation,11 and 

phosphorylation12 have been well characterized, and many of their biological functions are 

known. For example, acetylation and methylation both play a role in epigenetics through 

histone modifications.13,14 Acetylated histones are associated with euchromatin, or relaxed 

chromatin, and expression of genes,14 while methylated histones are associated with gene 

silencing and condensed heterochromatin.13 Furthermore, both acetylation and methylation 

can affect the stability, localization, and even oligomerization of target polypeptides, 
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dramatically changing function.2 As another example, phosphorylation is especially 

common in signaling cascades, where stimuli can trigger a series of modifications of various 

proteins, often leading to the activation of a group of responsive genes or affecting metabolic 

pathways through allosteric regulatory mechanisms.12 However, despite their importance 

and ubiquity, these well-characterized PTMs represent only a fraction of protein 

modifications known to occur in eukaryotic cells.1

Several PTMs remain understudied and enigmatic, and this work will focus on one such 

PTM known as arginylation. Catalyzed by an enzyme known as arginyl-tRNA transferase 

(ATE1), arginylation is beginning to emerge as a global controller of eukaryotic cellular 

function. However, much is unknown about the structure, function, and regulation of ATE1s, 

prohibiting the rational development of chemical therapeutics to target this pathway. This 

review summarizes what is known about this underappreciated PTM, with a focus from the 

perspective of structure and function. This work then frames future approaches that may be 

taken to break open our mechanistic understanding of this essential eukaryotic protein 

modification.

DISCOVERY OF ATE1

In the early 1960s, a new soluble enzyme system in Escherichia coli was discovered that 

incorporated amino acids into proteins in a manner distinct from protein synthesis, as it did 

not require ribosomal machinery.15 The authors of this discovery attributed the amino acid 

incorporation to an “amino acyl soluble ribonucleic acid transfer factor,” which was later 

termed aminoacyl-tRNA-protein transferase (aa-tRNA transferase). Further, it was shown 

that this prokaryotic, nonribosomal aatRNA transferase incorporated Leu and Phe nearly 10 

times greater than other amino acids, with the majority of these amino acids being 

covalently attached to the amino terminus. We now know these proteins as L/F-transferases, 

bacterial enzymes that catalyze the nonribosomal peptide bond formation between the N-

termini of target peptides and the amino acids Leu and Phe. While these initial transferases 

were isolated from prokaryotes,15 aminoacyl-tRNA-protein transferases from eukaryotes 

were discovered around the same time.16,17

The first reports of a eukaryotic aminoacyl-tRNA-protein transferase were also described in 

the early 1960s. These aminoacyl-tRNA transferases were initially isolated from rat liver 

homogenates and sheep thyroid and were shown to catalyze the transfer of Arg from a 

charged tRNA to preassembled proteins.16–19 At the time, the function of the arginylation 

reaction was unknown but was thought to be linked to cellular stress and regeneration.20 

Similar systems were subsequently identified in plants21 and other mammals.22 In the early 

1990s, the gene encoding for this Arg-specific aminoacyl-tRNA transferase was identified in 

Saccharomyces cerevisiae, cloned, and characterized.23 It is now well established that the 

family of enzymes present in all eukaryotes24 that catalyze the energy-independent transfer 

of the amino acid Arg to a target polypeptide (Figure 1) are known as arginyl-tRNA 

transferases (also referred to as R-transferases or ATE1s). The importance of ATE1-

mediated arginylation lies in its connection to the N-degron pathway (formally termed the 

N-end rule pathway), which links the ubiquitin-dependent degradation of a protein to the 
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identity of its N-terminal amino acid residue, subsequently regulating a number of crucial 

biological pathways.25

THE ARG N-DEGRON PATHWAY AND ATE1

The proteasomal degradation of a cellular protein is frequently dependent on the identity of 

the terminal residues of the polypeptide.26,27 These signals of degradation rates are known 

as degrons, which often (but not always) exist at either the N- or C-termini and function as 

molecular flags for ubiquitin-dependent proteolysis.28 N-terminal degrons (N-degrons; the 

largest class of such degrons discovered so far) consist of three components: (1) an N-

terminal (Nt-) destabilizing residue, which is an amino acid that, if present at the N-terminus 

of a protein, will eventually lead to degradation of said protein; (2) an internal lysine where 

polyubiquitination occurs; and (3) a sterically unstructured region to serve as the site of 

initiation for unfolding of the substrate.28 Currently, there are two major branches of the N-

degron pathway (while other minor branches exist)29–31: the acetylation (Ac) N-degron 

pathway, which involves acetylation of N-terminal destabilizing residues as the determinant 

for degradation,32 and the arginylation (Arg) N-degron pathway, which involves arginylation 

as the degradation signal.33 N-terminal acetylation as a general protein modifier has been an 

historic focus by many research groups, whereas N-terminal arginylation and its related N-

degron pathway is more poorly understood at the molecular level.

The Arg N-degron pathway is hierarchical and describes three strata of amino acids that, if 

present at the N-terminus of a protein, may be destabilizing residues (Figure 2).28,33 In this 

sense, destabilization does not mean creating thermodynamic instability of the polypeptide; 

rather, destabilizing describes a cellular context in which the polypeptide becomes shorter 

lived due to signals received by proteolytic machinery. These destabilizing residues may be 

exposed via a number of mechanisms, such as cleavage of nascent Nt-Met residues by Met-

aminopeptidases,33 or by proteolysis catalyzed by calpains and caspases, both of which are 

cysteine proteases involved in the apoptosis signaling cascade.33,34 If the exposed residue is 

Asn, Gln, or Cys, it is known as a tertiary (3°) destabilizing residue and requires further 

processing before the target protein is ubiquitinated (Figure 2A). Asn and Gln may be 

enzymatically deamidated by N-terminal Asn amidohydrolase (NTAN)35 and N-terminal 

Gln amidohydrolase (NTAQ)36 to Asp and Glu, respectively, to become secondary (2°) 

destabilizing residues (Figure 2A). Cys, however, is not enzymatically processed but can be 

oxidized by nitric oxide (NO) or other oxidizing molecules to form either Cys-sulfinic acid 

(CysO2H) or Cys-sulfonic acid (CysO3H; Figure 2A).37 These oxidized Cys residues (C*) 

are also secondary (2°) destabilizing amino acids in most eukaryotes, although notably not 

in yeast. ATE1s recognize secondary destabilizing residues and condense Arg to the target 

polypeptide, resulting in the exposure of a primary (1°) destabilizing residue (Figure 2A).

Primary destabilizing residues are bound by N-recognins, which are individual enzymes or 

complexes that recognize N-degrons.38 N-recognins of the Arg N-degron pathway involve a 

number E3 ligases of the ubiquitin proteasome system (UPS). The general process of 

ubiquitination involves four enzymes, numbered E1–E4. The first step of ubiquitination is 

the ATP-dependent conjugation of ubiquitin to the activating enzyme E1, forming a reactive 

thioester bond, followed by the transfer of the ubiquitin to the conjugating enzyme, E2.39 
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Finally, the ligating enzyme E3 catalyzes ubiquitin transfer to the substrate at an internal 

Lys.39 Where polyubiquitination is required, E4 enzymes will aid in elongating ubiquitin 

chains. E3 enzymes are the substrate-determination part of the UPS and, as such, display the 

most diversity among the four classes of UPS enzymes.40

The E3 ligases that participate in the Arg N-degron pathway vary from organism to 

organism. For example, S. cerevisiae has two E3 ligases with roles in the Arg N-degron 

targeting complex: Ubr1, a Really Interesting New Gene (RING)-type E3 ligase, and Ufd4, a 

homologous to the E6AP carboxy-terminus (HECT)-type ligase.41 Ubr1 can recognize N-

degrons on its own as well as in complex with Ufd4, but it is not understood how recognition 

differs between the two cases.28,41 There are at least four different E3 ligases in mammals 

that recognize Arg N-degrons: Ubr1, Ubr2, Ubr4, and Ubr5.28,42 The Ubr proteins are large, 

ranging in size from ≈200 kDa to ≈500 kDa, and there are currently no structures of any 

full-length Ubr enzymes.28,42 However, several of the key features of the Ubrs have been 

structurally characterized: the RING domain, which coordinates two Zn2+ ions to form a 

platform for binding to E2, and the UBR box, an ≈80 residue zinc-finger like domain that 

binds the primary destabilizing residue Arg (with Lys and His being bound to a much lesser 

extent).33,42,43 There are several structures of the UBR box deposited in the Protein Data 

Bank (PDB), many of them in complex with various N-degrons. Yet, while some of the Ubrs 

that participate in the Arg N-degron pathway have been structurally and mechanistically 

characterized, much less is known about the structure and mechanism of ATE1, which is the 

essential upstream enzyme that catalyzes arginylation, initiating the protein degradation 

cascade.

NONDEGRADATIVE ARGINYLATION

Due to the initial discovery of ATE1’s involvement in the N-degron pathway, much of the 

early arginylation work focused on ATE1’s connection to protein degradation. However, 

more recent work has demonstrated that arginylation is not always degradative; that is, the 

post- or cotranslational addition of Arg to a protein does not always result in its removal by 

the proteasome, and in some cases can even increase its metabolic stability.44,45 For 

example, in the case of β-amyloid, the main protein comprising plaques found in the brains 

of Alzheimer’s patients, arginylation seems to prevent its aggregation and its subsequent 

accumulation.46 Similarly, arginylation of the nonmuscle cytoskeletal protein β-actin, 

normally involved in cell morphology and cell migration, is essential to its polymerization.
47,48 ATE1-null mouse fibroblasts display abrogated actin filament formation attributed to 

aggregated actin.47 The effect of arginylated β-actin has been further explored in the slime 

mold Dictyostelium discoideum, where ATE1 was shown to be enriched near lateral 

protrusions of lamellipodia.49 Knockouts of ATE1 in this organism also result in disrupted 

cell adhesion, emphasizing the importance of arginylation to normal β-actin function.49 

Finally, arginylation may also serve to change a protein’s function. An example of this 

functional modification is the retrotranslocation of the ER-native protein calreticulin to the 

cytoplasm. In the cytoplasm, calreticulin is exposed to ATE1, and its arginylation induces 

dimerization, which is a key structural feature associating calreticulin with stress granules.50 

It is not known what percentage of arginylation events are degradative versus 

nondegradative, but the evidence is clear that both play important roles in the essential 
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functioning of eukaryotes. Given the increase in functional diversity provided by other post-

translational modifications, arginylation likely has many undiscovered impacts on its protein 

substrates (vide infra).

ATE1 STRUCTURE

Genes and Isoforms.

ATE1s are encoded along at least one ate1 gene in eukaryotes, although some organisms 

may have more than a single ate1 gene, and varied splicing mechanisms appear to result in 

multiple different isoforms that may be translated.51 In some lower-order eukaryotes, such 

as yeast, only a single (iso)form is thought to exist encoded along a single gene.23 In 

contrast, while there is believed to be a single (iso)form of Drosophila melanogaster 
ATE1,52 it was postulated that A. thaliana has two genes encoding for ATE1.53 Initially, it 

was unknown whether both were functional, but a more recent study has shown that both 

AtATE1 genes are operative and may be redundant.54 For human ATE1, the gene has been 

mapped to chromosome 10, and at least two52 to as many as five isoforms are predicted, 

although unverified at the protein level. Thus, some organisms encode for as few as a single 

(iso)form of ATE1, while other organisms may encode for several isoforms of ATE1, all of 

which could have differential activity and be targeted to specific tissues and/or organelles.

Of the studied mammalian ATE1s, previous research has focused chiefly on the Mus 
musculus (mouse) arginyl-tRNA transferase isoforms. Initially, at least two distinct M. 
musculus ATE1 mRNAs were detected from a single gene.55 Further work demonstrated 

that the single M. musculus ate1 gene encodes at least four, and possibly up to six, splicing-

derived isoforms under the control of a promoter that is also bidirectional, regulating in the 

opposite direction the expression of the mouse protein Dfa (divergent from ATE1), a 

repressor of TATA-box promoter sequences.24,51,56 There are 12 exons in the M. musculus 
ate1 gene: exons 1 and 7 may each be processed differently resulting in translation into 

distinct ATE1 isoforms, while exons 2–6 and 8–12 are present in the mRNA encoding for all 

mouse ATE1 isoforms. The difference in the isoforms is due to the presence of either exon 

1A or exon 1B, and exon 7A, exon 7B, or both. Reflecting these differences, the four major 

isoforms have been designated as ATE1–1 (ATE11B7A), ATE1–2 (ATE11B7B), ATE1–3 

(ATE11A7A), and ATE1–4 (ATE11A7B) and minor isoforms ATE11A7A7B and ATE11B7A7B; 

most isoforms differ by a modest change of ca. 5 kDa once translated.51,57 However, further 

corroboration is necessary to verify the generality of the six ATE1 isoforms in other 

mammals.

Isoforms of M. musculus ATE1s have variable expression levels, tissue localization, and 

relative activities. Differential expression of ATE1s was initially suggested by observing 

differential mRNA levels (a proxy for its relative expression level) of at least two isoforms in 

tissues excised from skeletal muscle, spleen, liver, brain, and testis.55 Once all six M. 
musculus ATE1 isoforms were discovered, RT-PCR was used to show differing levels of 

each isoform’s mRNA across multiple mouse tissues. Four major isoforms were identified: 

ATE1–3 (ATE11A7A; prominent in muscle tissue), ATE1–1 (ATE11B7A; prominent in nearly 

every tissue except spleen and muscle), ATE1–4 (ATE11A7B; prominent in kidney, testis, and 

muscle), and ATE1–2 (ATE11B7B; prominent in brain, liver, and testis). These four isoforms 
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showed the highest levels of arginylation activity based on the ability to target Asp-β-gal for 

degradation, with the following activity hierarchy: ATE1–3 (ATE11A7A) ≈ ATE1–1 

(ATE11B7A) > ATE1–4 (ATE11A7B) ≈ ATE1–2 (ATE11B7B).51 In another study, it was 

reported that isoforms ATE1–3 (ATE11A7A) and ATE1–4 (ATE11A7B) were unable to 

arginylate substrates with N-terminal Asp and Glu residues but instead specifically 

arginylated proteins with N-terminal Cys residues;24 however, subsequent work has shown 

that ATE1–3 (ATE11A7A) is not Cys-specific,58 and thus Cys specificity remains open to 

debate. Intriguingly, the combined 7A7B isoforms are minor (expressed in lower quantities) 

and have much lower activity than the four isoforms containing only one copy of exon 7, but 

the molecular reasoning for this lowered activity is unknown.51 It is possible that differential 

expression, localization, and activity are achieved by the implementation of various ATE1 

isoforms in other higher-order eukaryotes.

Structure.

While there currently exists no structure of an ATE1, insight can be garnered through 

comparison to other enzymes (chiefly prokaryotic) that are functionally similar. Despite a 

lack of sequence homology, ATE1 is predicted to have some structural homology to its 

prokaryotic counterparts, the L/F-transferases, as well as the FemABX enzymes, which are 

bacterial aminoacyl-tRNA peptide transferases involved in methicillin resistance.59 Both the 

L/F-transferase and FemABX enzymes belong to the extremely diverse Gcn5-related N-

acetyl transferase (GNAT) superfamily of enzymes, which commonly acetylate a variety of 

different substrates using acetyl-coenzyme A (CoA) as a cofactor.60–62 Acetyl-CoA binding 

and acetyl transferase activity occur within a tertiary structural element known as the GNAT 

fold, which typically comprises a six-stranded β-sheet of mixed polarity surrounded by four 

α-helices of mixed orientations.62,63 Reflecting its function, the GNAT fold contains two 

binding sites for moieties of its acetyl-CoA cofactor (the pantothenate arm and the 

pyrophosphate), the latter site of which has a signature Q/RxxGxG motif.62 Proteins 

containing this signature fold are part of the larger GNAT superfamily, although many 

GNAT-containing enzymes use a different cofactor.

Within the GNAT superfamily, the GNAT fold of the FemABX enzymes and of the 

aminoacyl-tRNA transferases have both evolved to utilize aminoacylated tRNAs as cofactors 

rather than acetyl-CoA.61 Somewhat similarly to ATE1, the bacterial L/F-transferases 

transfer Leu or Phe from aminoacylated tRNAs (Leu-tRNALeu or Phe-tRNAPhe) to proteins 

bearing N-terminal Arg or Lys to mark for degradation. In contrast, FemABX enzymes are 

involved in the synthesis of interchain peptides of the peptidoglycan layer coating bacterial 

cell walls.61,64 The sugar components of the peptidoglycan, N-acetylglucosamine and N-

acetylmuramic acid, are bound to linear pentapeptide chains that are subsequently cross-

linked to each other via an interchain peptide, typically consisting of a chain of five Gly 

residues.64,65 The different Fem enzymes, FemA, FemB, and FemX, are aminoacyl-tRNA 

transferases that transfer Gly or Ala from aminoacylated tRNAs to synthesize the 

peptidoglycan interchain peptide.66 Representative structures of both the FemABX enzymes 

and the L/F transferases have been determined (Figure 3), providing insight into the 

mechanism, which may be similar to the ATE1 arginylation mechanism.
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Of the FemABX enzymes, the X-ray crystal structures of Staphylococcus aureus (Sa) FemA 

and Weissella viridescens (Wv) FemX have been solved (Figure 3). FemX catalyzes the 

addition of the first residue of the peptidoglycan interpeptide chain, while FemA 

incorporates the second and third Gly residues to the peptidoglycan interpeptide chain.66 

Structurally, both FemX and FemA comprise two nonidentical domains that each contain a 

GNAT fold, with the major difference being an additional coiled-coil domain in FemA 

(Figure 3).60,66 The coiled-coil domain has been suggested to orient and to position the 

tRNA 3′ acceptor end through contacts with the variable arm and TψC loop; however, this 

domain must not be essential for catalysis, as it is not present in FemX.65 The canonical 

substrate of FemX, UDP-MurNAc-pentapeptide, binds at the interface of domains 1 and 2, 

maintaining contacts mainly through domain 1.66 While no structure has been solved of 

FemX complexed with tRNA, docking studies suggest a potential binding site along a 

channel that runs through domain 2.66 Apo FemA, which has not been crystallized in the 

presence of any substrates, also contains a long L-shaped channel for putative tRNA binding 

within domain 2.65

Several X-ray crystal structures of the L/F-transferase have also been solved, in complex 

with various analogs of the tRNA 3′-end as well as a small product peptide.60,67 Like the 

FemABX enzymes, the L/F-transferase is also a bilobed protein; however, the GNAT fold of 

L/F-transferases is restricted only to the C-terminal domain (Figure 3). The first structure of 

an L/F-transferase with puromycin—an adenosine aminonucleoside representing an analog 

of the tRNA acceptor end—reveals puromycin binding in a hydrophobic pocket formed by 

the interface between the N- and C-terminal domains.60 Subsequent crystal structures of the 

transferase with Phe esterified to the 3′-hydroxyl of adenosine (rA-Phe) as well as one with 

a product peptide reveal binding in the same C-shaped hydrophobic pocket, although a 

ternary complex structure has yet to be determined.68 L/F-transferases have the highest 

selectivity for Leu-tRNALeu, and a preference for a single isoacceptor has been suggested 

based on the identification of key recognition nucleotides, although the structural basis for 

this recognition remains to be determined.69,70

Intriguingly, despite completely different sequence evolution, ATE1s are predicted to bear a 

GNAT fold as well. A 2006 NCBI database search with sensitive sequence comparison 

methods found that ATE1 was evolutionarily related to the L/F transferases and the Fem 

family of enzymes.61 The GNAT fold was suggested to have the highest sequence homology 

to the C-terminal half of ATE1, and secondary structural predictions suggested the presence 

of a GNAT-like β-sheet sandwiched by four α-helices.61 Sequence conservation with the N-

terminal region of ATE1 was complicated due to various isoforms arising from the exon 

1A/1B alternative splicing, but this region was speculated to aid in substrate determination.
61 Several protein variants were generated based on sequence similarity to the FemABX 

enzymes and the L/F-transferases, and differences in in vivo arginylation among these 

variants were observed based on a β-gal assay.61 However, without a more robust structural 

model, the interpretation of the amino acid substitution effects on ATE1-catalyzed activity is 

difficult to parse. Thus, the determination of a three-dimensional structure of any ATE1 

would be a major advancement in this field.
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ATE1 MECHANISM

N-Terminal Arginylation.

While the precise mechanism of ATE1-catalyzed arginylation is currently unknown, 

experiments on L/F transferases have given insight into a potentially analogous reaction 

pathway. The first major revelation into the L/F-transferase mechanism came from the 

crystal structures of the enzyme complexed with rA-Phe, which mimics the acceptor end of 

the tRNA, and complexed with a product peptide, the α-casein fragment H2N-RYLGYL-

COOH.68 Superposition of the two structures revealed local changes in residue movement 

that were used to deduce a relay mechanism. Specifically, H-bonding interactions between 

Asp186 and Gln188 facilitate recognition of the positively charged N-terminal Arg 

guanidinium of the L/F substrate and promote the nucleophilic attack of the 3′-acyl group 

by the amino terminus. Tautomerization of the Gln side chain facilitates proton movement, 

resulting in the collapse of a tetrahedral intermediate, and release of the free 3′-OH.68 This 

inferred mechanism of peptide-bond formation uses protein-based chemistry, distinct from 

the canonically accepted ribosomal peptide bond formation that is chiefly RNA-driven.68 A 

similar ATE1-catalyzed mechanism as suggested by structural interrogation of the L/F 

transferases is shown in Figure 4A. It is known that the free amino terminus and the free 

side-chain carboxylate are both necessary for ATE1-catalyzed N-terminal arginylation, as 

blockage of either moiety inhibits arginylation, which occurs via the formation of a 

conventional peptide bond;45 however, further mechanistic details are unknown.

Interestingly, subsequent activity assays with variants of the L/F-transferase mutated at the 

inferred key catalytic residues revealed that Asp186 and Gln188 appear to participate more 

significantly in the binding and the positioning of the substrate rather than nucleophilic 

relay, suggesting an alternative reaction pathway. Using quantitative MALDI, the authors 

were able to show that the L/F-transferase-catalyzed product was still observed, albeit at a 

much lower amount, when either Asp186 or Gln188 was altered, suggesting that the role of 

these amino acids is to position the substrate.71 Instead of a protein-based mechanism, the 

authors posited an RNA-based catalytic mechanism in which the 2′-OH of the tRNA 

performs a substrate-assisted catalytic role.71 The suggested mechanism, while also 

unverified, is more reminiscent of ribosome-catalyzed peptide bond formation.72 

Application of a similar approach as has been taken with the L/F-transferases would 

significantly help to deduce the canonical mechanism of ATE1-catalyzed N-terminal 

arginylation and resolve whether a protein-based or RNA-based mechanism is more likely to 

be operative.

N-Terminal Recognition.

While it is widely accepted that ATE1 arginylates specifically at N-terminal Asp, Glu, and 

oxidized Cys residues, the exact consensus behind recognition of substrate is not well 

understood. Studies identifying proteins arginylated in mouse cells revealed that, as 

expected, arginylation was highly dependent on identity of the first residue of the 

polypeptide, but these experiments also found low specificity around the second residue, 

suggesting the possibility of a secondary or tertiary recognition element.57,73 There are also 

a few instances of arginylation occurring at amino acid residues other than Asp, Glu, and 
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oxidized Cys, though it is unclear how common this occurrence is in vivo.58,73 Overall, 

while there are investigations into specificity of ATE1 and its recognition elements, more 

work is needed to identify the exact rules governing recognition elements that control 

arginylation.

Midchain Arginylation.

The 2005 revelation that ATE1 could catalyze arginylation at side chain carboxylates (Asp 

and Glu residues) within the interior of the polypeptide, a process which was subsequently 

termed midchain arginylation, remains both intriguing and puzzling.74 This first report of 

midchain arginylation used high-resolution mass spectrometry to demonstrate that 

neurotensin—a 13-residue peptide with multiple functional implications, including a link to 

several brain diseases such as schizophrenia, Huntington’s, and Parkinson’s—could be 

arginylated by forming an isopeptide bond with the oligopeptide Glu4 side chain. In follow-

up studies, it was demonstrated that midchain arginylation did indeed take place in vivo, and 

dozens of other key cellular proteins such as β-actin, hemoglobin, tubulin, myosin, and 

several GPCR-associated proteins etc. were found to be midchain arginylated.45,73 More 

recently, a report has demonstrated that midchain arginylation could also occur on α-

synuclein, another major protein linked to neurodegenerative disease.75 These results 

underscore the broad importance and potentially massive intracellular substrate pool of this 

alternative ATE1 catalytic pathway.

Despite this significance, the mechanism of midchain arginylation remains to be determined. 

Undoubtedly, a means for midchain arginylation distinct from N-terminal arginylation must 

exist, and a suggested mechanism has been proposed (Figure 4B).45 In this postulated 

scenario, the Asp/Glu side chain carboxylate would attack the 3′-acyl group of the Arg-

tRNAArg. Facilitated by proton transfer at an active-site catalytic acid, the 3′-OH of the 

tRNA would be released, and an unstable anhydride-like intermediate would be formed. The 

active-site conjugate base could then deprotonate the Arg α amine, which would attack the 

anhydride carbonyl internally, releasing the Arg α carboxylate and forming the isopeptide 

bond. This mechanism is highly speculative and entirely protein-based rather than RNA-

based, but there is some precedent based on other enzymatic acyltransfer reactions.45 

Intriguingly, it has been found that some ATE1 isoforms have higher efficiency toward N-

terminal arginylation, while others are more efficient at midchain arginylation.45,57,73 These 

observations raise the exciting possibility that different ATE1 isoforms may be expressed to 

control the type of arginylation (N-terminal or midchain) in a cellular-specific context. 

However, more work is necessary to understand the mechanism driving this reaction and to 

corroborate the observed differences in activity between the various isoforms.

BIOLOGICAL CONSEQUENCES AND BIOCHEMICAL TARGETS

Despite unknowns regarding the structure and the mechanism of this nonribosomal peptide 

bond formation, multiple lines of evidence clearly demonstrate that ATE1-catalyzed 

arginylation has numerous biological consequences across the eukaryotic domain. While 

many of these effects are mediated by protein degradation via the UPS, there are also 

examples of arginylation affecting a protein’s function or localization, rather than acting as a 
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degradation signal. Consequently, researchers have begun to compile the “arginylome,” a 

compendium of all arginylation targets within an organism.73 However, for a number of 

those proteins, it is not known how arginylation affects its fate. Moreover, for some 

biological processes affected by ATE1, the exact protein target(s) of arginylation remain(s) 

unknown. While much is still to be uncovered about the precise molecular details of these 

arginylated proteins, it is becoming increasingly evident that arginylation is a global 

regulator of most complex organisms, and the biological consequences and biochemical 

targets of arginylation are synopsized briefly below (Figure 5).

Yeast Development.

In 1983, researchers isolated a mutant S. cerevisiae strain defective in arginylation activity.76 

Surprisingly, the ate1 null mutant did not display a phenotype differing greatly from 

wildtype, and this ate1 null strain was still viable.23 However, when ate1 null yeasts were 

exposed to environmental pressures such as oxidative stress, heavy metals, high salt and high 

temperature, the yeast stress response was disrupted.77 These results show that, in yeast, the 

loss of arginylation is not lethal, unlike in higher eukaryotes (vide infra), but the fidelity of 

arginylation is necessary for an adequate stress response in this organism (Figure 5).

Plant Growth Cycle.

In contrast to yeast, ATE1-catalyzed arginylation mediates effects throughout the entire 

growth cycle of plants (Figure 5). The first description of ATE1 function in plants was a 

report in 2002 in which researchers found a delayed leaf senescence mutant (dls1) of A. 
thaliana. In this work, the authors demonstrated that a lack of AtATE1 transcripts, caused by 

an insertion in intron 4 of the ATE1 gene, was linked to the observed phenotype in dls1 

mutants. The manifestation of this phenotype gave rise to three indicators of senescence 

(age-related deterioration): a decrease in chlorophyll content, lowered soluble protein 

content, and a deficiency of photosystem II. Strikingly, all three phenotypes were rescued by 

transient expression of ATE1.53 Double mutants of A. thaliana lacking both arginine 

transferase genes displayed a variety of gross outward changes to the plant, including leaf 

deformities, loss of apical dominance, altered phyllotaxis (leaf arrangement), and internode 

elongation. These major deformities led researchers to conclude that both arginine 

transferase genes play an important role in normal leaf and shoot development.54 

Additionally, ATE1s in plants have been shown to promote seed germination.78 Taken 

together, these observations underscore that ATE1 is a global regulator of plants and their 

development, which is a feature of ATE1 that is also echoed in mammals.

Mammalian Cardiovascular Development and Embryogenesis.

The importance of ATE1-catalyzed arginylation in mammalian cellular homeostasis and 

development has been tested using a number of murine models. One of the first major 

insights into the importance of ATE1 in mammalian cardiovascular maturation was a study 

that showed heterozygous knockout mice of ATE1 displayed no marked difference in 

phenotype from wildtype, while homozygous ATE1 knockouts were embryonically lethal.79 

Careful examination of the homozygous ATE1 knockout embryos uncovered multiple signs 

of aberrant cardiovascular development, such as hemorrhages, ventricular and atrial septal 

defects (holes in the heart tissue), hypoplasia (underdevelopment) of left and right ventricles, 
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and disruption of angiogenic remodeling.79 These physiological consequences were 

connected to perturbations in arginylation of RGS4, RGS5, and RGS16, which are all 

negative regulators of G-proteins that are involved in cardiovascular growth and 

angiogenesis.79,80 These results emphasize the importance of ATE1-catalyzed arginylation 

and cardiovascular development of the embryo.

Since homozygous ATE1 knockout murine models died during gestation, additional models 

were developed to probe the disruptive effects of ATE1 loss post birth. In a conditional 

knockout mouse model, postnatal deletion of ATE1 produced many health issues, 

occasionally culminating in early death. These issues included significant decreases in body 

weight due to a loss of white adipose tissue, enlarged brains leading to behavioral 

abnormalities, increased susceptibility to seizures, rounding of the spine, and infertility.81 

When the biological phenotypes of both the homozygous and conditional ATE1 knockout 

murine models are considered together, these studies confirm the importance of arginylation 

and the Arg N-degron pathway in supporting global cellular homeostasis in mammals.

Mammalian Neurodegeneration.

Arginylation plays a critical role in maintaining the normal physiological functioning of 

significant contributors to neurodegeneration such as α-synuclein (α-syn), β-amyloid, and 

TDP43 proteolytic fragments.82 Thought to act as a chaperone in the controlled release of 

neurotransmitters during synaptic transmission, α-syn is a protein that is localized to 

presynaptic neurons.82,83 When dysregulated, its aggregation and formation of Lewy bodies 

in the brain is believed to be a contributing factor to development of Parkinson’s disease.
75,83 Arginylation of α-syn occurs at two midchain Glu residues, and observations suggest 

that this PTM assists in the regular folding of the protein. Consistent with this hypothesis, 

when α-syn is not arginylated, its early misfolding then leads to its abnormal accumulation, 

contributing to the development of Parkinson’s disease. A similar example of arginylation 

stabilizing a protein is evident in β-amyloid, a cleavage product of the amyloid precursor 

protein, which is widely believed to cause Alzheimer’s disease by forming aggregates in the 

brain known as plaques. β-amyloid has an ordered β-strand in its hydrophobic C-terminal 

domain, while its hydrophilic N-terminal domain can adopt multiple conformations 

depending on its chemical environment. It was shown that β-amyloid was able to be 

arginylated in vitro, and it was speculated that the arginylated β-amyloid preferentially 

adopted the soluble α-helical conformation due to the addition of the charged Arg amino 

acid.46 Aggregation of the TAR DNA-binding protein (TDP43) has implications in 

amyotrophic lateral sclerosis (ALS) and a number of other neuropathies. Distinct from the 

stabilizing mechanisms seen with α-syn and β-amyloid, arginylation of TDP43 protein 

fragments seems to promote its removal by the UPS, preventing plaque formation.84

Links to Cellular Stress and Cancer in Mammals.

Cancer is a complicated group of diseases that can arise through the dysregulation of many 

essential cellular processes, so it is perhaps unsurprising that arginylation is one of those 

cellular processes that can contribute to carcinogenesis. In 2016, ATE1’s link to cancer was 

established when its mRNA levels were demonstrated to be downregulated in certain types 

of kidney and colon cancers.85 Moreover, ATE1 knockdown in mouse fibroblasts drove 

Van and Smith Page 12

ACS Chem Biol. Author manuscript; available in PMC 2021 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



prostate cancer to pro-metastatic phenotypes, such as contact independent growth, loss of 

cell–cell contacts, and an increase in chromosomal aberrations.85 Additionally, ATE1 levels 

have been shown to be inversely correlated with rates of metastasis.85 A molecular 

explanation of such a phenomenon lies in ATE1’s regulation of proteins involved with 

several of the hallmarks of cancer, such as evading apoptosis, insensitivity to antigrowth 

signals, and tissue invasion.77,86 These proteins regulated by ATE1 arginylation include 

calreticulin, which is arginylated and associated with stress granules in a Ca2+-dependent 

manner, and actin, which is important in the cell motility needed for metastasis.44,50,87 

While unlikely to be a cancer panacea, arginylation could be another targetable pathway in 

synergy with existing chemotherapy drugs for a more efficient treatment option. Consistent 

with this notion, there are two studies that have suggested that targeting the Arg N-degron 

pathway can sensitize cancers to certain chemotherapeutics such as bortezomib and 

doxorubicin, both apoptosis-inducing drugs.88,89 Researchers discovered that arginylated 

calreticulin enhanced bortezomib’s effect on tumor cells and that siRNA knockdowns of the 

Arg N-degron pathway-specific ubiquitin ligases amplified the response of cancer cells to 

doxorubicin.88,89 When taken together, these studies indicate that the Arg N-degron pathway 

plays an essential role in apoptosis, a cellular process that is often disrupted in cancerous 

cells.

POTENTIAL REGULATORY MODES

As the Arg N-degron pathway is linked to a number of essential biological processes ranging 

from cardiovascular maturation to chromosomal segregation to the stress response, 

regulation of ATE1 function is likely critical. In the context of the intracellular milieu, ATE1 

has the capacity to encounter many different biological macromolecules, including its target 

substrates, off-target polypeptides, aminoacylated-tRNAs of different kinds, and other 

potential binding partners. Discrimination among the cellular targets of arginylation is 

unlikely to be stochastic; rather, it is anticipated to be exquisitely controlled. In addition to 

regulation at the genetic level via alternative splicing (vida supra), ATE1 is also likely to be 

regulated by interactions with various macromolecules (including partner proteins), 

cofactors, and even small molecules. In this section, we outline what is currently known 

regarding regulatory mechanisms of ATE1s.

Nitric Oxide.

The signaling molecule nitric oxide (NO) regulates a variety of cellular functions through 

both covalent and noncovalent interactions with proteins or protein prosthetic groups.37 The 

covalent attachment of NO to the thiol/thiolate side chain of a Cys residue, a post-

translational modification known as S-nitrosylation, yields protein S-nitrosothiols, which 

may differ from their non-nitrosylated counterparts in conformation, chemistry, or 

interaction capabilities.90 As discussed earlier, the role of NO in the Arg N-degron pathway 

is to transform Cys, a tertiary destabilizing residue in mammalian cells, to a secondary 

destabilizing residue Cys* (either Cys-sulfinic acid or Cys-sulfonic acid), to be recognized 

directly by ATE1. To our knowledge, however, this process does not occur directly through 

S-nitrosylation but rather oxidation via NO, which is likely to be recapitulated in the 

presence of other oxidants. In this way, the Arg N-degron pathway acts as a sensor of NO 
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and, potentially, oxidative stress, which would necessitate the degradation of oxidized (and 

potentially misfolded) polypeptides.37 There may even exist a higher-level cellular 

connection to this effector molecule, as it is well-known that NO is derived from catabolism 

of Arg via nitric oxide synthase (NOS).91 A delicate balance of the intracellular levels of 

free Arg may be linked to the formation of Arg-tRNAArg, its consumption by protein 

translation levels, and its consumption by the Arg N-degron pathway in protein degradation. 

Further work is necessary to decipher the extent of these connections.

Heme.

A 2008 study proposed that the Arg N-degron pathway is a sensor of iron protoporphyrin IX 

(heme b).92 Heme is one of the most versatile cofactors found in biology, with roles ranging 

from catalysis to electron transport to small molecule sensing.93,94 Spectroscopic analysis of 

heme titrated in vitro into purified mouse ATE11B7A suggested a protein–heme interaction, 

and arginylation assays demonstrated inhibition of mouse and yeast ATE1 in a heme-

dependent manner.92 This inhibition was linked to the oxidation of two adjacent Cys 

residues to form a strained disulfide, which could be partially rescued by the addition of β-

mercaptoethanol (a disulfide reducing agent). Heme was also found to interact with yeast 

and mouse UBR1, one of the downstream ubiquitin ligases of the Arg N-degron pathway. 

The study concluded that the Arg N-degron pathway was therefore a sensor of labile 

intracellular heme.

One intriguing aspect of this finding was the observation that heme interacted with the side 

chain of a Cys residue (Cys411 of mouse ATE11B7A). Cys-bound hemoproteins often come 

in two classes: those in which the heme is a catalytic site and those in which the heme is a 

sensory site.93 A catalytic function is wholly unnecessary here, whereas the sensory heme-

Cys (thiolate) proteins often interact with and sense small gaseous molecules, such as carbon 

monoxide (CO), NO, and hydrogen sulfide (H2S). Given that the Arg N-degron pathway is a 

known global sensor of NO,37 it is tempting to speculate that heme in ATE1 is meant to 

sense directly cellular levels of NO. It is possible that the in vitro effects observed by 

oxidized heme to create a Cys–Cys disulfide may be spurious, as it is generally accepted that 

free heme does not exist in the cell under homeostatic conditions. More work on heme-

bound ATE1 would aid in understanding the role of this cofactor in ATE1 function.

Protein Binding Partners.

In addition to being regulated by small molecules and cofactors, ATE1 and the Arg N-

degron pathway may be regulated by protein–protein interactions. The first observation of a 

major ATE1 interacting partner was a 2014 study where the identification of a previously 

uncharacterized mouse protein that bound to ATE1, but was not an arginylation target, was 

reported.95 Termed Liat1 (ligand of ATE1), this small protein (228 residues) was 

demonstrated to interact with ATE1 in yeast-based two-hybrid (Y2H) and 

coimmunoprecipitation (co-IP) assays. Liat1 was shown to modestly increase (ca. 2-fold) the 

N-terminal arginylation efficacy of the four major mouse ATE1 isoforms using recombinant 

mouse dihydrofolate reductase with Asp or Cys at the N-terminus as the acceptor substrate,
95 but the molecular reasoning behind this increase is unknown. Subsequently, a 2016 study 

used mass spectrometry to expand the knowledge of interacting partners of Physocomitrella 
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patens (moss) ATE1.96 Using two immuno-affinity strategies, the authors of this study 

identified numerous new arginylation targets, as well as a small heat shock protein 

(sHP17.2a) that was found to coimmunoprecipitate with ATE1 but was not a target of 

arginylation. In vivo Förster resonance energy transfer (FRET) studies confirmed the 

protein–protein interaction, which is suggested to occur during the normal development of 

moss.96 While the function of this interaction is unknown, it was speculated that sHP17.2a 

may aid in the folding of ATE1 or in arginylation activity.96 The authors did not observe a 

Liat1-ATE1 interaction, as Liat1 appears to be absent from all plants and fungi, such as P. 
patens.

ATE1 binding partners are not limited to single proteins at one time but may include protein 

complexes. A very recent report demonstrated that five human enzymes of the Arg N-degron 

pathway (NTAN1, NTAQ1, UBR1/UBR2, and ATE1) form a targeting complex.97 Through 

a series of orthogonal Y2H and co-IP assays, pairwise interactions of the Nt-amidases, E3 

ligases, and ATE1 were shown to be mutual, and several interactions were recapitulated 

using GST pulldowns of recombinant proteins.97 A similar complex was shown to form 

using the analogous S. cerevisiae enzymes.97 Surprisingly, the authors also ruled out that 

human cytosolic arginine synthetase bound to ATE1.97 The authors rationalized these 

interactions through a concept termed superchanneling, in which Arg N-degron substrates 

bearing Asn/Gln as tertiary destabilizing residues would be processed more efficiently by 

direct handoff from Nt-amidase (converting tertiary to secondary destabilizing residues via 

deamidation) to ATE1 (converting secondary to primary destabilizing residues via 

arginylation) to Ub ligase (to ubiquitinate the substrate polypeptide), bypassing dissociation 

and relocation throughout the cell. This postulate is both very logical and parsimonious, and 

analogous complexes has been observed for other metabolic processes.98,99

tRNA Levels.

Finally, regulation of ATE1 may be accomplished by interaction with either intact or 

fragmented tRNA. As demonstrated, tRNAArg and its five isoacceptors function as the Arg 

donor for ATE1-catalyzed arginylation, and depletion of either tRNAArg, or the requisite Arg 

tRNA synthetase, has a negative impact on arginylation efficacy. However, this biomolecule 

is not the only Arg donor that exists in the cell. A very recent study has shown that tRNA-

derived fragments (tRFs) may also function as Arg donors for protein arginylation.100 tRFs 

are typically small, noncoding RNAs with several biological roles, and the authors explored 

the ability of ATE1 to use these fragmented RNAs for arginylation. Using mass 

spectrometry, it was shown that the Arg-charged stem-like fragments could function as Arg 

donors to arginylate angiotensin II.100 Intriguingly, the deletion of ATE1 decreased the 

cellular abundance of tRFArgs, suggesting a potential interaction between the machinery that 

creates tRFs and ATE1.100 The structural basis for the interaction between ATE1 and any 

tRNA molecule, intact or fragmented, remains unknown.

OUTLOOK

In this work, we have outlined the current research on the essential functions and roles of 

ATE1, as well as potential modes of action based on its relation to other homologues, but 

Van and Smith Page 15

ACS Chem Biol. Author manuscript; available in PMC 2021 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



many questions remain to be answered. Major missing pieces to the ATE1 puzzle include 

both its tertiary and oligomeric structures. Determination of an ATE1 three-dimensional 

structure would provide clues to its interactions with the aminoacyl-tRNA as well as the 

diverse pool of substrate proteins that are arginylated. A structure would also provide clues 

as to the mechanism of arginylation, and whether or not the mechanism resembles a protein-

based peptide bond formation or an RNA-based peptide bond formation. Furthermore, with 

ATE1 essential to so many different biological processes, it is imperative that we understand 

how this enzyme is regulated, what cofactors are necessary to its function, and whether 

binding partners can direct its specificity. These are important avenues of future research 

that will shed light onto an underappreciated but essential PTM.
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ABBREVIATIONS

ATE1 arginyl-tRNA transferase

α-syn α-synuclein

co-IP coimmunoprecipitation

dls1 delayed leaf senescence mutant

GNAT Gcn5-related N-acetyl transferase

HECT homologous to the E6AP carboxy-terminus

Liat1 ligand of ATE1

NO nitric oxide

Nt N-terminal

NTAN N-terminal Asn amidohydrolase

NTAQ N-terminal Gln amidohydrolase

PTM post-translational modification

rA-Phe phenylalanyl adenosine

RING really interesting new gene

TDP43 TAR DNA-binding protein

tRNA transfer ribonucleic acid

Ub ubiquitin

UPS ubiquitin proteasome system

Y2H yeast-based two hybrid
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Figure 1. 
Cartoon depiction of ATE1-mediated post-translational arginylation. Arginyl-tRNA 

transferases (ATE1; lavender) catalyze the energy-independent transfer of the amino acid 

Arg (R, green circle) from an aminoacylated tRNA (gray) to an acceptor protein (rainbow 

colored from blue to red, N-terminus to C-terminus, respectively). The process of 

arginylation occurs most frequently at the N-terminus of a polypeptide, although more 

recent studies have shown that internal (midchain) arginylation is also possible.
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Figure 2. 
Cartoon schematic of the Arg N-degron pathway. (a) The hierarchical nature of the Arg N-

degron pathway. Tertiary destabilizing residues (red circles) are first either enzymatically 

deamidated (N or Q) or oxidized (C) to become secondary destabilizing residues (yellow 

circles). Secondary destabilizing residues (D, E, and oxidized C, denoted C*) are directly 

recognized by ATE1s, which catalyze the process of arginylation, the nonribosomal 

conjugation of Arg to a target polypeptide, resulting in the transfer of a primary destabilizing 

residue (green circles). (b) Arginylation primes a protein substrate for proteolysis. After 

arginylation, the primary destabilizing residue R (green circle) is recognized by cellular N-

recognins, E3 ligases of the ubiquitin-proteasome pathway that ubiquitinate (orange circles) 

proteins for subsequent proteasomal degradation.
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Figure 3. 
GNAT folds of the FemABX enzymes and the aminoacyl tRNA transferases. The left-hand 

column depicts a cartoon representation of each protein, with domains that contain the 

GNAT fold colored with a blue-yellow gradient. The right-hand column contains ribbon 

depictions of the three-dimensional structures (if known). The α-helices and β-strands 

comprising the GNAT fold are colored blue and yellow, respectively. For clarity, only one of 

the GNAT folds is colored in the FemABX structures. PDB IDs are as follows: L/F 
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transferase (2DPS); Weissella viridescens FemX (1P4N); and Staphylococcus aureus FemA 

(1LRZ). Notable is the lack of any three-dimensional structure of an ATE1 (R-transferase).
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Figure 4. 
Cartoon depiction of the proposed mechanism of ATE1-catalyzed arginylation. (a) The 

canonical ATE1-catalyzed N-terminal arginylation reaction involves the transfer of Arg from 

the aminoacylated Arg-tRNAArg to the N terminus of the acceptor substrate to form a 

peptide bond in a nonribosomal manner. The inferred mechanism for this process involves 

nucleophilic attack of the 3′-acyl group by the N-terminal amino group, with subsequent 

release of the unmodified tRNAArg and the arginylated substrate. (b) An alternative ATE1-

catalyzed reaction involves the transfer of Arg from the aminoacylated Arg-tRNAArg to the 

internal Asp/Glu side chain of the acceptor substrate to form an isopeptide bond in a 

nonribosomal manner. The postulated mechanism for this process involves the attack of the 

Arg-tRNAArg 3′-acyl group by the Asp/Glu carboxylate side chain, proton transfer at an 

active-site catalytic acid, release of the 3′-OH of the tRNA, and the formation of an unstable 

anhydride-like intermediate. The active-site conjugate base could then deprotonate the Arg α 
amine, attacking the anhydride carbonyl internally, releasing the Arg α carboxylate, and 

forming the isopeptide bond. In both panels, ATE1 is represented as the lavender shape, 
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tRNAArg is represented as the gray shape, and the acceptor substrate protein is represented 

as the blue shape.
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Figure 5. 
ATE1 regulates a variety of biological processes across all eukaryotic organisms. In yeast 

(pink circle), ATE1 has a clear link to environmental stress. In plants (yellow circle), the 

lack of ATE1 affects germination, development, and senescence. In mammals (blue circle), 

the fidelity of post-translational arginylation is linked to general cellular homeostasis, with 

studies having demonstrated ATE1’s involvement in cardiovascular development, 

neurological functioning, the stress response, motility, muscle contraction, and cellular 

regeneration. Proteins that have been shown, or are surmised, to be arginylated by ATE1 are 

indicated in italics.
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