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N-degron pathways are proteolytic systems that target proteins bearing N-terminal
(Nt) degradation signals (degrons) called N-degrons. Nt-Arg of a protein is among
Nt-residues that can be recognized as destabilizing ones by the Arg/N-degron pathway.
A proteolytic cleavage of a protein can generate Arg at the N terminus of a resulting
C-terminal (Ct) fragment either directly or after Nt-arginylation of that Ct-fragment by
the Atel arginyl-tRNA-protein transferase (R-transferase), which uses Arg-tRNAA'g
as a cosubstrate. Atel can Ntarginylate Nt-Asp, Nt-Glu, and oxidized Nt-Cys*
(Cys-sulfinate or Cys-sulfonate) of proteins or short peptides. Atel genes of fungi, ani-
mals, and plants have been cloned decades ago, but a three-dimensional structure of
Atel remained unknown. A detailed mechanism of arginylation is unknown as well.
We describe here the crystal structure of the Atel R-transferase from the budding yeast
Kluyveromyces lactis. The 58-kDa R-transferase comprises two domains that recognize,
together, an acidic Nt-residue of an acceptor substrate, the Arg residue of Arg—tRNAA'g,
and a 3'-proximal segment of the tRNA™*® moiety. The enzyme’s active site is located,
at least in part, between the two domains. In vitro and in vivo arginylation assays with
site-directed Ate]l mutants that were suggested by structural results yielded inferences
about specific binding sites of Atel. We also analyzed the inhibition of Nt-arginylation
activity of Atel by hemin (Fe’*-heme), and found that hemin induced the previously
undescribed disulfide-mediated oligomerization of Atel. Together, these results advance
the understanding of R-transferase and the Arg/N-degron pathway.
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The ubiquitin (Ub)-proteasome system (UPS) covalently conjugates Ub, a 76-residue
protein, to other intracellular proteins and thereby mediates, in particular, the processive
degradation of ubiquitylated proteins by the 26S proteasome (1-11). In eukaryotes, pro-
teolytic systems called N-degron pathways are a part of the UPS (12). Prior to 2019,
N-degron pathways were called “N-end rule pathways” (12).

Different N-degron pathways have in common their ability to recognize proteins
that contain N-terminal (Nt) degradation signals (degrons) called N-degrons. This rec-
ognition causes degradation of the targeted proteins by the 26S proteasome and
autophagy in eukaryotes and by the proteasome-like CIpAP protease in bacteria (S/
Appendix, Fig. S1). A eukaryotic N-degron comprises, in particular, a destabilizing
Nt-residue of a protein and its internal Lys residue(s) that act as a site of polyubiquity-
lation. All 20 amino acids of the genetic code can function, in cognate sequence con-
texts, as destabilizing Nt-residues targeted by distinct N-degron pathways (S Appendix,
Fig. S1) (12-16).

Eukaryotes contain the Arg/N-degron pathway (it recognizes, in particular, specific
unacetylated Nt-residues); the Ac/N-degron pathway (it recognizes, in particular, the
N*-terminally acetylated [Nt-acetylated] Nt-residues); the Pro/N-degron pathway (it
recognizes, in particular, the Nt-Pro residue); the Gly/N-degron pathway (it recognizes
unmodified Nt-Gly); and the fMet/N-degron pathway (it recognizes Nt-formylated
proteins) (SI Appendix, Fig. S1) (12-67).

Initially, most N-degrons are cryptic (preN-degrons). Nearly all Ne-residues that can
be recognized by the Arg/N-degron pathway (Fig. 14 and SI Appendix, Fig. S1G) cannot
be exposed at the N-termini of nascent proteins by Met-aminopeptidases (MetAPs),
since the initially present Nt-Met would not be cleaved off by MetAPs if the second resi-
due, to become N-terminal after the cleavage, is larger than Val (68). However, a multi-
tude of nonprocessive intracellular proteases—including caspases, calpains, separases, and
non-MetAP aminopeptidases—can function as components of N-degron pathways by
mediating cleavages of specific proteins that produce C-terminal (Ct) fragments bearing
destabilizing Nt-residues (20, 34, 36, 62, 69, 70). Active N-degrons can also be formed
through the enzymatic Nt-deamidation, Nt-oxidation, Nt-arginylation, Nt-acetylation,
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N-degron pathways target
proteins for degradation by
recognizing their N-terminal
residues. A destabilizing
N-terminal Arg residue can be
generated by a proteolytic
cleavage of a protein either
directly or after N-terminal
arginylation of the resulting
C-terminal fragment by the Ate1
arginyl-tRNA-protein transferase
(R-transferase). A three-
dimensional structure of Ate1 is
unknown. We describe here the
crystal structure of the Ate1
R-transferase from the yeast
Kluyveromyces lactis. We also
describe results of enzymatic and
functional assays with wild-type
Ate1 and its mutants to address
specific structural findings. These
and related results advance the
understanding of R-transferase
and the Arg/N-degron pathway.

Author affiliations: “Department of Life Sciences, Korea
University, Seoul 02841, South Korea; °Department
of Life Sciences, Pohang University of Science and
Technology, Pohang 37673, South Korea; and “Division
of Biology and Biological Engineering, California Institute
of Technology, Pasadena, CA91125

Author contributions: B.H.K., M.K.K., and H.K.S. designed
research; B.HK., M.KK, SJ.O., KT.N,, JHK., and C-S.H.
performed research; B.H.K, M.KK., SJ.O., KT.N,, JHK,
AV, C-S.H, and HKS. analyzed data; and AV. and
H.K.S. wrote the paper.

Reviewers: U.H., Max Planck Institute of Biochemistry;
and W.T., Vanderbilt University.

The authors declare no competing interest.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"B.H.K. and M.K.K. contributed equally to this work.

2To whom correspondence may be addressed. Email:
avarsh@caltech.edu or hksong@korea.ac.kr.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2209597119/-/DCSupplemental.

Published July 25, 2022.

10f 11


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
https://orcid.org/0000-0002-4011-258X
https://orcid.org/0000-0001-5684-4059
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:avarsh@caltech.edu
mailto:hksong@korea.ac.kr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209597119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2209597119&domain=pdf&date_stamp=2022-07-23

A The S. cerevisiae Arg/N-degron pathway
Ufd4-Ubc4/5

tertiary secondary primary _

proteasome

N-© Nta1 N
Nt-amidase [ Atel
Rad6 \yprq
N-recognin  Ntal short
7~ Ppeptides

non-N-degrons:
Cup9, Mgt1, Chk1...

positive

negative

Fig. 1. The S. cerevisiae Arg/N-degron pathway and the 3D structure of K. lactis kIAte1 R-transferase. (A) The Arg/N-degron pathway (12, 49). Nt-residues are
denoted by single-letter abbreviations. Yellow ovals denote the rest of a protein substrate. “Primary,” “secondary,” and “tertiary” refer to distinct classes of
destabilizing Nt-residues. “1” and “2" on the right denote two sets of Nt-residues that are recognized by two distinct binding sites of the Ubr1 E3. The latter
contains additional binding sites that can target not only N-degrons but also other degrons in proteins that lack N-degrons, including Cup9, Mgt1, and Chk1
(19, 48, 77, 107). Three-dimensional structures of the 52-kDa Nta1l Nt-amidase (32), the 58-kDa Ate1 R-transferase (its 3D structure was determined in the
present study), and the 225-kDa Ubr1 E3 N-recognin (18) are shown as well (not to scale, because of a much larger size of Ubr1). Orange (Nta1) and blue (Ate1)
colors denote strongly conserved parts of these enzymes, whose N and C termini are also marked. A multiprotein diagram on the upper right depicts the previ-
ously characterized multienzyme targeting complex of the yeast Arg/N-degron pathway (49). See first section of the article for additional references. (B) Ribbon
diagrams of the 3D structure of k/Ate1. The conserved motifs A to D of the GNAT-fold are in green, yellow, magenta, and cyan, respectively. Yet another region
of GNAT, in orange, is less conserved than the A to D motifs. The positively charged o3 a-helix, conserved among aminoacyltransferases, is in blue. Lys304, a
highly conserved residue of the inferred kl/Ate1 active site, is indicated by an arrow in both 3D orientations. (C) Electrostatic potential surface of klAte1,
with negatively and positively charged regions in red and blue, respectively. (D) A surface map of sequence conservation in k/Ate1 vis-a-vis its sequelogs (81),
produced using the OrthoDB database (108). Note a much higher evolutionary conservation of residues near the inferred active site of klAte1.
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Nt-leucylation, and Nt-formylation of specific proteins or their
natural Ce-fragments (Fig. 14 and ST Appendix, Fig. S1).

The remarkably broad functions of N-degron pathways
include a selective degradation of misfolded and retrotrans-
located proteins; the sensing of small compounds, such as
oxygen, nitric oxide (NO), heme, and short peptides; the regu-
lation of DNA transcription, replication, repair, and chromo-
some cohesion/segregation; the regulation of peptide transport,
meiosis, chaperones, cytoskeletal proteins, gluconeogenesis,
autophagy, apoptosis, immunity and inflammation, cardiovas-
cular development, neurogenesis, spermatogenesis, and circa-
dian rhythms; diverse involvements in diseases, such as cancer,
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neurodegeneration, and defects of immunity; a variety of roles
in bacteria; and specific functions in plants, including seed ger-
mination and oxygen/NO sensing (refs. 12-67 and references
therein).

The recognition components of N-degron pathways, called
N-recognins, are E3 Ub ligases or other proteins that can recog-
nize N-degrons, such as mammalian SQSTM1/p62 (a regulator
of autophagy) and bacterial ClpS (a ligand of the CIpAP prote-
ase) (12, 18, 56-59, 63, 71). The extensively characterized
Arg/N-degron pathway, the subject of the present study, was the
first N-degron system and the first specific pathway of UPS to be
discovered (Fig. 1A and SI Appendix, Fig. S1G) (12, 13, 18).

pnas.org
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In the yeast Saccharomyces cerevisiae, Ubrl, an E3 Ub ligase,
is the N-recognin of the Arg/N-degron pathway. Unmodified
N-terminal Arg, Lys, His, Leu, Phe, Tyr, Trp, Ile, and Met (if
Met is followed by a bulky hydrophobic residue) are “primary”
destabilizing residues in that they can be directly bound by
Ubrl (Fig. 14) (12, 18, 30, 31). In contrast, Nt-Asp and
Nt-Glu are “secondary” destabilizing residues, in that they can
be Ntarginylated by the Atel Arg-tRNA-protein transferase
(arginyltransferase or R-transferase), a nuclear/cytosolic enzyme
that is present in all examined eukaryotes but is absent in bacte-
ria. The resulting (conjugated) Nt-Arg can be bound by Ubrl.
R-transferase can also Nt-arginylate an oxidized Nt-Cys* resi-
due (Nt-Cys-sulfinate or Nt-Cys-sulfonate) of proteins or short
peptides. Oxidized Nt-Cys* can form at least in some
Nt-Cys—bearing proteins of multicellular eukaryotes (but appar-
ently not in unstressed S. cerevisiae) through enzymatic reac-
tions that involve oxygen/NO (22, 26, 52, 64, 67, 72).

Nt-Asn and Nt-Gln are “tertiary” destabilizing residues in
that they can be deamidated by the S. cerevisize Nrtal
Nt-amidase, yielding Nt-arginylatable Nt-Asp and N¢-Glu (Fig.
14) (32, 73). Multicellular eukaryotes lack the dual-specificity
yeast Ntal but contain the Nt-Asn—specific Ntan] Nt-amidase
and the Nt-Gln—specific NtNt-amidase (12, 74-76). The Ubrl
E3 N-recognin contains binding sites that can target not only
N-degrons but also other degrons in proteins that lack
N-degrons (12, 19, 48, 77). In S. cerevisiae, Ubrl is the sole
N-recognin of the Arg/N-degron pathway. The 225-kDa Ubrl
E3 binds to its cognate Ub-conjugating (E2) enzyme Rad6,
and functions as a part of a double-E3 complex that also con-
tains the Ntal Nt-amidase, the Atel R-transferase, and the
168-kDa Ufd4 E3 bound to its E2 enzyme (Ubc4 or Ubc5).
Ufd4 E3 is not an N-recognin (Fig. 14) (49, 78, 79).

The 58-kDa Atel R-transferase uses Arg-tRNA™® as a
cosubstrate for Nt-arginylation of proteins or short peptides
(Fig. 1A4). A single gene encodes R-transferase in both S. cerevi-
siae and mammals (21, 80). In plants, Atel is encoded by two
sequelogous (similar in sequence) (81) genes (82). A number of
physiological Atel substrates were either identified or inferred
over the last decades (12, 26). R-transferase-lacking azelA
S. cerevisine mutants are viable and not obviously abnormal
(80). In contrast, a deletion of mouse Azel results in a midges-
tation embryonic lethality (22). If mouse Atel is deleted condi-
tionally, in adulthood, a significant fraction of adult azelA
mice die, while surviving aze/A mice exhibit a variety of abnor-
mal phenotypes (83).

At least in mammals, some (possibly most) proteins that are
Nt-arginylated by R-transferase can be recognized not only by
N-recognin E3 Ub ligases of the mammalian Arg/N-degron path-
way but also by the p62 N-recognin, a regulator of autophagy
(63, 84, 85). Thus, physiological substrates of the Arg/N-degron
pathway can be destroyed not only by the 26S proteasome but
also through autophagy. The partitioning of Arg/N-degron sub-
strates between these proteolytic routes is a function of specific
substrates and physiological states of a cell.

An earlier study described the inhibition of Nt-arginylation
activity of both S. cerevisiae and mouse Atel R-transferases by
hemin (Fe*?>-heme) (53). The in vivo levels of R-transferase in
mouse cells were decreased upon the addition of hemin to a
growth medium, apparently through an accelerated degradation
of R-transferase (53).

Atel genes of fungj, animals and plants have been cloned decades
ago (21, 80, 82), but a three-dimensional (3D) structure of
Atel remained unknown. A detailed mechanism of Ne-arginylation
is unknown as well. We describe here the crystal structure of
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klAtel, the Atel R-transferase of Kluyveromyces lactis, a thermo-
stable budding yeast. R-transferase is shown to comprise two spa-
tial domains that recognize, together, an acidic Nt-residue of an
acceptor substrate, the basic Arg residue of the Arg—tRNA Arg
cosubstrate, and a 3’-proximal segment of t(RNAM® in Arg-
tRNA™S, The active site of k/Atel is located, at least in part,
between the two domains. Arginylation assays with site-directed
klAtel mutants that were suggested by structural results yielded
inferences about specific binding sites of Atel. We also show
that the inhibition of A/Atel arginylation activity by hemin
(Fe’*-heme) induces the previously undescribed disulfide-mediated
oligomerization of Atel.

Results and Discussion

Crystal Structure of k/IAte1. We used the LC3B-fusion tech-
nique (86) to construct klAte]l DNA plasmids that expressed
EVAA-k/Atel and DVAA-k/Atel. The Nt-EVAA and Nt
DVAA extensions contained the arginylatable Nt-residues
Asp (D) or Glu (E). Purified EVAA-k/Ate]l and DVAA-A/Atel
were successfully crystallized in the space groups P432,2 and
P2,2,2,, and the structures were determined at 1.8- and 2.2-A
resolution, respectively (Figs. 1B-D, 24, B, E, and F, 34
and B, and SI Appendix, Figs. S2 and S3, and Table S1). In
solution, all forms of analyzed #/Atel were monomeric pro-
teins, as indicated by gel filtration profiles of purified k/Atel
(Fig. 44 and B and SI Appendix, Fig. S8D). Contrary to the
(hoped for) possibility that the four-residue Nt-EVAA or the
Nt-DVAA extension might interact, in k/Atel crystals, with a
substrate-binding site of an adjacent k/Atel molecule, these
extensions were disordered (not observed) in any of the solved
crystal structures of k/Atel.

The 3D structure of the 503-residue untagged k/Atel com-
prises two (not clearly separated) domains, termed ATE_N and
ATE_C (Fig. 1B-D and SI Appendix, Fig. S3). ATE_N com-
prises the evolutionarily conserved residues 1 to 109 plus a
Ct-region of klAtel (residues 286 to 503; the residue numbers
are of untagged k/Atel.) The ATE_C domain comprises the
evolutionarily conserved residues 110 to 285 (Fig. 18-D and
SI Appendix, Figs. S3 and S4).

A distinct feature of the #/Atel ATE_N domain is a C4-type
metal-binding zinc-finger motif. It comprises four Cys residues
(Cys23, Cys26, Cys95, and Cys96) that coordinate with a
Zn** ion (see below for details) (ST Appendix, Fig. S2B). The
zinc-finger motif is located near the putative active-site cleft
and is likely to contribute to its structural integrity (Fig. 14
and Cand SI Appendix, Fig. S2B).

The ATE_C domain contains a GCN5-related MN-acetyltrans-
ferase (GNAT)-fold, which comprises eight antiparallel B-sheets
and four o-helices (Fig. 1B and SI Appendix, Figs. S2A4, S5, and
S6). GNAT-folds are present in enzymes that catalyze the acetyl
group transfer to a primary amine of a target protein (87).
GNAT-folds are also present in bacterial aminoacyl-tRNA trans-
ferases, such as FemX; in the alanyl-phosphatidylglycerol synthase
(A-PGS), in the lysyl-phosphatidylglycerol synthase (L-PGS), and
in the bacterial Leu/Phe-tRNA-protein transferase (L/F-transferase,
a component of the Leu/N-degron pathway) (S/ Appendix, Fig.
S1D), all of which use aminoacyl-tRNAs to mediate nonribosomal
peptide bond formation (88-92) (81 Appendix, Figs. S5 and S6).

GNAT-folds comprise four evolutionarily conserved motifs
A, B, C, and D (92). In acetyltransferases, the A-motif func-
tions in the binding of a GNAT-fold to acetyl-CoA, the cosub-
strate. In the structure of £/Atel, the motifs A and B of the
ATE_C domain form (together with the ATE_N domain) a
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Fig. 2. Arginylation activity of k/Ate1 mutants. (4) The pocket of k/Ate1 and its residues comprising the inferred site that recognizes an acceptor substrate.
A ribbon diagram is on the left and the electrostatic potential surface of the same region is on the right, with negatively and positively charged regions in red
and blue, respectively. () The same region as in A, but in a different orientation. (C) Results of arginylation assays with L-['4C]-Arg, with 13-residue test peptides
bearing either Nt-Asp (D-p) or Nt-Glu (E-p), and with purified wild-type k/Ate1 versus its site-directed mutants at position 80 (Arg80). (D) Same as in C but with
wild-type k/Ate1 versus its mutants at positions 25 and 87 (Tyr25, Tyr87). () The region and residues of kIAte1 which comprise the inferred site that recognizes
the Arg residue of the Arg-tRNA”"® cosubstrate, with a ribbon diagram on the left and the electrostatic potential surface of the same region on the right.
(F) Same region as in E but in a different orientation. (G) Same as in C but with wild-type k/Ate1 versus its mutants at position 277 (Glu277). (H) Same as in C but
with wild-type k/Ate1 versus its mutants at position 304 (Lys304). As indicated on the y axis, measured '“C-dpm (disintigrations per minute) ranged from 0 to
more than 150,000 dpm. See Results and Discussion and SI Appendlix, Table S2 for the values of k., and K., determined through the use of these assays.

cleft containing two pockets (Fig. 3E and SI Appendix, Figs.
S$3-S6). The first pocket is located between the A-motif and
the ATE_N domain. The second pocket is located at the inter-
face between the motifs A and B in the ATE_C domain (Fig.
1B-D and SI Appendix, Fig. S3).

The first pocket contains positively charged residues (Figs.
1C and 24 and B), suggesting the binding of this pocket to
acceptor substrates, which contain the negatively charged
Nt-Asp, Nt-Glu, or oxidized Nt-Cys* residues (Fig. 1A4). The
second pocket is largely negatively charged (save for a positively
charged region in the pocket’s upper part), suggesting the bind-
ing of the second pocket to the Arg moiety of Arg-tRNA™SE,
the cosubstrate of k/Atel (Figs. 1C and 2E and F). The sequen-
ces of both pockets as well as corresponding charge distribu-
tions are highly conserved in Atel R-transferases of different
eukaryotes (Fig. 1D and SI Appendix, Fig. S4). Together, these
findings strongly suggested that the active site of AlAtel is
located, at least in part, in the cleft formed by the two pockets
(Figs. 1Cand D and 3E).

Structural Comparisons of Ate1 with Enzymes That Share an

Atel-Like Catalytic Mechanism. Only the ATE_C domain of
klAtel exhibited significant 3D similarities [searches using the

https://doi.org/10.1073/pnas.2209597119

DALI server (93)] to other proteins that are a part of the
GNAT superfamily (87 Appendix, Figs. S5 and S6). We focused
on aminoacyltransferases, which use aminoacyl-tRNAs as their
donor cosubstrates, specifically L-PGS (PDB ID code 4V36,
Z = 9.8 [Z is a spatial similarity score]) (90); A-PGS (PDB ID
code 4V34, Z = 9.6) (90); FemX (UDP-N-acetylmuramoyl-
pentapeptide-lysine N(6)-alanyltransferase; PDB ID code 4119,
Z = 8.7) (88); and the Aat L/F-transferase (PDB ID code
273N, Z = 6.8) (89) (SI Appendix, Fig. S6). GNAT-folds of
these enzymes function as substrate-recognizing domains.

Our further analyses identified yet another feature in common
between the above proteins and the 3D structure of the k/Atel
R-transferase: the positively charged residues of the a3 helix of
klAtel are conserved in all of the above-cited enzymes (S/
Appendix, Figs. S5 and S6), but are absent in other enzymes that
also contain GNAT-folds (92). In A-PGS and L-PGS, the o3
helix is known to interact with the tRNA moiety of an aminoacyl-
tRNA (90). This fact suggested the involvement of the a3 helix of
klAtel in the transfer of Arg from Arg-tRNA™E. Specifically, it
suggested, by analogy with the cited enzymes (90), the binding of
the positively charged a3 helix of 4#/Atel to the negatively charged
tRNA™® moiety of Arg-t(RNA™® through electrostatic interactions
between the a3 helix and tRNA phosphates (Fig. 3E).

pnas.org
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Fig. 3. Arginylation assays and a model of the ternary complex of k/Ate1 with a substrate and cosubstrate. (A) The conserved, positively charged o3 helix of
kiAte1 that binds to a 3'-proximal segment of tRNA”E in Arg-tRNA“®, (B) The conserved region near the one in A that also plays a role in the binding of
kIAte1 to a 3'-proximal segment of tRNA*8 (Results and Discussion). (C) Arginylation assays (see also Fig. 2C, D, G, and H) with wild-type k/Ate1 versus its indi-
cated mutants. (D) Same as in C but with wild-type k/Ate1 versus its H178A and Y303F mutants. () A working model of the ternary complex of k/Ate1 with an
acidic Nt-residue-bearing protein substrate (in light blue) and the cosubstrate Arg-tRNA*"8 on the right (Results and Discussion).

An earlier study (94) pointed out a similarity between the
Atel R-transferase and enzymes of the FemABX family that
mediate the biosynthesis of bacterial peptidoglycans and use an
aminoacyl-tRNA as a donor cosubstrate for the transfer of spe-
cific amino acid residues to UDP-MurNAc-peptapeptide (95).
In FemX of the bacterium Weissella viridescens, Lys305 is a key
catalytic residue whose positively charged e-amino group inter-
acts with the negatively charged carbonyl oxygen of L-alanine
(Ala) that is formed through the nucleophilic attack of UDP-
MurNAc-pentapeptide (88).

This functionally essential lysine of W. viridescens FemX is
strictly conserved in Atel R-transferases of different eukaryotes
(SI Appendix, Figs. S5 and S6). Superpositions of the 3D struc-
tures of AAtel and the above aminoacyl-tRNA transferases,
including FemX, revealed that the placement and 3D geometry
of Lys304 in klAtel are similar to these parameters for the
relevant Lys residues in other aminoacyl-tRNA transferases
(Lys813 in L-PGS, Lys840 in A-PGS, and Lys305 in FemX)
(ST Appendix, Fig. S6). Specifically, Lys304 of the k/Atel
R-transferase forms a hydrogen bond with the main-chain car-
bonyl group of Leu291 and Tyr293 (SI Appendix, Fig. SGF).
These facts and the strict evolutionary conservation of Lys304
among Atel R-transferases strongly suggested that A/Atel
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catalyzes the transfer of Arg from Arg-tRNA™® owing in part to
stabilization of a critical reaction intermediate by the e-amino
group of Lys304.

Through surveys of sequelogies (sequence similarities) (81)
among Atel R-transferases and through surveys of 3D struc-
tures of the above-mentioned aminoacyltransferases, we focused
on three distinct 3D parts of the k/Atel R-transferase (Fig.
1B-D) as regions likely to mediate the following functions: the
recognition of an acidic Nt-residue of an acceptor substrate; the
transfer of the Arg residue from Arg-tRNA™S to the acceptor
substrate; and the binding of k/Atel to the tRNA*® moiety of
Arg-tRNAME,

Recognition of an Acidic Residue of an Acceptor Substrate.
Atel arginylates Nt-Asp, Nt-Glu, and oxidized Nt-Cys* of pro-
teins or short peptides (Fig. 14) (12, 17, 21, 80). Key recogni-
tion determinants of a cognate Atel substrate are its o-amino
group and an acidic side chain of Nt-residue. For reasons
described above, it was likely that a specific pocket in the
ATE_N domain of k/Atel recognizes an acidic Nt-residue of a
substrate, given both the pocket’s positive charge and its high
evolutionary conservation not only among Atel R-transferases
but also in functional analogs (and sequelogs) of Atel such as
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Fig. 4. Hemin-dependent oligomerization of k/Ate1. (A) Gel filtration of purified k/Ate1 as a function of hemin concentration. The levels of kIAte1 were deter-
mined using Bradford assay. (B) Same as in A but with detection using absorbtion at 280 nm (blue and dark green curves) or at the hemin-specific Soret
wavelength of 372 nm. Green curve: k/Ate1 in the absence of added hemin. Blue (Ayg0) and red (As72) curves: k/Ate1 in the presence of hemin at the 20-fold
molar excess over klAte1. (C) Nonreducing SDS/PAGE of klAte1 in the absence of hemin. (D) Same as in C but the 20-fold molar excess of hemin. (E) Same as

in D, but reducing SDS/PAGE. See also S/ Appendix, Fig. S9.

the Bpt Leu-tRNALeu—protein transferase (L-transferase) (S/
Appendix, Fig. S5). Bpt is a component of the bacterial Leu/
N-degron pathway that recognizes, similarly to Atel, an acidic
Nt-residue, but (in contrast to Atel) conjugates Leu, not Arg,
to the N termini of acceptor substrates (S/ Appendix, Figs. S1D
and S5) (66). The conjecture about recognition, by a positively
charged A/Atel pocket, of a substrate’s acidic Nt-residue was
also consistent with a low sequence conservation of positive res-
idues in the analogous regions of aminoacyltransferases that do
not recognize acidic Nt-residues (S Appendix, Fig. S5).

To address the significance of the positively charged pocket
(Figs. 1Cand 24 and B), we employed site-directed mutagenesis
and in vitro arginylation assays with wild-type A/Atel and
its mutants within the pocket, using otherwise identical
Ct-biotinylated 13-residue peptides bearing Nt-Asp or Nt-Glu
as Atel substrates (Fig. 2C and D). A charge-reversing R8OE
mutation within the pocket completely abolished the
Nt-arginylation activity of klAtel. However, and tellingly,
the R80K mutation, which partially retained the positive
charge, yielded a mutant enzyme with a low but detectable
Nt-arginylation activity (Fig. 2C). Thus, a positive charge of a
residue at position 80 is essential for the activity of £/Atel, most
likely because of its role in the binding of substrates that bear
an acidic (Asp or Glu) Nt-residue (Fig. 14 and C and Fig.
2A-D, and SI Appendix, Table S2).

Tyr25 and Tyr87 are highly conserved Atel residues (S/
Appendix, Fig. S4). They are a part of the surface that abuts the
positively charged pocket of k/Atel (Fig. 24 and B). To address
the relevance of that surface to the activity of klAtel, we used
arginylation assays to compare wild-type k/Atel with its Y25F
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and Y87F mutants (Fig. 2D and SI Appendix, Table S2). The
Y25F conversion (i.e., the loss of the hydroxyl group of Tyr) led
to the nearly complete abrogation of arginylation activity with
the Nt-Glu-peptide substrate, and to a smaller (but still major)
decrease of activity with the Nt-Asp-peptide (Fig. 2D). The
Y87F mutation had a detectable but much weaker effect, in that
the activity of k/Atel-Y87F was essentally identical to that of
wild-type klAtel with the Nt-Asp-peptide but was significantly
lower than wild-type activity with the Nt-Glu-peptide (Fig. 2.D).

We also used fluorescence polarization assays to measure
physical affinity of purified wild-type k/Atel and its single-
residue mutants to fluorescently Ct-labeled six-residue peptides
bearing Nt-Asp, Nt-Glu, or other Nt-residues. However, no
significant binding could be detected, indicating a Kj larger
than at least 0.1 mM and suggesting that a higher-affinity inter-
action between wild-type k/Atel and an acceptor substrate
would requlre, in addition, the presence and binding of the
Arg-tRNAM® cosubstrate.

In addition, we examined A/Atel and its mutants by expressing
them in S. cerevisiae that lacked the endogenous scAtel, the endog-
enous scUra3 enzyme (required for the synthesis of uracil), and
expressed, through the use of the Ub fusion technique (96), the
previously described ha-epitope-tagged model Arg/N-degron sub-
strates X-¢“-ha-Ura3 (X = Asp or Glu) (SI Appendix, Fig. S7)
(14, 27, 65, 96). The acronym X (extension [“€”] containing
lysine [“K”]) denotes the previously characterized 45-residue exten-
sion containing “ubiquitylatable” Lys residues (27, 65 96). Arginy-
lation of Asp-¢X-ha-Ura3 (produced from Ub-Asp-¢*-ha-Ura3) or
Glu-e®-ha-Ura3 (produced from Ub-Glu-e K_ha-Ura3) converted
these proteins into short-lived substrates of the Arg/N-degron
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pathway (Fig. 1A4). Since the viability of cells in uracil-lacking
media required Ura3, the extent of the Atel-dependent degradation
(in the wra3A background) of expressed Asp-¢“-ha-Ura3 or Glu-
¢%-ha-Ura3 could be monitored using cell growth assays (27, 97).
Expression of cither Asp-¢*-ha-Ura3 or Glu-eX-ha-Ura3 in
[atelA ura3A] S. cerevisiae allowed cell growth, since an enzy-
matically active Ura3-based reporter (e.g., Asp-¢-ha-Ura3) was
long-lived (and therefore more abundant) in the absence of
endogenous scAtel (SI Appendix, Fig. S7 A, B, and G, row 1)
(27, 97). In contrast, little or no growth took place upon coex-
pression of wild-type klAtel, because of the rapid degradation
of Asp-¢*-ha-Ura3 under these conditions (SI Appendix, Fig. S7
A and B, row 2, and G, rows 1-3). Tellingly, however, and in
agreement with in vitro arginylation data (Fig. 20), cell growth
was rescued upon coexpression of the enzymatically inactive
klAte1-R80E mutant (SI Appendix, Fig. S7 A and B, row 3,

compare with rows 1 and 2).

The Transfer of Arg Residue. To address the conjugation of the
Arg moiety of Arg-tRNA™® to Nt-Asp or Nt-Glu, we examined
the negatively charged pocket in the motif A, located in the
ATE_C domain (Figs. 1C and 2E and F, and SI Appendix,
Fig. S3). This pocket comprises four residues (Ser255, Ser273,
Glu277, and Tyr289), all of which are highly conserved among
Atel R-transferases of different eukaryotes. Tellingly, the
“equivalent” residues of the bacterial Bpt L-transferase (66)
(which is sequelogous to eukaryotic Atel) are, overall, signifi-
cantly more hydrophobic (Alal68, Alal85, GInl89, and
Leu201) than those in the Atel pocket (87 Appendix, Fig. S5).
This difference between otherwise sequelogous Atel and Bpt is
consistent with the fact that although the Bpt L-transferase recog-
nizes (similarly to Atel) Nt-Asp and Nt-Glu of proteins or short
peptides, it conjugates Leu (not Arg) to these Nt-residues (66).

In the above A/Atel pocket, Glu277 is the sole charged (nega-
tively charged) residue among the four conserved residues (Fig.
2E and Fand SI Appendix, Fig. S4). In agreement with the con-
jecture about that pocket’s importance for the binding of £/Atel
to the Arg moiety of Arg—tRNAArg, the /£/Atel-E277K mutant
(Glu277 to Lys, a basic residue) and AklAtel-E277A mutant
(Glu277 to Ala, an uncharged weakly hydrophobic residue)
exhibited, respectively, the undetectable (kAtel-E277K) or very
low (klAtel-E277A) levels of arginylation activity, even with the
more efficacious Nt-Asp-peptide substrate (Fig. 2G).

In contrast and tellingly, the #/Ate1-E277D mutant (Glu277
to the smaller but also acidic Asp residue) exhibited essentially
wild-type levels of Nt-arginylation activity, indicating the criti-
cal importance of negative charge at that (conserved) position,
most likely because the above pocket mediates the functionally
essential binding of #/Atel to the positively charged Arg moiety
of Arg-tRNA*® (Fig. 2G). While these data strongly supported
the above conjecture, they did not prove it directly, as the latter
would also require a “complementary” physical-affinity evi-
dence. As described above, we could not detect (using in vitro
fluorescence polarization binding assays in the absence of Arg-
tRNA?S cosubstrate) the physical binding of enzymatically
active kl/Atel to the Nt-Asp-bearing or Nt-Glu-bearing pepti-
des. It is likely that a higher-affinity binding would require
three components together (4/Atel, a substrate, and the Arg-
tRNA™S cosubstrate), and also a still to be identified mutant of
klAtel that is inactive enzymatically but retains the bulk of its
affinity to both a substrate and the cosubstrate.

The transfer of Arg from Arg-tRNA™® to an acidic N termi-
nus of a substrate is expected to occur upon the formation of a
tripartite substrate/enzyme/cosubstrate complex. As mentioned
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above, the conjugation reaction mediated by the bacterial
FemX aminoacyltransferase involves its Lys305 residue, which
stabilizes the reaction intermediate (89). Remarkably, this key
Lys305 of FemX is also conserved in k/Atel, in which it is
Lys304 (SI Appendix, Figs. S4-S6). In agreement with that
view, the K304A mutant of #/Atel was found to be completely
inactive, strongly suggesting the correctness of this interpreta-
tion, through the analogy with FemX and its previously under-
stood enzymatic mechanism (Fig. 2H and SI Appendix, Fig.
S6F and Table S2).

Similar results were obtained using cell growth assays (87
Appendix, Fig. S7), save for a particularly high sensitivity of those
“qualitative” in vivo tests (as distinguished from quantitative
in vitro arginylation assays) to a very low level of arginylation
activity of a #/Atel mutant. For example, the apparently inactive
klAtel-E277K mutant was also classed as inactive in cell growth
assays with either Asp-¢-ha-Ura3 or Glu-¢"-ha-Ura3 as reporter
substrates (Fig. 2G and SI Appendix, Fig. S7 Cand D, row 3). In
contrast, the £/Atel-E277A mutant, which was also (nearly) inac-
tive in in vitro arginylation assays, could still rescue cell growth
with the Asp-¢*-ha-Ura3 (but, significantly, not with the Glu-¢*-
ha-Ura3), indicating a very low but nonzero Nt-arginylation
activity of the E277A allele of klAtel (Fig. 2G and SI Appendix,
Fig. §7 Cand D, row 2).

The Binding of kiIAte1 to the tRNA”® Moiety of Arg-tRNA”E,
Studies of eukaryotic Atel R-transferases and bacterial Aat L/F-
transferases indicated that these enzymes recognize, in particular,
a 3/-proximal segment of a cognate tRNA in a corresponding
aminoacyl-tRNA cosubstrate (98, 99). What segments of A/Atel
may interact with tRNA™® of Arg-tRNA"® In searching for
such regions, we focused, initially, on electrostatic interactions
through a negatively charged ribose-phosphate backbone, and
also on 17 stacking interactions via bases of tRNA™,

Sequence alignments of Atel R-transferases from different
eukaryotes pinpointed a cluster of highly conserved basic resi-
dues (SI Appendix, Fig. S4). This cluster is a part of the a3
helix and forms a positively charged patch (Figs. 1C and 3A).
Interestingly, this patch is located near a negatively charged
pocket that is highly likely (as described above) to play a role in
the interaction between 4/Atel and the (positively charged) Arg
moiety of Arg-tRNA™E, Together, these features of the posi-
tively charged patch suggested its binding to the tRNA™"® moi-
ety of Arg-tRNA™E, in part through electrostatic interactions
(Fig. 34).

To address this possibility, we mutated basic residues of the
conserved basic patch (Lys112, Lys115, Lys119, Argl20, and
Lys123) to the acidic Glu residues, and assayed the resulting
klAtel mutant for its arginylation activity. The pentaglutamate
klAtel mutant was completely inactive (Fig. 3C). However, the
arginylation activity could be fully rescued when all five resi-
dues were converted to Arg (in wild-type #/ATel, only one
basic residue, at position 120, was Arg) (Fig. 3C0). Thus, it is
the positive charge of the patch in the a3 helix (but not
whether the residues involved were Lys or Arg) that is essential
for the arginylation activity of #/Atel (Fig. 3E).

In further searches for functionally significant sites of £/Atel,
we considered the mostly aromatic residues Tyr173, His178,
Trp260, and Tyr303 near the putative active site of £/Atel that
were highly conserved among Atel enzymes of different eukar-
yotes (SI Appendix, Fig. S4). Among these residues, His178 and
Tyr303 of klAtel are the equivalents of His206 and Phe304 in
the above-mentioned FemX enzyme (S Appendix, Figs. S5
and S6). In particular, His206 of FemX is required for the
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binding of FemX to the tRNAAR moiety of Ala—tRNAAla, owing
to the formation of hydrogen bonds between His206 and phos-
phates of C75 and A76, near the 3'-end of tRNAM (88).

Given the above, we replaced His178 of klAtel with Ala.
The arginylation activity of the resulting 4/Atel-H178A mutant
was considerably lower than the activity of wild-type k/Atel
(Fig. 3D), in agreement with the conjecture about its participa-
tion (by analogy with His206 of FemX) in the binding of
klAtel to the tRNA™E moiety of Arg-tRNA™E,

Tyr303 of klAtel is strictly conserved among Atel
R-transferases of different eukaryotes (SI Appendix, Fig. S4).
The equivalent residue in the FemABX family is also conserved,
but as Phe, not Tyr (S Appendix, Fig. S5). To address the
importance of the hydroxyl group (the sole difference between
Tyr and Phe) in the Tyr303 of klAtel, we constructed the
klAte1-Y303F mutant and found it to be completely inactive
(Fig. 3D and SI Appendix, Table S2), indicating the critical
importance of the hydroxyl group of Tyr303 in that (con-
served) residue of k/Atel.

Thus, it is highly likely (but remains to be verified directly)
that, in contrast to the previously identified n-stacking interac-
tion between C75-ribose of the tRNA*® moiety of Ala-
tRNAM? and the equivalent (also conserved) Phe residue of
FemX (88), the conserved hydroxyl-containing Tyr303 of
klAtel is involved in a different mode of binding of 4/Atel to a
different tRNA, the tRNA*® moiety of Arg-tRNA™E. These
aspects of k/Atel would be illuminated through a still to be
determined 3D structure of a complex between k/Atel and
Arg-tRNA™E,

Tyrl73 is conserved in Atel R-transferases of all examined
eukaryotes (ST Appendix, Fig. S4). Trp260 Atel is also highly
conserved, but is replaced by Tyr in mammalian Atel. Signifi-
cantly, these residues of Atel are not conserved in either FemX
or other non-Atel aminoacyltransferases that do not bind to
Arg-tRNA*®, Together, this evidence suggested that Tyr173
and Trp260 of Atel, in addition to the above Tyr303 residue,
play a role in the binding of k/Atel to the tRNA*® moiety of
Arg-tRNAE,

The results of arginylation assays with the £/Atel-Y173F and
klAte1-W260A mutants are shown in SI Appendix, Fig. S8A.
The k. and K, of A/Atel-Y173F were, respectively, 1.9-fold
and 6.3-fold larger with the Nt-Asp-peptide, and 1.1-fold and
6.6-fold larger with the otherwise identical Nt-Glu-peptide, in
comparison to wild-type klAtel (SI Appendix, Table S2). The
klAte1-W260A mutant exhibited up to 2-fold increases in
keae (1.9-fold for the Nt-Asp-peptide, 1.5-fold for the Nt-Glu-
peptide) and 18-fold increase in K;, (in comparison to
wild-type klAtel) with both the Nt-Asp-peptide and the
Nt-Glu-peptide (SI Appendix, Table S2). Strong (6-fold and
18-fold) increases in K, indicated a significantly weaker bind-
ing of the two mutant enzymes either to a substrate or (more
likely) to the cosubstrate Arg-tRNA™, The results of cell
growth assays (S Appendix, Fig. S7 E and F, rows 5 and 6)

were in agreement with those of in vitro arginylation assays.

Hemin-Induced Oligomerization of Ate1 R-Transferase. In
addition to structural and reverse-genetics studies of A/Atel, we
also examined the previously described finding that micromolar
levels of hemin (Fe*’-heme) inhibited the arginylation activity
of both §. cerevisiae and mouse Atel R-transferases (53). In its
crystal structure, k/Atel coordinates an electron-rich metal ion
(apparently Zn**) with four Cys residues (Cys23, Cys26,
Cys95, and Cys96) (SI Appendix, Fig. S2B). These cysteines

are strictly conserved among Atel R-transferases of different
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eukaryotes (S/ Appendix, Fig. S4), and were considered to be a
part of a putative heme regulatory motif (HRM) (53).

To determine the identity of metal in the crystallized A/Atel,
we performed elemental analysis using inductively coupled
plasma-mass spectrometry and the same purified A/Atel that
was used for crystallization, in the same buffer as well. As
expected, the bound metal atom was found to be zinc (Zn*")
(ST Appendix, Table S3). Two vicinal Cys residues, Cys95 and
Cys96 in S. cerevisiae Atel (Cys71 and Cys72 in mouse Atel),
were shown to form, upon hemin binding, a disulfide bond.
This transition was inferred to be the likely cause of the hemin-
mediated inactivation of Atel (53). Besides the above HRM,
Atel R-transferases, including 4/Atel, contain yet another evo-
lutionarily conserved HRM-like motf (53), specifically
Cys411, Pro412 in mouse Atel and Cys298, Pro299 in klAtel.
Remarkably, in the crystal structure of klAtel, these two
HRMs, termed HRM1 and HRM2, are located spatially close
to each other. The first HRM1 is partially exposed to solvent,
whereas the second HRM2 is fully exposed (Fig. 3£ and S/
Appendix, Fig. S3D).

DPurified k/Atel is a monomer in solution (Fig. 4B, a dark
green curve, and S/ Appendix, Fig. S8 D). Examining k/Atel in
the presence of different concentrations of hemin, we found
that hemin increased the apparent size of 4/Atel, determined
by gel filtration (Fig. 44 and B). The absorbance was measured
using both 280 nM (the absorbance of aromatic residues) and
the hemin-specific Soret wavelength of 372 nm, with a shoul-
der at 423 nm that is characteristic of hemin-protein complexes
(53, 100). In later gel-filtration analyses, the concentration of
protein fractions was also determined using the Bradford assay.
These results indicated a hemin-mediated oligomerization of
klAtel, a previously undescribed finding (Fig. 44 and B).

Hemin-induced oligomerization of #/Atel was confirmed
using nonreducing SDS/PAGE. The latter result indicated that
klAtel oligomers were resistant to a (nonreducing) SDS-
containing buffer, presumably because of intermolecular disulfide
bonds between different (denatured by SDS) k/Atel protein
molecules (Fig. 4C and D and SI Appendix, Fig. S9). This inter-
pretation was confirmed when the same samples were examined
using reducing SDS/PAGE, as the k/Atel oligomer bands disap-
peared nearly completely in the presence of both SDS and a
reducing agent (Fig. 4C-F and SI Appendix, Fig. S9). We also
measured the activity of k/Atel in the presence of hemin, and
found that hemin inhibited arginylation by 4/Atel (SI Appendix,
Fig. S8 Band (), in agreement with the earlier study (53).

Concluding Remarks. The Nt-arginylation of proteins, which
was known since the 1960s but not understood biologically,
has “acquired” a physiological function with the 1986 discovery
of the first N-degron pathway (prior to 2019, it was called the
“N-end rule pathway” and is now called the Arg/N-degron
pathway) (Fig. 14 and SI Appendix, Fig. S1G) (12-14, 21, 22,
67, 80, 101). The 58-kDa Atel R-transferase uses the Arg-
tRNA™® cosubstrate to Nt-arginylate Nt-Asp, Nt-Glu and oxi-
dized Nt-Cys* of proteins or short peptides (see the first section
of the article and Fig. 14). Residues immediately downstream
of these “arginylatable” Nt-residues can modulate or even pre-
clude Nt-arginylation (102, 103). An example of the influence
of downstream residues is the recent demonstration that mam-
malian B-actin, despite bearing (after Nt-processing) the arginy-
latable Nt-Glu residue, is not arginylated (102), contrary to
previous (technically circumstantial) claims about a significant
Nrt-arginylation of B-actin (104, 105).
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We report here a crystal structure of an R-transferase, £/Atel
of the yeast K. lactis (Figs. 1 B—D and 3E and SI Appendix, Figs.
S2 and S3). As described in detail above, the 3D structure of
ElAtel, determined at 1.8- to 2.2-A resolution, has revealed
telling spatial proximities between specific 3D regions of k/Atel
that were unlinked at the level of amino acid sequences. In
addition, our 3D results led, in a structurally informed way, to
the construction and analyses of specific site-directed mutants
of klAtel.

As was also described above, quantitative arginylation assays
with these #/Atel mutants could be interpreted in the context of
the k/Atel 3D structure, and yielded strong inferences about 3D
locations, within k/Atel, of its specific binding sites for cognate
substrates (which bear an acidic Nt-residue), for the Arg residue
of the Arg—tRNAArg cosubstrate, and for a 3'-proximal segment
of the tRNAM® moiety in Arg—tRNAArg (Figs. 2 and 3 and S7
Appendix, Figs. S7 and S8A). The resulting advances led to the
working model of the ternary complex of k/Atel with an acidic
Nt-residue—bearing protein substrate and the cosubstrate Arg-
tRNA™, and also to a plausible (and mechanistically parsimoni-
ous) reaction diagram for the Atel-catalyzed Ne-arginylation (Fig.
3Eand SI Appendix, Fig. S10).

A direct and deeper understanding of these aspects of Atel
would require a determination of a 3D structure of a ternary
complex of kl/Ate with its cognate substrate and the Arg-
tRNA™® cosubstrate. Rendering such a complex enzymatically
inactive (to preclude Nt-arginylation of a substrate within a
crystal) would require a still to be discovered £/Atel mutant
that is inactive enzymatically but retains its affinity to both a
substrate and the cosubstrate.

In addition to the crystal structure and reverse-genetic analyses
of klAtel, we also studied the previously described inhibition
of arginylation activity of the §. cerevisize and mouse Atel
R-transferases by hemin (Fe’*-heme) (53). We found that
hemin, besides inhibiting the enzymatic activity of k/Atel, could
also induce the previously undescribed disulfide-mediated oligo-
merization of k/Atel (Fig. 4 and SI Appendix, Fig. S9).

A distinct feature of the kAtel ATE N domain is a C4-type
metal-binding zinc-finger motif that comprises four Cys residues
(Cys23, Cys26, Cys95, and Cys96) that coordinate with a Zn**
ion (81 Appendix, Fig. S2B). Very recently, Van et al. (106) depos-
ited a preprint at BioRxiv that described analyses of S. cerevisiae
Atel (scAtel) as a potential [Fe-S] cluster-binding enzyme. The
authors” data suggested that a [Fe-S] cluster binds to the above
C4-type metal-binding domain of Atel (106). Our analyses of
purified £/Atel, described above and utilizing the inductively cou-
pled plasma-mass spectrometry, identified Zn*" (not iron) as the
sole metal ligand of that C4-type domain (S Appendix, Table S3).
Future studies in this arena will determine whether physiologically
relevant metal-containing ligands of Atel comprise Zn**, [Fe-S)
clusters, and hemin, or only some of these ligands.
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