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ABSTRACT

Eukaryotic ubiquitin-like proteins (UBLs) have
evolved from prokaryotic sulfur-carrier proteins
(SCPs). Ubiquitin related modifier 1 (Urm1) shares
biochemical and structural features of UBLs and
SCPs and is essential for 2-thiolation of cytoplasmic
tRNA. This chemical modification of wobble uridine
is highly conserved amongst species and is achieved
via Urm1 thiocarboxylation by the non-canonical
ubiquitin activating 4 enzyme (Uba4), which contains
an E1- and a Rhodanese (RHD) domain. While the
RHD catalyzes the last step in Urm1-thiocarboxylate
formation, the previous steps in Urm1 activation
and the interplay between the two domains have
remained elusive. To define the underlying mecha-
nism, we established an Urm1 in vitro thiocarboxyla-
tion assay, which combined with structure-function
and chemical profiling analyses revealed a critical
thioester linkage between Urm1 and Uba4 residue
Cys225. This linkage is indispensable for the Urm1
intramolecular transfer between the two domains of
Uba4 and it is thus, essential for tRNA thiolation in
vivo. These findings contribute to a deeper under-
standing of UBL evolution.

INTRODUCTION

Urml is a sulfur-carrier protein, conserved in eukaryotes
and acts as the sulfur donor during 2-thiolation of wobble
uridine (Us4) in the three cytosolic tRNAs tKYVY, {EVUC
and tQUYS (1-3). This chemical nucleoside modification is
highly conserved in all domains of life (4) and in its absence
yeast becomes sensitive to elevated temperatures, rapamycin
treatment or oxidative stress (1,2,5-7). This sensitivity is
mediated through defects in cellular protein homeostasis
(8) that is triggered by codon-specific translation slowdown
(8,9).

Urml is phylogenetically placed at the intersection of
ubiquitin like proteins (UBLs) and bacterial sulfur-carrier
proteins (SCP) (10,11). Despite all similarities these two
protein families diverge and we do not know where Urml1
fits mechanistically. Understanding the molecular mecha-
nism of Urm1 activation is particularly important, since it
was first described as part of a UBL conjugation system to-
gether with Uba4, its E1 activating enzyme (12). However,
while its physiological role in tRNA thiolation is well estab-
lished, its relevance as a UBL is still debated partly because
few substrates of Urm1 conjugation (urmylation) have been
described (6,7,13,14).

All canonical UBLs share a common mechanism of con-
jugation: First, the UBL is activated through adenylation of
its C-terminal diglycine motif by its cognate activating en-
zyme (E1). Second, a thioester forms between an active-site
cysteine of the E1 and the C-terminus of the UBL. Subse-
quently, the UBL is transferred onto a cysteine of a conju-
gating enzyme (E2) via an intermolecular transthioesterifi-
cation. Finally, a ligase (E3) conjugates the UBL onto the e-
amino group of a lysine residue of the substrate, thus, form-
ing a stable isopeptide bond (Figure 1 and Supplementary
Figure S1) (15). This intricate cascade ensures specificity
and multiple layers of regulation.

Bacterial SCP are activated through adenylation simi-
lar to UBL. The next step diverges mechanistically since
the MoeB/MoaD system does not involve a thioester link-
age, but an acyl-persulfide bond is formed instead (Figure
1 and Supplementary Figure S1) (16,17). Thioesters how-
ever, form the reactive intermediate at the corresponding
transthioesterification step of UBL, requiring additional
E2 and E3 enzymes (Figure 1 and Supplementary Figure
S1). There is no E2 enzyme known for Urm1. Interestingly,
Uba4 contains a Rhodanese homology domain (RHD),
which transfers sulfur to the conserved C-terminal diglycine
motif of Urm1 to form a thiocarboxylate. It has also been
hypothesized that the RHD acts as a built-in E2 module
for urmylation but this hypothesis has not been tested ex-
perimentally (18,19). Finally, we do not know how Urml1
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Figure 1. Mechanistic comparison of UBL, Urml and SCP. Ubiquitin-
like proteins (UBL), Urm1 and MoaD are C-terminally adenylated by
their cognate activating enzyme. Subsequently a thioester is formed be-
tween the UBL and its E1. Here, we report a thioester intermediate for
the Urm1/Uba4 system, depicted in red. UBLs are transferred via an in-
termolecular protein transfer onto an E2 and finally conjugated to their
protein targets. In contrast to Urm1, which undergoes an intramolecular
transfer to form an acyl persulfide in analogy to the prokaryotic sulfur-
carrier proteins (SCP) system. ‘S’ displays a sulfur source like Cys to be
mobilized onto the Rhodanese homology domain (RHD) of Uba4 or IscS
for MoaD. As a final step thiocarboxylated Urm1 and MoaD are released
to function as a sulfur donor in biosynthesis pathways. For details, see main
text. The black frame indicates the identical key intermediates between the
different systems.

is chemically linked to Uba4 and how the E1 and RHD of
Uba4 are functionally connected.

The relationship between 2-thiolation and urmylation is
unclear and an in-depth mechanistic understanding of the
pathway will be key to dissect these two functions. In partic-
ular, we know little about the sulfur flux within the pathway
and its intermediates since many models are primarily based
on analogies rather than experimental evidence. Here, we
reconstitute the full Urm1-thiocarboxylation cycle in vitro
and dissect its key steps mechanistically to address four key
points: (i) the chemical nature of the Uba4 and Urml link-

age, (ii) the role of the C-terminus of Urml, (iii) the puta-
tive conjugation site on Uba4 and (iv) their functional rele-
vance. We identify a specific thioester intermediate as essen-
tial for 2-thiolation. Importantly, this thioester functionally
connects the E1 domain and RHD of Uba4 as shown by
an in vitro thiocarboxylation assay and by analyzing in vivo
phenotypes. This demonstrates the unique biochemical fea-
tures of Urm1 and places it mechanistically between UBL
and sulfur-carrier proteins. Our findings shed light on the
early evolution of the ancient UBL pathway and show how
they split from SCP. Hence, a comprehensive description of
this evolutionarily ancient pathway is important to under-
stand how such fundamental cellular processes are related
in all domains of life.

MATERIALS AND METHODS
Chemicals

Sodium thiosulfate pentahydrate (S8503), 0.5M TCEP
solution (646547), ATP (A2383), ammonium sulfide
(A1952), hydroxylamine hydrochloride (159417) and
N-ethylmaleimide (NEM) (04260) were purchased from
Sigma. DTT (6908) was purchased from Carl-Roth.
([N-Acryloyl-amino]phenyl)mercuric chloride (APM) was
synthesized according to (20).

Cloning

Genes encoding for Urm1 and Uba4 from Saccharomyces
cerevisiae were cloned into a modified pET30-vector (No-
vagen) with a N-terminal hexahistidine-tag and a TEV pro-
tease recognition site. Uba4 was truncated by the first 37
amino acids to obtain soluble protein (21). Mutants were
generated by the QuickChange protocol using the primers
listed in Supplementary Table S1.

To generate thiocarboxylated Urm1, Urm1 was cloned
into the IMPACT- pTYBIl-vector (NEB) and subcloned
into a pET30 vector with an additional C-terminal
hexahistidine-tag.

Expression of Uba4 & Urml1

All constructs were expressed in BL21* Escherichia coli
cells. The Uba4 and Urm1-IMPACT construct were ex-
pressed as previously described (22). Briefly, an overnight
culture was diluted (1:75) in TB media and grown to an
ODygyg of 1. Cultures were then shifted to 18°C and fur-
ther grown for 2 h. Subsequently, expression was induced
by adding 0.5 mM IPTG, overnight at 18 °C. Bacteria were
harvested by centrifugation, washed with PBS, snap frozen
and stored at —80 °C until further use. Urml-constructs
were expressed by diluting a preculture (1:100) in TB me-
dia and grown at 37°C to an ODgqy of 0.8. 1 mM IPTG was
added and the culture was shifted to 18 °C, overnight. Cells
were harvested as described above.

Protein purifications

All .protein purification steps were performed at 4°C using
an AKTAexplorer 10 (GE).



For Uba4, pellets were thawed on ice and resuspended
in lysis buffer (50 mM Tris pH 8.0, 500 mM NaCl, 5%
glycerol, 1% NP-40, 1 mM DTT, 10 mM MgSO4, 1 mM
MnCl,, DNasel, lysozyme, 1x protease inhibitor cocktail
tablet (EDTA-free, Roche) and rotated for 1.5 h at 4°C.
After centrifugation (18 000 g; 4 °C; 45 min), the super-
natant was filtered and subsequently applied onto a Ni-
NTA-column (HisTrap, GE) equilibrated with 50 mM Tris
pH 8.0, 150 mM NaCl, 40 mM imidazole and | mM DTT.
The protein was eluted with increasing imidazole concen-
tration. Pooled fractions were further purified by loading
onto a semi-preparative or preparative gel filtration column,
SD200 (10/300) or (26/600), respectively. 20 mM HEPES
pH 7.5, 150 mM NaCl, 1 mM MgCl, was used as an eluent.
Pooled fractions were concentrated by Amicon filter units
(MWCO 30 kDa). Single use aliquots were snap-frozen and
stored at —80 °C. Uba4 and Uba4 mutants were purified
in the same manner and carry after purification an artifi-
cial N-terminal His-tag consisting of following amino acids:
MHHHHHHSSGVDLGTENLYFQSMG_P38.

Urml and Urm1AGG purifications were similar to the
Uba4 procedure. However, the N-terminal tag was re-
moved. After a first Ni-NTA purification, TEV-protease,
0.5 mM TCEP and 1 mM EDTA were added to the
pooled fractions, transferred to a dialysis tube (SnakeSkin
PIERCE 3 kDa) and dialyzed against 20 mM HEPES pH
7.5, 150 mM NaCl, | mM MgCl,, overnight at 4 °C. Sub-
sequently, a second round of immobilized metal affinity
chromatography (IMAC) was performed by reapplying the
cleavage reaction mix onto the Ni-NTA column. The flow-
through was collected and further purified by gel filtration
as described for Uba4. This procedure leads to nine artifi-
cial residues at the N-term. of Urm1: SMADIGSEF_MI1.

Preparation of thiocarboxylated Urm1

The Urm1-IMPACT construct was purified similar to Uba4
via IMAC with the exception of using TCEP instead of
DTT as reducing agent to prevent preinduced cleavage. The
thiocarboxy-modification was introduced based on pub-
lished procedures (13,23). Briefly, Urm1-IMPACT protein
was diluted into binding buffer (20 mM HEPES pH 8.0,
500 mM NacCl, 0.1 mM EDTA). Chitin-beads (NEB) were
equilibrated with binding buffer and the protein was incu-
bated for 2 h at 4 °C on a wheel. Beads were washed with
five column volumes (CV) of buffer and flushed with 1 CV
cleavage buffer (binding buffer supplemented with 30 mM
ammonium sulfide, adjusted to pH 8 with HCI). ICV of
cleavage buffer was added and incubated for 20 h at 4 °C
on a wheel. Cleaved Urm1 was eluted with 2CV of cleav-
age buffer and 1CV of buffer. Pooled fractions were con-
centrated and applied onto a gel filtration column iden-
tical to the procedure described above. Pooled fractions
were concentrated by Amicon Ultra filter units (MWCO
10 kDa), snap-frozen as single use aliquots and stored at
—80 °C. This procedure generates the native thiocarboxy-
lated Urm1, without artificial residues at its N-terminus.
Protein concentration was determined by using a Nan-
0Drop8000 (ThermoFisher) with the corresponding extinc-
tion coefficient (24).
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Thioester formation assay

Uba4 and Urml were mixed in a 1:2 molar ratio (5 pM
Uba4 and 10 uM Urm1) in 10 w1 buffer (20 mM HEPES pH
7.5,150 mM NacCl, 1 mM MgCl,, 1 mM TCEP). 5 uM ATP
and 10 mM NEM were included as indicated. For chemical
probing experiments | mM TCEP was replaced by either
10 mM TCEP, 10 mM DTT or 10 mM NH,OH (adjusted
to pH 7.5 with NaOH), respectively.

After 30 min at 25 °C, the reaction was quenched by
adding non-reducing loading buffer, containing 2 M urea
and further incubated for 2 min at 25 °C. The reaction
mix was resolved on a 12% BisTris-PAGE (pH 6.5) with
1x MES-SDS-running buffer (NUPAGE/ThermoFisher
NP0002) at 4 °C and subsequently stained with Coomassie
brilliant blue.

Thiocarboxylation assay

5 wM Uba4 and 10 wM Urm1 were mixed in buffer (20 mM
HEPES pH 8.5, 150 mM NaCl, | mM MgCl,, 5 mM
TCEP). 5 mM ATP and 5 mM thiosulfate were included
and TCEP was excluded as indicated.

The reaction mix was incubated for 1 h at 30 °C and
directly desalted (MicroSpin-Bio6 columns/BioRad). Sam-
ples were treated with loading buffer containing 1 mM
EDTA and 10 mM TCEP to prevent unspecific side re-
actions and incubated for 5 min at 50 °C. Subsequently,
samples were loaded in parallel on a two-layered APM
PAGE gel (upper part: 17% acrylamide gel, bottom part:
17% acrylamide gel incl. 25 wM APM) and a standard
17% SDS-PAGE as control. PAGE was performed with
1x SDS/Tris—glycine running buffer at room tempera-
ture. Prior to western-blot application, gels were briefly
equilibrated in standard transfer buffer supplemented with
10 mM DTT to facilitate the transfer from the APM gel
onto a nitrocellulose membrane. Urml and Urm1-COSH
were analyzed by standard western-blot procedures us-
ing an in-house generated polyclonal rabbit anti-Urml-
antibody, raised against the full-length protein.

Spotting

Yeast cultures were grown overnight at 30°C and at the next
morning diluted to an ODgyy of 0.1 in YPD. At an ODg
of 0.75, a 1:5 dilution series was spotted on YPD supple-
mented with 3 nM Rapamycin. Plates were incubated for
3 days at 37°C prior to imaging. All yeast strains used are
listed in Supplementary Table S2.

RNA isolation & northern blot analysis

Total RNA was extracted by using hot phenol/chloroform
extraction. 1 pg of total RNA was resolved on an 8% PAGE
containing 0.5x TBE, 7 M Urea and 50 wg/ml APM.
Northern blot analysis was performed as described previ-
ously (1) by using the probe 5'-tggctccgatacggggagtcgaac-
3*for tEVVC,

Protein isolation & western blot analysis

Total proteins were extracted as previously described (25).
Briefly, an overnight yeast culture was diluted to ODgg of
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0.1 and grown to an ODgy around 0.6-0.8 in YPD at 30
°C. Protein amounts were adjusted to 3 ODgy units and
extracted as described. Total proteins were then resolved
by SDS-PAGE and transferred by semi-dry blotting onto a
PVDF-membrane. Membranes were probed using a mono-
clonal anti-HA antibody (Covance MMS-101R).

Bioinformatic analysis

The complete sequence of UBA4 from S. cerevisiae was used
as input for domain identification with SMART and model-
ing in Phyre2 (26,27). The final model is based on the follow-
ing structures as templates, PDB entry 3VH1, 3TP9, 3NTA,
3ICR, 312V, 1JW9, 1ZFN and 2NVU. Only the 38 most N-
terminal amino acids had to be modeled ab initio and their
placement in the model needs to be taken with caution.

RESULTS
Structural overview of Uba4

Uba4 was identified as the putative E1 enyzme of Urm1 in
a yeast two hybrid screen (12) and it differs from the E1 en-
zymes of all other UBL since it contains a C-terminal RHD
in addition to its N-terminal El-like domain (Figure 2A)
(28). To clarify the sulfur-transfer mechanism from Uba4
onto Urm1, we generated a high-quality structural model of
yeast Uba4 as a starting point for structure-function analy-
ses by locating cysteines that might act during the reaction
cycle. The availability of numerous templates (see Material
and Methods for details) facilitated the homology modeling
and 91% of the sequence of the model was covered with a
confidence >90% (Figure 2B). The E1-like domain contains
a P-loop and two conserved CxxC-motifs, which chelate a
zinc ion (21). In analogy to UBL systems, the P-loop of
Uba4 is likely responsible for ATP-dependent activation of
Urml1. The CxxC motifs in E1 enzymes are thought to con-
trol the ‘crossover loop’, a flexible region (spanning F212-
C234) harboring the conserved cysteine C225, which corre-
sponds to the canonical site for thioester formation in UBL
systems (Figure 2) (29). The C-terminal RHD reduces thio-
sulfate to sulfite in vitro resulting in the formation of a per-
sulfide on C397 (21), which is part of the active loop motif:
CRYGND (Figure 2A and B).

Thioester formation between Uba4 and Urm1

Following their discovery of Uba4, Furukawa et al. pro-
posed the formation of a thioester between Urm1 and Uba4
in analogy to UBL systems (12). However, their assay con-
ditions did not allow to distinguish a thioester from a disul-
fide bond (12). This is in contrast to follow-up studies,
where a conjugate formation between Uba4 and Urm1 nei-
ther in vitro nor recombinantly coexpressed in E. coli could
be established (2,21). Therefore, it was assumed that the
Urm1 adenylate and Uba4 interact only transiently with-
out the formation of a covalent thioester bond prior to an
acyl-persulfide formation in the RHD (2,21). Our structural
model suggested that a directed transfer of the highly re-
active Urm1 adenylate occurs between the P-loop and the
distant catalytic center of the RHD. Therefore, we hypoth-
esized that a thioester forms between Urm1 and Uba4.

To test this, we established an assay to monitor thioester
formation between recombinant Uba4 and Urml in vitro
(Figure 3A). For detection of this conjugate we performed
the assay at ambient temperature and shifted the pH to
slightly acid conditions during electrophoresis to stabilize
the labile covalent bond. We found that an adduct is formed
only in the presence of ATP (Figure 3B, lanes 1 and 2).
This interaction is stable under denaturing conditions, con-
firming that the bond is covalent (Figure 3B). It has been
shown that the C-terminus of Urml is crucial for its biolog-
ical function (12). Thus, we tested whether the C-terminal
diglycine-motif is required for conjugate formation. Indeed,
truncated Urm1 (AGG) fails to form an adduct with Uba4
(Figure 3B, lane 3) establishing that Urm1 and Uba4 are
covalently linked via the C-terminus of Urml.

Nevertheless, Urm1 might either form a covalent bond
with Uba4 as a thioester following adenylation or thio-
carboxylation as previously reported (12,13). To deter-
mine at which step conjugate formation is established, we
tested thiocarboxylated Urml in our assay. Hence, we used
an intein-based strategy to generate recombinant Urml,
which is C-terminally thiocarboxylated (13,23). Inteins are
protein-splicing elements with a self-cleavage activity. To in-
duce thiolysis, we incubated the Urm1-intein fusion protein
with ammonium sulfide, yielding to 95% thiocarboxylated
Urml (Supplementary Figure S2) and some residual car-
boxylate through the competing hydrolysis reaction. Impor-
tantly, when incubating thiocarboxylated Urm1 with Uba4,
we did not observe conjugate formation (Figure 3B lane 4).
The small portion of the unmodified C-terminus that can
be adenylated acts as an intrinsic control in this assay (Fig-
ure 3B, lane 4*). This shows, that ATP-dependent conjugate
formation takes place before the thiocarboxylate is formed.
Furthermore, our results support a model where a high-
energy bond like a thioester forms between Urm1 and Uba4
prior to the stable thiocarboxylated state.

To unambiguously identify the nature of the conjugate,
we blocked all cysteines of Uba4 either before or after
adduct formation by alkylation of cysteines through N-
ethylmaleimide (NEM). When NEM was added before
ATP, conjugate formation was abolished, showing that the
conjugate is formed through a cysteine in Uba4 (Figure 3C).
In contrast, adding NEM to the preformed Ubad4~Urml
adduct did not affect the stability of the linkage (Figure
3C). To specifically validate the chemical nature of this bond
we probed the conjugate by reagents of different chemical
properties. Dithiothreitol (DTT) has been used in the liter-
ature to assess the formation of thioester bonds (12). How-
ever, DTT is not a suitable reagent to discriminate between
disulfides and thioesters, as it can act both as a reducing
agent and as a nucleophile (30). Therefore, we used Tris(2-
carboxyethyl)phosphine (TCEP) as a reducing agent that
does not cleave thioesters and Hydroxylamine (NH,OH),
a strong nucleophile, which does not reduce disulfide bonds
(13,31). We observed that TCEP had no effect on the conju-
gate abundance while DTT strongly reduced it (Figure 3D).
Furthermore, following our differential chemical probing
approach we found that NH,OH led to the complete loss of
the conjugate between Uba4 and Urm1 (Figure 3D). These
results demonstrate that the chemical bond between Urm1
and the cysteine of Uba4 is indeed a thioester.
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Figure 2. Structural model of Uba4. (A) Schematic domain overview of Uba4. Domain boundaries are indicated by numbering of amino acids and depicted
as coiled-coil domain (black), El-like domain (green) including the P-loop (yellow), crossover loop (light green) and Zinc finger (ZnF) (dashed lines),
Rhodanese homology domain (RHD) (blue) with its active loop (pink). This color code is used throughout the manuscript. The positions of investigated
cysteines are indicated below. (B) Structural model of both Uba4 domains (aa 38-440). The analyzed cysteine residues are represented as sticks. The N-
terminus (aa 1-37) was also modeled but is not displayed for clarity. (C) Close up view of the P-loop and crossover loop with all cysteines in close proximity
(rotated by 145° relative to (B)).
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Figure 3. Thioester formation between Uba4 and Urml1. (A) Reaction scheme for the thioester formation between Urm1 and Uba4. (B) Thioester formation
between recombinant C-terminal derivatives of Urm1 and Uba4 in the presence or absence of ATP. The native (-COOH, lane 1+2), truncated (AGG, lane
3) and thiocarboxylated (-COSH, lane 4) C-terminus of Urm1 was tested. The asterisk indicates thioester formation of Uba4 with the unmodified Urm1
as a result of the hydrolysis byproduct of the intein mediated cleavage. (C) Sensitivity of thioester formation to alkylating agents. Uba4 was incubated with
Urml in the presence of the alkylating agent N-Ethylmaleimide (NEM) before and after the addition of ATP. (D) Chemical profiling of the covalent bond
between Uba4 and Urm1 by using Tris(2-carboxyethyl)phosphine (TCEP), Dithiothreitol (DTT) or hydroxylamine (NH,OH), respectively. (E) Analysis
of thioester formation using different Uba4 mutants. Wild-type Uba4 and indicated mutants were incubated with Urm1 in the presence of ATP.
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(lane 6) or using Urml1AGG (lane 5). Thiocarboxylated Urml serves as positive control (lane 1). (C) Mutational analysis of Uba4 mutants (lane 2-6)
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polyacrylamide gel (upper part: no APM, bottom part: including APM).

Identification of the thioester site

Next, we sought to identify the site of thioester formation.
Uba4 contains 13 cysteines. Based on our structural model,
we mutated all cysteines, which are in close proximity to the
P-loop (C80 and C164), the crossover loop (C225 and C234)
and the catalytic cysteine in the active loop of the RHD
(C397) to alanine (Figure 2B and C). We then monitored the
capacity of these mutants to form a Ubad~Urml thioester
using an ATP concentration that only allows for a single
turnover. C225A was the sole mutation that prevented the
formation of a NH,OH-sensitive adduct, thereby identify-
ing C225 as the key residue responsible for thioester for-
mation with Urm1 (Figure 3E, lane 4 and Supplementary
Figure S3A).

It has been reported for archaeal UbaA that the con-
served canonical site of the El-family is not the site of
thioester formation (32). Therefore, we investigated the
specificity of the in vitro reaction and performed the
thioester-formation assay with the C225A mutant and in-
creasing concentrations of ATP (Supplementary Figure
S3B). Interestingly, we observed the formation of additional
non-specific thioesters between Uba4 and Urml at high

ATP concentrations. This suggests that extensive activation
of Urm1 and its homologues in in vitro assays can explain
some of the contradicting results obtained in different ex-
perimental systems (21,32). The result further emphasizes
the importance of using single-turnover conditions in such
assays, which generate highly reactive intermediates.

Functional analysis of Uba4 by thiocarboxylation of Urm1

Thioesters can form with cysteines other than C225 at high
ATP concentrations (Supplementary Figure S3B), prompt-
ing us to investigate the functional relevance of the thioester
between Uba4 and Urm1 for the sulfur transfer onto Urm1.
Therefore, we used a gel retardation assay to monitor
the formation of the C-terminal thiocarboxylate, which is
the physiological relevant moiety for the sulfur transfer
by Urm1. We included ([N-acryloylamino]phenyl)mercuric
chloride (APM) into our PAGE experiments to retard thi-
olated biomolecules due to a non-covalent interaction be-
tween the thio group and mercury (20). Urm1 does not
contain any thiol-containing amino acid and therefore only
a thiocarboxylated species will shift in this assay. To rely
solely on the enzymatic activity of Uba4 we used thiosul-
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fate as sulfur donor, which can be used to generate a persul-
fide in the RHD of Uba4 and its human homolog MOCS3
(Figure 4A) (21,33). We found that formation of the thio-
carboxylate relies on the presence of ATP and thiosulfate
as cofactors (Figure 4B, lanes 2—4 and Supplementary Fig-
ure S4A). Furthermore, the native C-terminus is required,
since we did not observe any thiocarboxylated species in the
absence of the conserved diglycine motif emphasizing the
requirement of thioester formation prior to thiocarboxyla-
tion (Figure 4B, lane 5). Finally, the reaction is only efficient
in the presence of a reducing agent like TCEP (Figure 4B,
lane 6), indicating that reductive cleavage by a second cys-
teine is not required to release thiocarboxylated Urm1 from
the acyl-persulfide intermediate in contrast to what has been
suggested previously (21). The importance of C225 is rather
to connect the two functional domains of Uba4 than to per-
form the reductive cleavage.

Since we had observed non-specific reactivity of adeny-
lated Urm1 we tested the role of the other cysteines in our
assay. This analysis revealed that the thiocarboxylate does
not form in the Uba4 mutants C225A and C397A (Figure
4C, lanes 4 and 6 and Supplementary Figure S4B). Impor-
tantly, we did not observe non-specific thio-modification of
Urml despite the fact that high ATP concentrations and
an excess of thiosulfate were used in our assay. When using
ATP and thiosulfate concentrations that only allow for a
single-turnover reaction in analogy to the thioester forma-
tion assay, this did not yield thiocarboxylated Urm1 (Sup-
plementary Figure SSA).

Our results were in contrast to previous findings, where
a Uba4_C225A mutant was sufficient to generate thiocar-
boxylated Urm1 in vitro (21). This prompted us to repeat
our assay with conditions more similar to these reports. By
changing the reductant from TCEP to DTT we identified
unspecific thiocarboxlyation for both mutants of catalytic
important cysteine residues (C225A and C397A) (Supple-
mentary Figure S5B). We suggest that the Urm1 adenylate
undergoes a nucleophilic attack by the thiosulfate and is
subsequently cleaved by DTT (Supplementary Figure S5C).
In contrast, TCEP is not able to release this unspecific thio-
carboxylate. This demonstrates that the thioester on C225
and the acyl persulfide on C397 are crucial for the forma-
tion of the thiocarboxylate. Furthermore, our findings sug-
gest that thioesters observed at other residues are unspecific
and are not physiologically relevant. Finally, our in vitro as-
say demonstrates that the individual domains of Uba4 are
functionally linked and do not act independently.

In vivo analysis of Uba4 mutants

To validate our findings we generated yeast strains carry-
ing the UBA4 mutations tested in vitro and assayed their
sensitivity towards the TOR-signaling inhibitor rapamycin.
Yeast carrying the catalytically impaired C225A or C397A
mutations was as sensitive to the drug as uba4 A, while the
other mutants grew like wild type (Figure 5A) (1). These
results complement our biochemical data and emphasize
the physiological role of C225 and C397. Finally, to link
these phenotypes to tRINA modification, we extracted total
RNA from these different strains and performed northern
blot analysis to monitor 2-thiolation of cytoplasmic tR NAs.

YPD 3nM Rapamycin
« [XXTXY
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C164A
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Figure 5. In vivo analysis of Uba4 strains. (A) Serial dilution assay of wild-
type and uba4 A yeast complemented by different UBA4 variants to mon-
itor growth phenotypes in response to rapamycin (YPD, left; Rapamycin,
right). (B) APM-PAGE retardation assay and subsequent northern blot
analysis of total RNA isolated from yeast strains used in (A) to investigate
the thiolation status of the isoacceptor tEVUC,

As expected no thiolated tRNA was observed in uba4 A,
C225A and C397A yeast, while the other mutant proteins
resembled the wild type and were expressed (Figure 5B and
Supplementary Figure S6). These in vivo findings corrobo-
rate our previous results, where Urm1 first forms a thioester
at its C-terminus with C225 in the crossover loop of Uba4
to enable thiocarboxylate formation.

DISCUSSION

The eukaryotic protein Urml, essential for 2-thiolation of
cytoplasmic tRNA shares features with UBL as well as with
bacterial SCP. This has led to contradicting models about
the mechanisms of Urml activation and conjugation pre-
cluding a comprehensive understanding of early UBL evo-
lution. Here we characterize the critical reaction intermedi-
ates of the Urm1/Uba4-system and unambiguously show
the requirement of a covalent thioester-bond between Urm1
and Uba4. Furthermore, we identify C225, the canonical
cysteine in the crossover loop of the E1 domain of Uba4 as
the site of thioester formation following Urm1 adenylation.
This thioester at C225 is the only physiological relevant one
and enables Urml to form an acyl persulfide bond with
C397 in the RHD. In vivo the regeneration of Uba4 accom-
panying with the release of thiocarboxylated Urm1 after a
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To allow a new thiocarboxylation cycle, Uba4 is regenerated by a reductive cleavage and the release of thiocarboxylated Urm1 (step 5). For more details

see the main text.

full cycle might require the highly reducing environment in
Baker’s yeast, which is accomplished by the glutathione sys-
tem (Figure 6) (34). In yeast, Uba4 receives sulfur from the
RHD containing protein Tum! (Thiouridine modification
1), which links the sulfur relay to the cysteine-desulfurase
Nfs1 (Nitrogen fixing gene 1) (Figure 6) (3). The function of
the N-terminus (first 37 amino acids) of Uba4 has not been
deciphered. It is tempting to speculate that this region with
its coiled-coil contributes to the specificity of the reactions
in the crowded cellular environment, e.g. by interacting with
Tuml or with the Ncs2/6 complex. All three proteins were
shown to interact with Uba4/Urml1 in vivo (1).

Despite the importance of this thioester for tRNA thi-
olation, accumulation of activated Urm1 either as adeny-
late (C225A) or as thioester (C397A) may act as a highly
reactive intermediate in unwanted side reactions, thus, re-
sulting in unspecific conjugation to nearby proteins, e.g.

Uba4. The finding that mostly URM[-pathway members
or its homologs appear to be targets of urmylation supports
this idea (13,35). Importantly, there is no mutant available
that allows to separate urmylation from Urml activation
for 2-thiolation, suggesting that these processes are inti-
mately linked. It will be key to investigate this option in the
future to understand the relationship between 2-thiolation
and urmylation on a mechanistic level.

The Urm1/Uba4 system is thought to reflect an ances-
tral state in the evolution of UBL pathways (10,11). Our re-
sults suggest that Urm1 is not only phylogenetically but also
mechanistically located at the branchpoint between bacte-
rial SCP and UBL systems. The URM 1 pathway combines
the thioester activation mechanism of the UBL-systems
with the acyl persulfide and thiocarboxylate intermediates
of bacterial sulfur-carrier proteins (Figure 1 and Supple-
mentary Figure S1). There, the sulfur-transfer reaction en-
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compasses a sulfur relay with an acyl persulfide as key in-
termediate, leading to the desired thiocarboxylate or to acti-
vated sulfur, which is directly incorporated into biosynthetic
precursors (Supplementary Figure S1) (16,36). Hence, the
activation of the C-terminal diglycine motif of a sulfur-
carrier protein by adenylation was likely a feature of the
last common ancestor. This might have been the point from
which other systems emerged and further developed into
UBL systems with specialized E2 and E3 enzymes (10). Fol-
lowing on that, it is noteworthy that there are key differences
to UBL systems. Uba4 forms a homodimer, similarly to the
MoeB/MoaD-system. This is in contrast to canonical E1l
enzymes, which are characterized by either two pseudosym-
metric adenylation domains or by a heterodimer (15). These
two domains or proteins regulate the activation and subse-
quent thioester formation between the El1 enzyme and its
UBL, maybe reflecting an increased need for regulation in
UBL systems over the simpler SCP.

A hybrid form of UBL and bacterial sulfur-carrier sys-
tems was described in archaea, where UbaA or ELSA
catalyzes the transfer of small archaeal modifier proteins
(SAMPs) (35,37,38). UbaA differs from Uba4 in that it con-
tains only an El-like domain. Thus, a trans-acting RHD-
containing protein is required for tRNA thiolation. Im-
portantly, no thioester intermediate has been described for
SAMPs during thiocarboxylation (Supplementary Figure
S1) (32). In the light of our results, which reflect an in-
tramolecular mechanism it will be interesting to understand
how the intermolecular connection between SAMP, UbaA
and the RHD is achieved.

Despite comprehensive assay conditions, our experi-
ments did not attempt to determine kinetic parameters and
we did not assess whether the formation of the thioester
intermediate occurs before or after the sulfur transfer to
the RHD via persulfide formation. Understanding of the
molecular interplay between both reactions may reveal
an extra layer of regulation. Furthermore, our mutational
analysis relies on our initial model of Uba4. Several E1-like
enzymes like MoeB, ThiF and UBA3 and different RHDs
(incl. RHD of MOCS3) were used as templates, because
there is currently no structure available, which includes both
domains in one molecule. Thus, there is a high demand for
structural information to identify their relative and absolute
orientation towards each other at different reaction states.

Importantly, our findings go beyond a mechanistic un-
derstanding of the Urm1 pathway but have direct impli-
cations for drug development. Upregulation of enzymes,
crucial for the formation of 5-methoxy-carbonyl-methyl-2-
thio-uridine (mcm’s”U), is correlated with the emergence
of human breast cancer and metastasis, a process that has
been linked to improved translation fidelity in such tumors
(39). The identification of the thioester-intermediate opens
up new opportunities in using members of this tRINA mod-
ification pathway as drug targets. For example, the inhibi-
tion of the El-like enzyme NAE (NEDDS activating en-
zyme) and SAE (SUMO activating enzyme) by sulfamate
based inhibitor reduces human malignancies and cancer
cell proliferation, respectively (40,41). This mechanism of
substrate-assisted inhibition is based on the presence of
a thioester and leads to specificity and a favorable safety
profile (42,43). These unique features allowed MLN4924

the NAE inhibitor to enter clinical trials (44). Following
these findings, recent studies contributed to a detailed un-
derstanding of inhibition of activating enzymes by adenosyl
sulfamate based inhibitors and revealed insights into their
specificity profile (45). Therefore, the El-like activating en-
zyme Uba4 is a promising subject for further studies. In the
case of pathogenic yeasts, mechanistic similarities make it
an appealing target to develop anti-fungal antibiotics.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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