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Abstract Ubiquitin-related modifier 1 (Urml) is a ubiqg-
uitin-like molecule (UBL) with the dual capacity to act
both as a sulphur carrier and posttranslational protein
modifier. Here we characterize the Drosophila melanoga-
ster homologues of Urml (CG33276) and its El activating
enzyme Uba4 (CG13090), and show that they function
together to induce protein urmylation in vivo. Urml con-
jugation to target proteins in general, and to the
evolutionary conserved substrate Peroxiredoxin 5 (Prx5)
specifically, is dependent on Uba4. A complete loss of
Urml 1is lethal in flies, although a small number of adult
zygotic UrmI™"?* mutant escapers can be recovered. These
escapers display a decreased general fitness and shortened
lifespan, but in contrast to their S. cerevisiae counterparts,
they are resistant to oxidative stress. Providing a molecular
explanation, we demonstrate that cytoprotective JNK sig-
naling is increased in Urml deficient animals. In
agreement, molecular and genetic evidence suggest that
elevated activity of the JNK downstream target genes
Jafracl and gstD1 strongly contributes to the tolerance
against oxidative stress displayed by UrmI™? null
mutants. In conclusion, Urm1 is a UBL that is involved in
the regulation of JNK signaling and the response against
oxidative stress in the fruit fly.
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Introduction

The utilization of posttranslational modifications (PTMs)
has in the past decades been acknowledged as an ingenious
strategy of cells to multiply and regulate the functions of
most proteins encoded by the genome of eukaryotic
organisms. The ubiquitin-like molecules (UBLs) form a
family of evolutionary conserved PTMs, critical for the
formation of reversible, short-lived signaling centers, and
functions by dynamically modulating target protein prop-
erties such as enzymatic activity, subcellular localization,
half-life and inter-/intra-molecular interactions [1, 2].
Similar to ubiquitin, the founding and most studied mem-
ber of the UBL family, all UBLs adopt a compact globular
fold, the B-grasp superfold, and commonly rely on the
sequential activity of E1 activating, E2 conjugating and E3
ligating enzymes to covalently attach to their target pro-
teins via the highly conserved C-terminal di-glycine (GG)
motif [1, 2]. In many cases the proper interpretation of
UBL modifications in a cellular context relies on special-
ized ubiquitin/UBL-binding domains (UBDs) that
recognize specific UBL motifs and further transmit their
messages inside the cell [3].

Several of the UBLs have been found to respond to
various cellular or environmental stimuli, such as increased
sumoylation induced as a result of irradiation and DNA
damage [4] and the enhanced ISGylation that follows
stimulation of the immune system [5]. Similarly, conju-
gation of the Ubiquitin-related modifier 1 (Urm1) has been
reported to be specifically induced in both yeast and
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mammalian cells in response to oxidative stress, a process
known as urmylation [6-8]. Urml is an evolutionary con-
served UBL of 11 kDa which phylogenetically appears to
represent an evolutionary breakpoint where UBLs first
started to be employed as PTMs in eukaryotic cells [9, 10].
It shares homologies with the prokaryotic UBL ancestors
MoaD and ThiS, two sulphur carriers that function in
molybdopterin and thiamine biosynthesis, respectively, as
well as with eukaryotic UBLs that orchestrate cellular
behavior by conjugating to target proteins [11]. Indeed,
Urml appears to be an ancient remnant, which in higher
species has developed dual capacity both to act as a sulphur
carrier, specifically functioning in the modification of
tRNA bases by thiolation [12-15], and as a posttransla-
tional modifier that conjugates to lysine residues in
multiple target proteins following oxidative stress [8, 16].
Urmylation has been shown to rely on the Urml-specific
El enzyme Ubiquitin-like modifier activating enzyme 4
(Uba4) [6], in mammals known as Molybdenum cofactor
synthesis 3 (MOCS3) [17], but to date there have been no
reports describing any E2, E3 or deurmylating enzymes in
the Urml conjugation machinery. Among the identified
targets of urmylation, which include proteins in the
urmylation and ubiquitylation pathways, nuclear import,
RNA biology and oxidative stress [8], the S. cerevisiae
Alkyl hydroperoxide reductase 1 (Ahpl) and the Urm1 El
activating enzyme Uba4 are the only targets which have
been studied in more detail [8, 16, 18]. A report from
investigations performed in the archaeon Sulfolobus aci-
docaldarius has recently identified 29 additional novel
target proteins conjugated by Urml at lysine residues, and
interestingly pointed towards a role of Urml in directing
target protein degradation by the 20S proteasome [19].

In agreement with urmylation being triggered in
response to oxidative stress, yeast strains deficient in urml
or uba4 are sensitive to oxidizing agents [7], suggesting an
important role of the Urm1/Uba4 conjugation machinery in
the response against oxidative stress. To protect cells
against dangerous reactive oxygen species (ROS), which
arise naturally as a result of cellular respiration, but also as
a consequence of environmental pollutants, UV radiation
and therapeutic oxygen treatment [20, 21], multiple
response systems have evolved. The cellular defense sys-
tems against oxidative stress include the immediate activity
of antioxidant enzymes, such as the family of peroxire-
doxins that degrade hydroperoxides to water, but also a
transcriptional upregulation of cytoprotective genes
including the gluthathione S-transferases (GSTs), aldehyde
dehydrogenases (ALDH) and NAD(P)H:quinone oxidore-
ductases (NQO1) [20, 22, 23]. In response to oxidative and
genotoxic insults, multiple signaling pathways come
together to trigger the necessary reprogramming of the cell
required to withstand the stress, among which JNK, p38
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MAPK, p53, NK-xB and Nrf2 have been recognized as the
most important [24]. An insufficient response to oxidizing
agents results in increased levels of ROS, which can cause
severe damage to cellular proteins, nucleic acids and lipids
and in extension contribute to the initiation and progression
of many human diseases including cancer, diabetes and
cardiovascular disease, as well as premature ageing [23, 25,
26].

Despite being described as a UBL modifier more than a
decade ago [6], the understanding of the role of Urml
conjugation to target proteins has remained poor. Whereas
the sulphur carrier activity of Urm1 has been fairly well
described, studies regarding the conjugation machinery as
well as characterization of putative targets and functions
have been few [6-8, 16, 19]. To learn more about urmy-
lation and its functions in a multicellular organism, we
have utilized the Drosophila melanogaster model system
to study Urml and its El activating enzyme Uba4. We
have identified and characterized the annotated genes
CG33276 and CG13090 as the homologues of Urm1 and
Uba4/MOCS3 in Drosophila melanogaster, respectively.
Drosophila Urml1 and Uba4 interact endogenously in fly
tissues and are able to induce urmylation of multiple
target proteins, including the evolutionary conserved
substrate Peroxiredoxin 5 (Prx5), upon overexpression.
Furthermore, employing Urml null mutants generated in
our laboratory, we show that Urml is essential for via-
bility and that flies lacking Urml protein display a
shortened lifespan and an increased resistance to oxida-
tive stress. Loss of Urml leads to an upregulation of the
JNK pathway and increased levels of the cytoprotective
JNK-regulated genes Jafracl and gstDI, providing a
molecular explanation for the observed tolerance of Urml
null flies to paraquat.

Results

Characterization of the Urm1 modifier in Drosophila
melanogaster

The Drosophila genome contains a clear Urm1 fly homo-
log, encoded by the annotated gene CG33276. Sequence
alignment analysis with Urml homologues in different
species reveals that CG33276 displays all the characteristic
features of a typical UBL, including a small size of 11 kDa,
a predicted B-grasp structural fold and a conserved C-ter-
minal di-glycine (GG) motif (Fig. 1a). Based on these
findings, together with a shared sequence identity of 66 and
37 % with the Urml counterparts in human and S. cere-
visiae, respectively, we hereafter refer to CG33276 as
Urml. Phylogenetic analysis places Drosophila Urml
together with other eukaryotic Urml genes and an
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Fig. 1 The Drosophila Urml homologue, CG33276, is an evolu-
tionary conserved UBL with a highly dynamic pattern of expression.
a Sequence alignment of Drosophila Urml (CG33276) with homol-
ogous counterparts in C. elegans, S. cerevisiae, H. sapiens and M.
musculus, demonstrates a high homology between Drosophila Urml
and mammalian Urml orthologues, as well as a conservation of the
C-terminal di-glycine (GG) motif used for protein conjugation [66,
67]. b Phylogenetic representation of the evolutionary conservation of
Urml, generated by utilizing the Phylogeny.fr platform, indicates that
Drosophila Urm1 shows a close relationship with its mammalian
counterparts, and that all Urml genes in higher species share a
common ancestry in the prokaryotic sulphur carriers MoaD and ThiS
in E. coli [66, 67]. ¢ Clonal expression of an RNAI transgene targeting

evolutionary ancestor shared with the sulphur carriers
MoaD and ThiS in E. coli (Fig. 1b).

To initiate our studies of Urml, we first generated
antibodies specifically recognizing fly Urml. Clonal
expression of an RNAIi transgene targeting Urm1 in third
instar wing discs verified the specificity of the antibody and
in addition indicated Urml as a protein primarily residing
in the cytoplasm (Fig. 1c). This finding was further sup-
ported by immunoblotting cytoplasmic and nuclear extracts
prepared from Drosophila S2 cells (Fig. 1d, Suppl.
Fig. 1a), as well as the detection of Flag-tagged Urml in
the cytoplasm of wing imaginal disc cells, expressed under
control of the GAL4/UAS system (Suppl. Fig. 1b). In fly
tissues, Urm1 appears to be ubiquitously expressed during
all embryonic stages (Suppl. Fig. 1c), as well as in third
instar larval imaginal discs, as indicated by a primarily
cytoplasmic staining of imaginal disc cells, which is lost in
clones where Urml has been knocked down by RNAi

Urml (marked by GFP) in third instar wing discs using FLP/FRT-
mediated recombination, both verifies the specificity of the anti-Urm1
antibody and indicates a cytoplasmic localization of Urml in the
surrounding wild type tissue. Scale bar 20 pm. d Urml protein is
restricted to the cytoplasmic fraction of Drosophila embryonic S2
cells. e Urm1 expression and conjugation to target proteins shows a
highly dynamic profile during development, displaying high levels in
early embryonic stages which declines in larval stages to later peak
again during larval/pupal transition. In adults Urml expression
remains at fairly constant levels both in males and females. Western
blot on whole cell lysates from control w’/’® flies at the develop-
mental stages indicated

(Suppl. Fig. 1d). In agreement with these results, Western
blot analysis of Drosophila lysates at different develop-
mental stages showed a strong enrichment of both Urml
and Urml conjugates during embryogenesis, in particular
at very early stages (Fig. le), implicating important func-
tions of Urml in early developmental processes. After
embryogenesis, Urm1 decrease to barely detectable levels,
but increase again to later peak at early pupal stages. In late
pupae Urml protein expression is again strongly reduced,
but reappears once more in adult flies where it appears to
remain at stable levels. Interestingly, when analyzing the
mRNA levels of monomeric Urml1, Urml appears to be
transcribed at considerably higher levels in pupal and adult
stages, possibly reflecting a need of the cells to rapidly
being able to post-transcriptionally increase Urml levels in
response to environmental stress, or an active degradation
of Urm1 mRNA or protein at certain developmental stages
(Suppl. Fig. le). Moreover, the excessive urmylation in
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Drosophila embryos is likely to be dependent on the high
levels of maternally contributed Urm1 protein, deposited in
the egg during oogenesis.

Drosophila Uba4 interacts with Urm1
and potentiates urmylation in vivo

Similar to all UBLs, Urml depends on a conjugation
machinery in order to posttranslationally modify target
proteins. However, in contrast to other UBLs, Urm1 does
not appear to be regulated by any E2 or E3 enzymes, but is
merely controlled by its El-activating enzyme Uba4,
known as MOCS3 in mammals. To identify the fly Uba4/
MOCS3 homologue, we screened the Drosophila genome
for genes containing a Rhodanese homology domain
(RHOD) and found eight candidates of which only one,
CG13090, displayed the conserved structural configuration
shared by Uba4 in yeast and mammals—a RHOD domain
in combination with an El-like domain. Upon sequence
alignment (Suppl. Fig. 2) we found that CG13090 exhibits
an overall sequence identity with human and yeast
MOCS3/Uba4 of 51 and 44 %, respectively (Fig. 2a).
Together with a close phylogenetic relationship with
orthologues in other species (Fig. 2b), this led us to con-
clude that the fly Uba4 homologue is encoded by the
annotated gene CG13090.

Consistent with the formation of a conjugation machinery
complex, Drosophila Urml and Uba4 interact in lysates
prepared from flies expressing tagged versions of the pro-
teins (Fig. 2c¢). In contrast to other UBLs, Uba4 has recently
been reported to interact with Urm1 via an acyl-disulphide
bond, leading to the formation of thiocarboxylated Urml
[17]. Consistent with these findings, we observe that the
interaction between Drosophila Urm1 and Uba4 is sensitive
to the presence of reducing agents such as DTT (Fig. 2d).
Despite intensive efforts, we have failed to detect anything
else than a weak pattern of protein urmylation in adult wild
type flies, either under normal conditions or following var-
ious stress situations. However, upon tagged Urml
overexpression, the appearance of multiple high-molecular
weight bands in Western blots indicates that urmylation
indeed occurs in living flies (Fig. 2e). Removal of the
C-terminal GG motif of Urm1 (UrmI“%“) prevents tagged
Urml from conjugating to target proteins (Fig. 2e), a finding
that reinforces that the utilization of the GG motif for protein
conjugation is conserved in evolution. Consistent with the
assumption that CG13090 represents the Drosophila Uba4
gene, RNAi-mediated knockdown of Uba4 strongly reduces
urmylation in the fly (Fig. 2f). As noted previously, we
observe the highest levels of endogenous urmylation in early
embryos (Fig. le).
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Loss of Urml1 causes lethality and decreased
longevity

To further investigate the function of Urml, we generated a
mutant in which the entire Urml locus is deleted by
imprecise immobilization of the KG{SuPor-P)K6%8138 ¢le-
ment, inserted in the immediate vicinity of the Urml
translation-initiation ATG site [27] (Fig. 3a). The Ur-
mI™? null allele and control revertant line Urml™'%*
obtained by precise excision of KG{SuPor-P}<“%%'7% were
both identified by PCR and verified by sequence analysis
(Fig. 3b), as well as by the presence or absence of Urml
protein expression in protein lysates from adult flies
(Fig. 3c¢).

Loss of Urm1 is in most cases lethal, causing a small
fraction of zygotic homozygous flies to die during
embryogenesis (20 %) and the majority at late pupal
stages (60 %) (Fig. 3d). This lethality is fully rescued by
the ubiquitous expression of a UAS:UrmI"" transgene,
but not an Urm1 variant lacking the C-terminal GG motif
(UAS:Urm149%) (Fig. 3e). The survival of zygotic Ur-
m1""? flies (20 %) is most likely explained by high levels
of maternally contributed Urml (Fig. le and data not
shown), a hypothesis which is further supported by the
fully penetrant embryonic lethality displayed by the pro-
geny of homozygous zygotic UrmI"'?> mutant males and
females. A variable number of homozygous Urmi™'??
mutants, primarily of the female sex, eclose as adult
escapers after a small, but significant, delay in develop-
ment. The amount of escapers (ranging between 3 and
20 %) appears to be highly dependent on food quality and
degree of competition from heterozygous siblings, indi-
cating a decreased general fitness in the absence of Urml
expression. In agreement, homozygous adult Urmil™'?
flies are smaller, less active and display a significantly
reduced fecundity and shortened lifespan, as compared
with control UrmI™%* and w'’’® flies (Fig. 3f). In keep-
ing with a genetic interaction and position of Urml and
Uba4 in the same cellular pathway, the survival of
homozygous UrmI™'? mutants is strongly decreased by
the simultaneous removal of one copy of Uba4 (i.e. flies
homozygous for UrmI™'?* and heterozygous for a defi-
ciency uncovering Uba4) (Suppl. Fig. 3a). Further
emphasizing the connection between Urml and Uba4,
misexpression of Urm1 or Uba4 in the developing wing
disc cause a similar loss of wing vein material, a pheno-
type which gains higher penetrance upon simultaneous
co-expression of both Urml and Uba4 (Suppl. Fig. 3c).
However, Urm1 and Uba4 are not interdependent, since
Uba4 is not affected on the protein level in Urmi™'??
mutants (Suppl. Fig. 3b).
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Fig. 2 Drosophila Uba4 interacts with Urm1 and potentiates urmy-
lation in vivo. a Schematic representation and evolutionary
conservation of the Drosophila Uba4 homolog, CGI13090. The
Drosophila Uba4 is composed of an N-terminal El-like domain and
C-terminal Rhodanese homology domain (RHOD), similar to its
human and yeast counterparts. Percent identity matrix was calculated
using the online ClustalW?2 tool developed by EMBL-EBI [68, 69].
b Phylogenetic analysis of the evolutionary conservation of Uba4,
generated by utilizing the Phylogeny.fr platform [66, 67]. ¢ Urm1 and
Uba4 interacts in vivo. Immunoprecipitation of Flag-tagged Urml
followed by immunoblotting with anti-Myc antibodies reveals that
Flag-tagged Urml interacts with Myc-tagged Uba4. Proteins were
overexpressed ubiquitously in adult flies using the GAL4/UAS

UrmI™?3 mutant flies are resistant to oxidative
stress

Given the reported sensitivity of yeast strains deficient for
urml and/or uba4 to oxidizing agents [16], we were
interested to investigate whether flies lacking UrmlI show a
similar phenotype. In contrast, we found that loss of Urml
in Drosophila melanogaster results in increased tolerance
to oxidative stress (Fig. 4a). UrmI™'*® mutant flies display
a median survival of 88 h when kept on 10 mM paraquat
(Methyl viologen dichloride hydrate) diluted in 5 %
sucrose, as compared with 36 and 35 h in control Ur-
mI™"% and w''’® flies, respectively. In support of this
finding, flies in which Urm1 has been ubiquitously knocked
down by RNAIi also show a high tolerance to paraquat
treatment (Fig. 4b), as well as to oxidative stress induced

system. d The interaction between Drosophila Urml and Uba4 is
sensitive to reducing agents. A recombinant GST-tagged Urml
protein was employed to pull down Uba4 from lysates of flies in
which Uba4 is overexpressed under control of the ActinSC promotor
(GAL4/UAS system). The addition of increasing concentrations of
DTT abolishes the ability of Urm1 to bind Uba4. e Ectopic expression
of Urm1 induces urmylation of multiple target proteins in adult flies, a
process which is not observed when overexpressing a truncated
version of Urml lacking the C-terminal GG motif used for
conjugation (UrmI“?®%). f Urml conjugation to target proteins in
adult flies is strongly reduced by RNAi-mediated knockdown of Uba4
expression

by hydrogen peroxide (Suppl. Fig. 4a). Importantly, the
lethality and oxidative stress resistance caused by loss of
Urml is rescued by a GAL4/UAS-mediated reintroduction
of a wild type Urml transgene (UAS:Flag-UrmI™"), but
not an Urml transgene lacking the C-terminal GG-motif
required for conjugation (UAS:UrmI1“°C) (Figs. 3e, 4c),
suggesting that Urml conjugation is essential for Urml
functionality in Drosophila. Consistent with this hypothe-
sis, overexpression of the Urm19C protein appears to act
in a dominant negative fashion, blocking the activity of
endogenous Urm1 and thus resulting in a similar phenotype
as loss of Urml per se (Fig. 4d). In agreement, whereas the
UrmI™ transgene fully rescues the lethality of the Ur-
m1™? mutants, expression of Urml 466 in fact increases
the lethality of zygotic Urml™? flies (Fig. 3e). Overex-
pression of Urm1™T does not appear to have any major
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Fig. 3 Flies lacking Urml are characterized by a reduced survival
and longevity. a Schematic representation of the UrmI™? null
mutant allele and the UrmlI™'%* revertant control line, obtained by
imprecise and precise excision of the P{SUPor-P} element
CG33276 KG9135 ingerted in the 5'flanking region of the CG33276
coding region, respectively. b PCR results for the UrmI™% and
UrmI™'%* alleles, employing the primers P1 and P2 indicated in
a. The reduced size of the PCR fragment in UrmI™/? flies indicates a
deletion in the Urml genomic locus, whereas the Urml™%* flies
contains a PCR band identical to w’/’® controls. ¢ Urm!™?* null
mutant flies do not express any Urml protein. Total cell lysates of
flies of the indicated genotypes, blotted with anti-Urm1 antibodies.

influence on sensitivity to oxidative stress when expressed
on its own (Fig. 4d).

Similar to the results obtained for Urm mutant flies,
flies in which Uba4 has been ubiquitously knocked down,
employing transgenically expressed constructs targeting
Uba4, also show an increased resistance to oxidative stress
(Fig. 4e), reinforcing that Drosophila Urm1 and Uba4 are
acting in the same pathway.

]n123

PrxS is targeted by urmylation in response
to oxidative stress

The best characterized target of Urml conjugation is the
Alkyl hydroperoxide reductase (Ahpl) in S. cerevisiae
[16], which is encoded by Peroxiredoxin 5 (Prx5) in
Drosophila [28, 29]. We therefore wished to analyze if
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d Loss of Urml causes lethality in Drosophila. Zygotic homozygous
UrmI"'? flies show an increased lethality primarily at embryonic and
pupal stages, as compared with control UrmI™'%* flies. n = 400 for
both genotypes. e Ubiquitous overexpression of UAS:UrmI"" fully
rescues the lethality of the UrmI"’?’ mutants, whereas the expression
of an UAS:Urm149¢ transgene contributes to an increased lethality in
the Urm1"'*? mutant background (n > 1000 collected embryos for all
genotypes). f Homozygous Urml™? adult escapers display a
significantly reduced lifespan, as compared with revertant Urmi"™'%*
and w'’’8 controls. Only female flies were tested, n = 200 for all
genotypes

Prx5 is a target of urmylation also in flies and whether the
identification of Prx5 as an urmylation target could con-
tribute to the understanding of Urml function during
oxidative stress. In order to determine if Urml is conju-
gated to Prx5, we utilized a Flag-tagged Urm1™ " protein to
immunoprecipitate  either ectopically expressed or
endogenous Prx5. In non-stimulated cells Prx5 could not be
detected in Urm1 immunoprecipitates, but rapidly appeared
as a prominent binding partner of Urm1 following paraquat
treatment (Fig. 5a). Urmylated Prx5 showed a size shift
from ~17 to ~30kDa (Suppl. Fig. 4b), which is in
agreement with conjugation of one Flag-tagged Urml
moiety. Similar to findings in yeast [18], urmylation of
Prx5 was found to depend on Uba4, as Prx5-Urml1 conju-
gates were lost in flies where Uba4 levels have been
reduced by RNAi (Fig. 5b). A Flag-tagged Urm149¢
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protein failed to interact with Prx5 in response to oxidative
stress, indicating that Urm1 indeed is covalently conju-
gated to Prx5 via its C-terminal GG-motif and suggesting
that the targeting of Prx5 by urmylation is evolutionary
conserved (Fig. 5¢). Consistent with reports in yeast [16,
301, Drosophila Prx5EY02196 null mutants are sensitive to
oxidizing agents [29] and in addition, a forced overex-
pression of Prx5 increases the survival of flies during
conditions of oxidative stress [29]. However, while Prx5 is
clearly urmylated following paraquat treatment, we have
found no evidence that would support an upregulation,

«Fig. 4 Loss of Urml results in an increased resistance to oxidative

stress. a Urml deficient flies show an increased survival when
exposed to oxidative stress induced by 10 mM paraquat. UrmI"'?
mutants displayed a median survival of 88 h on 10 mM paraquat, as
compared with 36 h in the UrmI™'®* revertant and 35 h in w'/’®
controls, respectively. b Ubiquitous downregulation of Urm1 by RNA
interference results in an increased survival under conditions of
induced oxidative stress (10 mM paraquat). ¢ The increased resis-
tance of UrmI™? flies to oxidative stress can be rescued by
ubiquitous overexpression of UAS:Flag-UrmI™", induced as a UAS
transgene driven by the ActinSC-GAL4 driver in a homozygous
UrmI""? background. d Overexpression of an Urm1 variant lacking
the C-terminal GG-motif (Urml“®“) used for conjugation also
generates flies with an increased tolerance to oxidative stress,
indicating a dominant negative mode of action for Urm149C,
e Ubiquitous downregulation of Uba4 by RNA interference, employ-
ing two independent Uba4-RNAi transgenic fly strains, cause an
increased tolerance to oxidative stress induced by 10 mM paraquat.
All graphs in a—e are representatives of at least three independent
replicates, testing age-matched female flies, n > 300 for Urmil™ 23,
Urm1™'%* and w!!’¥ n = 200 for all other genotypes tested. All flies
used employing the GAL4/UAS system, were heterozygous for
Actin5C-GALA4, as well as for the indicated UAS transgene, control
Act5C > flies represent the progeny of ActinSC-GAL4 flies crossed
to w'/’® controls

activation or stabilization of Prx5 as a plausible explana-
tion for the tolerance observed in UrmI™?’ flies. A
concurrent loss of Prx5 does not affect the survival of
Urml mutant flies (Fig. 5d), nor is the protein level of Prx5
affected in UrmI™? mutant lysates (Fig. 5e). Interest-
ingly, Prx5%70%1% mutant flies appear to benefit from a
simultaneous loss of Urml, indicating a dominant cyto-
protective effect of Urml deficiency which is unrelated to
the activity of Prx5 (Fig. 5d).

Urml is a novel negative regulator of the JNK
signaling pathway

In order to explain the oxidative stress tolerance observed
in Urml deficient flies at the molecular level, we investi-
gated a number of the major pathways known to be
involved in oxidative stress. We found that one key path-
way, the INK pathway, is clearly upregulated in UrmI"'%
mutant flies, as indicated by increased JNK phosphoryla-
tion (Fig. 6a, b). The c-Jun NH(2)-terminal kinase (JNK),
which is a member of a subfamily of the mitogen-activated
protein (MAP) kinases, has been ascribed a prominent role
in the response against various environmental stressors, as
well as in inflammatory responses, cell survival and
development [31, 32]. Increased JNK phosphorylation was
observed when immunoblotting UrmI™'% fly lysates with
anti-pJNK antibodies and further confirmed by immuno-
histochemical analysis of somatic UrmI™? null mutant
clones in imaginal discs (Fig. 6a, panel 1 and 2). Hyper-
activation of JNK signaling at the level of the downstream
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Fig. 5 The Drosophila homolog of Ahpl, Peroxiredoxin 5 (Prx5), is
a target of urmylation in vivo. a Prx5 is urmylated in response to
oxidative stress. Flies with an induced ubiquitous expression of
UAS:Flag-UrmI™" and UAS:Prx5"" was exposed to 10 mM paraquat
for the time points indicated. Immunoprecipitation using anti-Flag
antibodies followed by immunoblotting with anti-Prx5 antibodies
indicates a strong conjugation of Urml to Prx5 after 1 h of
stimulation. b Urm1 conjugation to Prx5 is abolished in flies where
the level of Uba4 has been reduced by expression of an Uba4-RNAi
transgenic construct under control of ActinSC-GAL4. ¢ The urmy-
lation of Prx5 in response to paraquat treatment is dependent on the
C-terminal GG-motif in Urml. Flag-tagged Urm1 lacking the GG-
motif (UAS:Urm149F) fails to interact with endogenous Prx5 in fly

transcription factor dJun, observed as an increased nuclear
accumulation of dJun [33], was also observed (Fig. 6a,
panel 3). In Drosophila, the JNK pathway has shown to
induce a battery of genes involved in the cytoprotective
response evoked by oxidative stress [34] and consistent
with our results, some of these genes are also upregulated
in the absence of Urml. Firstly, the peroxiredoxin Jafracl,
previously reported to be upregulated downstream of
stress-induced JNK, as well as Keapl/Nrf2, signaling and
to confer resistance to oxidative stress [35, 36], is upreg-
ulated both in lysates prepared from homozygous Urmi"'??
flies (Fig. 6b), and in clones lacking Urm1 (Fig. 6a, panel
4). Secondly, we also found that the prototypical oxidative
stress response protein Glutathione S-transferase DI,
GstD1 [37], is strongly induced in UrmI™? mutants
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lysates after 1 h exposure to 10 mM paraquat. d Prx5 is not
promoting the oxidative stress tolerance in UrmI™'?® mutant flies. A
simultaneous loss of Prx5 in an Urml™?® mutant background does
not alter the survival rates of Urm1 deficient flies exposed to oxidative
stress (compare homozygous UrmlI™? mutants with UrmI"'%,
Prx5EY021% - qouble mutants). In contrast, Prx5EY02106 pull flies
benefit from a simultaneous loss of Urml, suggesting that Urml
operates in a cytoprotective pathway acting in parallel to Prx5. The
graph is a representative of three independent replicates, only testing
female flies, n = 200 for all genotypes tested. e Prx5 is not affected
on the protein level by loss of UrmI. Total cell lysates from Urml™'??
and control flies were immunoblotted using anti-Prx5 antibodies

(Fig. 6¢), using a transgenic gstD-GFP reporter fly strain,
generated by Sykiotis and Bohmann [38].

Having established that loss of Urml results in a
hyperactivation of the JNK pathway, we wanted to address
whether JNK-mediated upregulation of oxidative stress
response genes could explain the oxidative stress tolerance
phenotype of Urmi™'? mutants. We therefore generated
double mutants lacking expression of both Urml and
Jafracl (Jafrac1¥9%>72; Urm1""*) and tested their sensi-
tivity to paraquat. In agreement with our hypothesis, a
simultaneous loss of Jafracl clearly reduced the ability of
UrmI™"%’ mutant flies to survive in the presence of 10 mM
paraquat, suggesting that JNK-mediated upregulation of
Jafracl at least partially explains the oxidative stress
resistance displayed by Urml deficient animals (Fig. 6d).
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Fig. 6 Loss of Urml results in an upregulation of the JNK signaling
pathway and induction of cytoprotective genes such as Jafracl and
gstD1. a Clones deficient of Urm1 expression shows increased levels
of JNK phosphorylation, nuclear accumulation of dJun and expression
of Jafracl. Urml loss-of-function clones (P{w[+mW.hs] =
FRT(w[hs])2A; Urm]"]23), induced by heat shock and marked by
loss of nlsRFP expression were stained with the antibodies indicated.
Note that the nlsRFP positive cells surrounding the clones serve as
control with a w'/’® genetic background. Scale bars = 20 pm.
b Urmi™?* mutant flies exhibit a constitutive upregulation of the
JNK signaling pathway and Jafracl expression. Protein lysates from
Urml"?  flies display significantly higher levels of JNK

Discussion

In conclusion, we have identified the UBL Urm1 and its E1
activating enzyme Uba4 in Drosophila melanogaster and
shown that they form a conjugation machinery complex
with the capacity to induce urmylation of multiple target
proteins in vivo, of which we provide molecular proof for
one, the Ahpl homologue Prx5. We demonstrate that
complete loss of Urml causes embryonic lethality, whereas
high levels of maternal contribution allows the survival of a
small percentage of adult zygotic Urm1™'?’ mutant escaper
flies, which display a reduced lifespan but increased
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phosphorylation, as well as an increased level of Jafracl protein
expression, as compared with control flies (white!!’® and Urm1™'%%).
Importantly, the level of total JNK is not affected in Urmi™'??
mutants. ¢ Transcription from the gstDI promoter is strongly
upregulated in the absence of Urmli. The transgenic gstD-GFP
reporter generated by Sykiotis and co-workers [38] was monitored by
anti-GFP immunoblotting of total cell lysates of flies homozygous for
the UrmI"'?® mutation. d Urml interacts genetically with Jafracl.
The removal of Jafracl in a homozygous UrmI"? background
(Jafrac] KCO372/KGO3372. [y, M123/m123) reduce the resistance of
Urm1 mutants to oxidative stress. n = 200 for all genotypes tested

resistance to oxidative stress. Importantly, similar pheno-
types are induced by RNAi-mediated reduction of Uba4
expression, a finding that together with genetic interaction
experiments clearly places Urml and Uba4 in the same
cellular pathway. One hypothesis for explaining the toler-
ance of Urml deficient flies to oxidative stress, is that loss
of Urm1 directly or indirectly results in an activation of the
JNK pathway and by extension elevated expression levels
of multiple oxidative stress response genes, including
Jafracl and gstD1 (model in Fig. 7).

Oxidative stress has in both yeast and mammalian cells
been described as a strong inducer of Urm1 conjugation to
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Fig. 7 Model describing the oxidative stress tolerance displayed by
Urml deficient flies. On a yet unidentified level, loss of Urml
negatively affects signaling in the JNK pathway. In the absence of
Urml, the JNK pathway is hyperactivated, resulting in a nuclear
accumulation of the dJun transcription factor and subsequent
upregulation of multiple cytoprotective genes, including Jafracl
and gstDI. As a consequence, zygotic homozygous Urm1™'?® mutant
flies display an increased tolerance to oxidative stress

target proteins and in agreement, yeast strains deficient of
urml or uba4 are sensitive to multiple environmental
stressors including the oxidizing agents diamide and fert-
butyl hydroperoxide (t-BOOH) [8, 16]. The contradictory
tolerance of UrmlI null (UrmI™?%) flies to oxidative stress
initially struck us as an artefact, but the congruent pheno-
types induced by RNAi-mediated knockdown of Urm1, as
well as misexpression of a putative Urm1 dominant nega-
tive transgene (Urml““) strongly support these results.
Although we have not been able to demonstrate a
stable urmylation response following oxidative stress, we
can clearly show that the bona fide Urml conjugation
target protein Prx5 is rapidly urmylated in flies exposed to
paraquat, and thus that Urml acts as a UBL that post-
translationally modifies target proteins in higher organisms.
This is further emphasized by the appearance of multiple
high-molecular weight bands recognized by anti-Urml
antibodies on a Western blot of lysates prepared from flies
ectopically expressing tagged Urml and Uba4 proteins.
Despite being urmylated in response to oxidative stress,
we have found no proof that a stabilization or activation of
Prx5 would contribute to the paraquat resistance observed
in UrmI™% flies. Loss of Prx5 has no effect in an Urml
mutant background, and alterations of the Urml cellular
landscape (by transgenic expression of either Urmil™,
Urml“°C or Urml-RNAi) does not interfere with the
increased tolerance to oxidative stress that have been
associated with elevated levels of Prx5 (data not shown and
[29]). In contrast, loss of Urm1 appears to be beneficial in
Prx5EY021%  nyll  mutants, suggesting that an Urml
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deficiency positively regulates a cytoprotective pathway
which acts in parallel to Prx5. However, the Uba4-depen-
dent Urm1 conjugation to Prx5 is nevertheless an important
finding, which strongly reinforces the evolutionary con-
servation of Prx5/Ahpl urmylation in peroxide
modification, previously reported in yeast and human cells
[8, 16, 18]. Moreover, the rapid and transient nature of
Prx5 urmylation is interesting and may point towards a role
of urmylation in the cellular machinery that immediately
senses and responds to oxidative stress, the suggested
switch mechanism that determines the destiny of the cell—
to stay and fight or to die [39-41].

To identify cellular machineries affected by Urml we
have utilized available tools and antibodies to measure
oxidative stress levels and evaluate the activity of known
players in the oxidative stress response, including the Nrf2
[42] and PI3 Kinase pathways [43], p38 and pERK [44],
the HIF-1 oxygen sensing system [45], expression of
oxidative stress protective genes such as Heme oxygenase
[46] and multiple peroxiredoxin genes [47], as well as
general apoptotic markers. By using this strategy, we
detected an ectopic activation of the JNK signaling path-
way in the absence of Urm1, both in fly lysates and somatic
clones lacking Urm1 expression in imaginal discs. For this
we provide molecular evidence on multiple levels of the
JNK pathway, including increased phosphorylation of
JNK, enhanced nuclear accumulation of the downstream
transcription factor dJun [33, 48], as well as upregulation
of the JNK-controlled cytoprotective genes Jafracl and
gstD1 in tissues lacking Urm1 [34, 36]. Drosophila Jafracl,
which is the fly equivalent of human Peroxiredoxin II [49],
has interestingly been reported to reduce ROS levels and
contribute to an enhanced stress resistance, as well as
extended lifespan in flies [36]. Indeed, the increased levels
of Jafracl in Urml mutant flies clearly contributes to the
oxidative stress tolerance of Urml mutant flies, given that a
concurrent loss of Urml and Jafracl at least partially
reverts the UrmI™? phenotype.

In most animals, an increased tolerance to various
stressors, including oxidative stress, is strongly related to a
prolonged longevity [26], as is the case for several com-
ponents of the JNK pathway [34, 50]. However, in at least
one case in the literature, one mutant organism has been
described to, analogous to Urml™'? mutants, be resistant
to oxidative stress and simultaneously display a decreased
lifespan. Interestingly, this mutant is a loss-of-function
allele of the 2-Cys type peroxiredoxin PRDX-2 in C. ele-
gans [51], which is strongly related to Drosophila Jafracl.
PRDX-2 has been suggested to perform functions as
divergent as (1) thioredoxin peroxidase activity, protective
against oxidative stress, (2) chaperone activity, activated
during heat stress and (3) to act as a signaling molecule,
inhibiting the transcription of phase-II detoxificating
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enzymes, of which the last has been suggested as the main
cause of the oxidative stress tolerance displayed by PRDX-
2 deficient animals [51]. However, in flies Jafracl follow
the common rule of acting protective against stress and to
prolong longevity [36]. So, the question of how loss of
Urml can cause stress resistance together with a decreased
lifespan still remains. A plausible hypothesis may lie in the
dual nature of JNK signaling. As being one of the most
ancient conserved signaling molecules, JNK has shown to
be essential during development and display beneficial
functions during multiple stress responses in many species,
but can like a double-edge sword switch function and
contribute to cell death and disease [31, 32]. How JNK
signaling can alternate between valuable and detrimental
activities is not fully understood, but is believed to be
influenced by multiple criteria, including mode and dura-
tion of activation, cross-talk with other pathways, tissue
specificity and the age of animals [52-55]. In agreement
with such studies, loss of Urml could in young animals
contribute to a beneficial JNK signaling activity and
oxidative stress tolerance, which in older animals could
turn into pro-apoptotic activities and premature aging. The
dynamic functionality of JNK signaling, together with the
apparent evolutionary transition of JNK-like proteins, from
primarily acting in osmotic to oxidative stress in yeast
versus mammals, respectively [56, 57], may explain the
reported divergence in Urml activity during oxidative
stress in different species. It is not unlikely that JNK in
Drosophila has gained other cellular functions and levels
of regulation, as compared with yeast. However, since
increased JNK has been reported to prolong longevity in
flies [34, 50], the shortened lifespan we observe in Ur-
mI4'* mutants may also be caused by interference with
other signaling routes.

Another interesting question is how Urm1 influences the
JNK pathway, whether the effect is directly caused by
urmylation of one of the components in the pathway or
indirect in nature. Despite intense efforts, we have not been
able to verify an Urml conjugation to any of the major
components in the fly JNK pathway (Hemipterous, Basket,
Puckered, Kayak or dJun) in either embryos or adult flies.
However, in light of the recently described role of S. aci-
docaldarius Urml in protein degradation [19], it is
plausible that this investigation should be performed in the
presence of proteasomal inhibitors. Hence, at this point we
do not know whether Urm1 has the capacity to conjugate to
any of the components of the JNK cascade, but in light of
the sulphur carrier activity of Urml, it is interesting to note
that thiolation has been reported to influence JNK activa-
tion. Firstly, the INKKK protein apoptosis-signal regulated
kinase 1 (ASK1) is inhibited by binding to the reduced
form of the redox protein Thioredoxin (Trx) [58] and
secondly, the JNK inhibitory phosphatases Puckered and

MKP4 are known to be strongly influenced by redox status,
given that they both belong to the class I cysteine-based
dual-specificity PTPs, which are regulated by a reversible
oxidation of their catalytic-site cysteine [52, 59-61]. To
pinpoint where and how Urml interferes with the JNK
pathway will require further experimental analysis, but will
be an important issue to address in future studies. More-
over, in light of the involvement of the JNK pathway in a
large variety of cellular processes, it will be interesting to
study whether Urm1 also plays a role in other JNK-regu-
lated events.

Since its discovery the role of Urml as a combined
sulphur carrier and UBL modifier has puzzled the scientific
community. Here we provide evidence from a multicellular
organism that urmylation indeed occurs in vivo, and that
Urml displays multiple biologically relevant functions at
different time points of the Drosophila life cycle. The high
evolutionary conservation of Urml is consistent with our
finding that Urml is an essential gene, which strongly
influences cellular signaling in eukaryotic cells. This initial
characterization of Urml and Uba4 in Drosophila and the
generation of new tools can now lay the ground for further
investigations of Urml at the cellular, as well as physio-
logical and developmental levels. In conclusion, Urml is a
UBL modifier essential for life and longevity in Droso-
phila, which negatively influences the JNK pathway,
resulting in an upregulation of JNK-dependent cytopro-
tective genes and resistance to oxidative stress in Urml
deficient animals.

Materials and methods
Drosophila stocks
Standard  Drosophila  husbandry  procedures were

employed. Flies were raised and crossed at room temper-
ature (RT) unless otherwise stated. white'!"® was used as

wild type control. ActinSC-GAL4, MSI1096-GALA4,
P{SUPor-P}CG33276%C08138 (#14938), P{EP-
gy2)Prx5EY02106 ©G7215FY0219  (#15852), P{SUPor-

P}afrac1®%372 (#14440), P{ry[+17.2] = Delta2-3}99B
(#1610), Df(2L)BSC215/Cy0O (#9643), Df(2L)Exel7038/
CyO (#7809) and P{w[+mW.hs] = FRT(w[hs])}2A
(#1997) was obtained from Bloomington Drosophila Stock
Center (BDSC), Indiana, USA. Urml RNAi lines
P{GD15862}v48364 and P{GDI15862}v483643/TM3 was
from Vienna Drosophila Resource Center, Vienna, Austria
[62]. Uba4 RNAi lines CG13090R-1 and CGI13090R-2
were obtained from NIG-Fly Stock Center (Kyoto, Japan).
Clones were induced using hsFlp (#1929) in combination
with and P{AyGAL4)25 P{UAS-GFP.S65T}Myo31DF"
(#4411) for overexpression clones and P{His2Av-

@ Springer



1950

B. Khoshnood et al.

mRFP1}II1.1 P{FRT(wW"))2A (#34498) for somatic clones,
respectively (BDSC). Clones were induced by heat
shocking first instar larvae in a 37 °C water bath for
75 min. The gstD-GFP reporter has been previously
described [38], as well as UAS:Prx5 flies [29].

Generation of Urml mutants

The Drosophila UrmI™?’ null allele was generated by
imprecise excision of the P{SUPor-P} element
CG332765C%8158 (#14938), inserted in the 5'flanking
region of the CG33276 coding region, and identified by
PCR using the primers 5-GAGGTTCCCGGCATGTT
CACC-3 and 5'-CTTCGAATTACCCGCCAAACCG-3'.
The revertant line UrmI™'%* is a precise deletion of the
CG33276%9%138 clement. Both the Urmi™?’ and Ur-
mI™"% lines was cleaned from an unidentified background
mutation on the CG3327659%/3% chromosome by back-
crossing to white''’® six times. For clonal analysis the
UrmI™?  mutation was recombined onto the
P{w[+mW.hs] = FRT(w[hs])}2A chromosome.

Generation of Urm1 and Uba4 transgenic flies

pUAST:UrmI™" was generated by amplification of the
entire Urml cDNA (IP20063) by PCR and subsequent
subcloning into pUAST using Xhol/Xbal. pUAST:Ur-
m146S was generated in a similar manner. pUAST:Flag-
Urm1™T was generated by inserting a 3xFlag tag in the
N-terminus of Urml using Bglll/Xhol. pUAST:Flag-Ur-
m149C was generated by first making a pEntr™/D-TOPO
vector containing Urm129C and subsequently moving the
Urm129C fragment into the pTFW vector (DGRC) by
standard Gateway LR Clonase methodology (Life Tech-
nologies). The size difference between Flag-Urm1%™" and
Flag—UrmlAGG is caused by different linker lengths
resulting from different strategies of plasmid preparation
(Fig. 5b). Uba4 was amplified by PCR and ligated into
pUAST (Xhol/Xbal) to generate pUAST:Uba4™'. In
pUAST:Myc-Uba4™ ", a 6x-Myc tag was inserted in the
N-terminus of Uba4 using Bglll/Xhol.

Generation of Urm1 and Uba4 antibodies

The entire Urm1 or Uba4 cDNA was subcloned into the
pETM-11 vector using Ncol/Xhol and transformed into
E. coli BL21(DE3). Protein expression was induced at
37 °C using 1 mM IPTG and the resulting 6xHIS-Urml
and 6xHIS-Uba4 fusion proteins was purified using Ni-
NTA agarose according to the manufacturer’s instructions
(QIAGEN). Two rabbits were immunized with SDS-PAGE
gel pieces containing the 6xHIS-Urm1 protein (Agrisera),
of which one showed a good response against Urm1. One
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rat was similarly injected with 6xHIS-Uba4 (Agrisera), as
well as one rabbit. The rabbit polyclonal Urml and
Ubadantibodies were further refined by Protein A IgG
purification (Thermo Scientific), followed by affinity
purification against GST-Urml or GST-Uba4, and was
subsequently used at 1:250-1:500 for both Western blot
and immunohistochemistry (IHC). Rat anti-Uba4 was used
at 1:500 for Western Blot.

Genomic Drosophila DNA extraction, PCR
and sequencing

Genomic fly DNA was extracted by manual homogeniza-
tion of single frozen candidate flies in 50 pl squishing
buffer (10 mM Tris-HCl pH 8.2, 1 mM EDTA,
25 mM NaCl) freshly supplemented with 200 pg/ml Pro-
teinase K and incubated for 40 min at 37 °C. After heat
inactivation of Proteinase K for 10 min at 85 °C, the DNA
samples were cleared by centrifugation at top speed for
2 min and either used immediately for PCR analysis or
stored at —20 °C. PCR was performed according to stan-
dard protocols using DreamTaq polymerase (Thermo
Scientific, Waltham, USA). PCR fragments were purified
using the QIAEX II gel extraction kit (QIAGEN) and
sequence information was obtained by employing the
BigDye™ Terminator Signaling Kit v3.1 (Applied
Biosystems).

Immunostaining of Drosophila imaginal discs

Imaginal discs from third instar larvae were dissected in
PBS, fixed in 4 % formaldehyde for 25 min, washed
4 x 15 min in PBST (1 x PBS with 0.1% Triton X-100)
and blocked at least 1 hin 5 % Normal Goat Serum (NGS)
before incubation with primary antibodies overnight at
4 °C. Antibodies were diluted in 1 x PBS with 1 % NGS at
the following concentrations; Rabbit anti-Urm1 at 1:500,
rabbit anti-Active-JNK (pTPpY) at 1:1000 (Promega),
rabbit anti-Jafracl at 1:1000 (kind gift from J. Santaren
[63]), rabbit anti-dJun at 1:1000 (kind gift from D. Boh-
mann [64]). The next day the discs were washed in PBST,
incubated with fluorescently labelled secondary antibodies
(Jackson ImmunoResearch), washed again and mounted on
Poly-L-lysine coated slides prior to visualization by Nikon
C1 confocal microscope, magnifications 40 x Plan Apo NA
0,95, 60x Plan Apo VC NA 1,40 oil and 100x Plan Apo
VC NA 1,40 oil and EZ-C1 software.

Drosophila protein lysate preparation,
immunoprecipitation and western blot

Protein lysate preparation Adult Drosophila flies were
homogenized in lysis buffer (50 mM HEPES pH7.4,
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150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton
X-100, 10% Glycerol, 25 mM NAF,10 uM ZnCl,) sup-
plemented with Complete Protease Inhibitor Cocktail
(Roche), 1 mM PMSF and 10 mM N-Ethylmaleimide
(Sigma-Aldrich). The lysates were cleared by centrifuga-
tion at top speed for 30 min at 4°C and the total protein
concentration was determined using standard Bradford
protein assay (Bio-Rad). 1-2 mg of total protein were used
for IP and GST-pull down, unless otherwise stated.

GST pull-down: GST-Urm1 fusion protein was purified
according to standard protocols from E. coli BL21(DE3)
transformed with pGEX-4T1:Urm1 and linked to Glutha-
thione Sepharose 4B (GE Healthcare). Equivalent amounts
of GST or GST-Urm1 (corresponding to 2—5 pl of coupled
Sepharose beads) were incubated with 1 mg total protein
fly lysate in the absence or presence of DTT on a rotator at
4 °C overnight. The pull-downs were washed 4 times with
lysis buffer and finally resolved by boiling in 2x Sample
buffer (63 mM Tris—HCI pH 6.8, 10 % Glycerol, 2 % SDS,
0.0025 % Bromophenol Blue) at 95 °C for 5 min.

Immunoprecipitation: Immunoprecipitations were per-
formed using Anti-FLAG® M2 Magnetic Beads (Sigma-
Aldrich) according to instructions provided by the
manufacturer.

Western Blot: GST pull-downs, immunoprecipitations
and protein lysates were separated by SDS-PAGE and
transferred to a 0.2 um PVDF membrane (Merck Milli-
pore) using a semi-dry Trans-Blot Turbo transfer system
(Bio-Rad). GST pull-downs were analysed by Ponceau S
staining. All membranes were blocked in 5 % BSA in 1x
TBS (50 mM Tris—HCI, pH 7.5, 150 mM NaCl) for 1 h at
RT and incubated with primary antibodies overnight at
4 °C. Antibodies were diluted in 1x TBS with 5 % BSA at
the following dilutions; rabbit anti-Urm1 at 1:500, rat anti-
Ubad at 1:500, rabbit anti-Ubad4 at 1:250, mouse anti-
Tubulin 1:5000 (Sigma-Aldrich), mouse anti-Flag M2 at
1:1000 (Sigma-Aldrich), mouse anti-Myc 9E10 at 1:500
(Abcam), mouse anti-GFP JL-8 at 1:2000 (Clontech),
rabbit anti-Histone H3 at 1:10,000 (Abcam), rabbit anti-
Active-JNK (pTPpY) at 1:1000 (Promega), rabbit anti-
JNK(FL) at 1:250 (sc-571, Santa Cruz Biotechnology),
rabbit anti-Jafracl at 1:1000 (kind gift from R. Lehmann
[65]) and rabbit anti-Prx5 at 1:1000 (kind gift from S.
Radyuk [28]). The membranes were washed 5 x for
10 min in TBST (1 x TBS with 0.075 % Tween-20),
incubated with HRP-linked secondary antibodies (GE
Healthcare) for 1 h and washed again 5 x 10 min, all at
RT, before detection by ECL (Thermo Scientific or GE
Healthcare) followed by autoradiography.

S2 cell nuclear/cytoplasmic lysate preparation

S2 Cells were harvested by centrifugation at 1500x g and
homogenized in lysis buffer (10 % Sucrose, 10 mM Tris-
HCI pH 8.0, 10 mM NaCl, 3 mM MgCl,, 2 mM DTT,
0.2% Triton X-100, 1 mM PMSF). After 3 min centrifu-
gation at 1500x g, the supernatant (containing cytoplasmic
fraction) was collected and the pellet (containing the
nuclear fraction) was resolved in the nuclear buffer
(10 mM Tris-HCL pH 8.0, 1 mM EDTA pH 8.0, 0.14 M
NaCl, 2 mM DTT and 1 mM PMSF).

Lifespan analysis

Flies of the indicated genotypes were collected 0-24 h
after eclosure and sorted into females and males after
3 days. 40 flies were kept in each vial, which were moni-
tored for survival and transferred to fresh food every
2-3 days until no flies remained. Flies were kept at 25 °C
with a humidity of 60 % and exposed to an artificial light—
dark cycle of 12:12 h.

ROS experiments

Age-matched flies of the indicated number and genotypes
were starved for 4 h in empty vials, before exposure to
10 mM paraquat (Methyl viologen dichloride hydrate,
Sigma-Aldrich), or 2 % H,0O, (Sigma-Aldrich), dissolved
in 5 % sucrose and soaked into Whatman GBO0O0S5 filter
papers (GE Healthcare). The flies were scored for survival
every 24 h and transferred to a fresh vial with newly pre-
pared paraquat every 48 h.

Alignments and phylogenetic analysis

Sequence alignments were made using the multiple
sequence alignment method (MUSCLE) server provided by
the online Phylogeny.fr platform [66, 67]. The protein
sequence accession numbers used are for D. melanogaster
Urml NP_996018.2, S. cerevisiae Urml NP_012258.3, C.
elegans Urml NP_001255080.1, M. musculus Urml
NP_080891.1, H. sapiens Urml NP_112176.1, E. coli
MoaD NP_415305.1, E. coli ThiS YP_491469.1, D. mel-
anogaster Uba4 NP_001260256.1, S. cerevisiae Uba4p
NP_011979.1, C. elegans MOCS3 NP_501359.1, M. mus-
culus MOCS3 NP_001153802.1 and H. sapiens MOCS3
NP_055299.1. Phylogenetic trees were generated using the
PhyML tool provided by the online Phylogeny.fr platform
[66, 67].
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Preparation and mounting of adult Drosophila wings

Wings of the indicated genotypes were washed in Metha-
nol for 5 min and mounted on glass slides in a drop of pre-
warmed Canada balsam (Sigma). The slides were heated to
65 °C for 20 min to allow bubbles to dissipate before
imaging was performed using a Nikon SMZ1500 stereo
microscope with NIS-E F software.

Quantitative PCR

Total RNA of the indicated developmental stages of the

w!18 control strain, extracted using TRIzo1® (Thermo

Fischer Scientific), was template for cDNA synthesis with
Random Hexamers and SuperScript®ll Reverse Tran-
scriptase (Thermo Fischer Scientific). The cDNA was
purified with the DNA Clean and Concentrator'™ kit
(Zymo Research), before qPCR was performed employing
the KAPA SYBR FAST qPCR Master Mix (Kapa
Biosystems), employing the primers GGGCGGAGTTAC-
TATTTGGT and TCATAACCGATTTCACTCAAGTTT
for Urml, together with TGGGCGATCTCGCCGCAGTA
and CAGAGTGCGTCGCCGCTTCA for RpL32.
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