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A B S T R A C T

The yeast peroxiredoxin Ahp1, like related anti-oxidant enzymes in other species, undergoes urmylation, a ly-
sine-directed conjugation to ubiquitin-like modifier Urm1. Ahp1 assembles into a homodimer that detoxifies
peroxides via forming intersubunit disulfides between peroxidatic and resolving cysteines that are subsequently
reduced by the thioredoxin system. Although urmylation coincides with oxidative stress, it is unclear how this
modification happens on a molecular level and whether it affects peroxiredoxin activity. Here, we report that
thioredoxin mutants decrease Ahp1 urmylation in yeast and each subunit of the oxidized Ahp1 dimer is modified
by Urm1 suggesting coupling of urmylation to dimerization. Consistently, Ahp1 mutants unable to form dimers,
fail to be urmylated as do mutants that lack the peroxidatic cysteine. Moreover, Ahp1 urmylation involves at
least two lysine residues close to the catalytic cysteines and can be prevented in yeast cells exposed to high
organic peroxide concentrations. Our results elucidate redox requirements and molecular determinants critical
for Ahp1 urmylation, thus providing insights into a potential link between oxidant defense and Urm1 utilization
in cells.

1. Introduction

Glutathione peroxidases and peroxiredoxins are highly conserved
thiol-dependent proteins, which detoxify various reactive oxygen spe-
cies (ROS) and thus are critical to maintain cellular redox homeostasis
[1–3]. Accordingly, organisms with defects in these anti-oxidant en-
zymes exhibit premature aging, impaired growth and compromised
fitness [4–6]. The yeast Saccharomyces cerevisiae expresses several thiol-
dependent oxidoreductases, including glutathione peroxidases (Gpx1-
Gpx3) and various peroxiredoxins (Ahp1, Dot5, Prx1, Tsa1, Tsa2) [7].
Their number together with differential localization and expression
patterns suggests functional plasticity in protection against various ROS
including H2O2 or organic peroxides [8]. In support of this notion, Gpx3
and Tsa1 display broad ROS substrate specificities, while Ahp1 pre-
ferentially reduces organic peroxides (e.g. tert-butyl hydroperoxide [t-
BOOH]) [9–13].

Ahp1 is a typical 2-Cys peroxiredoxin, which forms constitutive

homodimers by employing phenylalanine residues (Phe-58, Phe-95)
that build a hydrophobic dimerization interface (Fig. 1A and B) for
precise positioning of the two subunits [14,15]. Each Ahp1 subunit
carries resolving (Cys-31: CR) and peroxidatic (Cys-62: CP) thiols critical
for anti-oxidant function [11,12,15,16] (Fig. 1B). During t-BOOH de-
toxification, the CP thiols become sulfenylated (-SOH), form Ahp1 in-
tersubunit disulfides with the CR thiols and are reduced for a new
peroxidatic cycle by thioredoxin (Fig. 1B). Ahp1 also undergoes post-
translational modifications, including S-glutathionylation [14] and ur-
mylation. The latter involves lysine-directed conjugation of ubiquitin-
related modifier Urm1 [17–22].

Urm1 has two distinct cellular roles, namely as a post-translational
protein modifier and as a sulfur donor for a thiolase (Ncs2-Ncs6), which
in concert with the Elongator complex (Elp1-Elp6) adds thiomodifica-
tions to wobble uridines in tRNA anticodons [23–28]. Importantly,
tRNA thiolation and protein urmylation require sulfur activation and
transfer onto the C-terminus of Urm1 by Uba4, an E1-like activator
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protein that produces thiocarboxylated Urm1 (Urm1-COSH)
[17,19,21,29]. Thus, the two Urm1 functions are chemically linked by
sulfur transfer and potentially coupled to oxidative stress
[19,21,22,30,31].

Consistently, intracellular ROS and other thiol-reactive agents (e.g.
N-ethylmaleimide [NEM], diamide) trigger urmylation in eukaryotes.
Among others, Urm1 targets from yeast, fungi, flies or human cells
include oxidative stress response factors like hemopexin, carbonyl re-
ductase and 2-Cys peroxiredoxins (e.g. Prx5, Ahp1) [18–22,32,33].
Urm1•Uba4 modifier systems are exchangeable from yeast to plant and
human cells, and, when expressed in yeast, human URM1 conjugates
with Ahp1, indicating that protein urmylation is a process conserved
among eukaryotes [19,20,34]. Furthermore, the identification of pro-
karyotic Urm1 or Uba4 counterparts implies that Urm1-like systems
and protein urmylation are found throughout evolution [35–37].

Although its biological function remains elusive, it is accepted that
urmylation does not act as an ubiquitin-like tag for protein degradation
in eukaryotes [18,20,38]. An Urm1 acceptor site identified in Ahp1
(Lys-32) [21] maps next to the CR (Cys-31) (Fig. 1B), suggesting ur-
mylation may interfere with the enzyme's peroxidase activity [15].
Even though urmylation coincides with oxidative stress, it is unknown
whether it affects the activity of peroxiredoxins in yeast, insects or
human cells. Therefore, we examined urmylation in further detail in S.
cerevisiae and found that the ability of Ahp1 to form dimers with intact
redox-active centers is intimately linked to Urm1 acceptor activity. In
addition, Urm1 target site analysis reveals two residues (Lys-32, Lys-
156) in proximity to the redox-active center, which when mutated in
Ahp1 drastically decrease urmylation without compromising protection
against t-BOOH. Our data indicate that oxidative stress and anti-oxidant
activity of Ahp1 are required for urmylation.

Fig. 1. Ahp1 structure, redox states and in vivo urmylation. (A) Overview of the Ahp1 homodimer (PDB #4DSR, 4DSQ) composed of two subunits (magenta & beige).
Highlighted are residues critical for dimerization (F58 & F95: teal), peroxidase activity (C31 & C62: orange) or known urmylation (K32: red). (B) The enlargement
(top panel) shows the redox-active centers formed between each subunit by resolving (C31) and peroxidatic (C62) thiols. Upon oxidation by ROS (t-BOOH), they
become disulfide-bridged (bottom panel) and can be reduced by the thioredoxin system (see Fig. 2A). (C) Formation of HA-Urm1•Ahp1 conjugates in vivo. Shown are
EMSAs under reducing (left panels) and non-reducing (right panels) conditions on protein extracts from indicated strains expressing HA-URM1 (+) or not (−). NEM-
stabilized urmylation was studied by anti-HA blots (top panels) diagnostic for free HA-Urm1 (~17 kDa) and urmylated forms of Ahp1 (~36 kDa) or Ahp1 inter-
subunit disulfide (AID ~72 kDa) as well as Urm1-modified c-Myc tagged Ahp1 (~43 kDa) or AID (~90 kDa) forms. anti-Ahp1 Western blots (middle panels) detect
unmodified Ahp1 (~19 kDa) and AID (~38 kDa) or c-Myc tagged Ahp1 (~27 kDa) and AID (~54 kDa). Protein loading control used anti-Cdc19 blots (bottom
panels). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Thioredoxin function supports Ahp1 urmylation. (A) Ahp1 oxidation by
ROS (t-BOOH) and reduction by the thioredoxin system, i.e. NADPH-dependent
thioredoxin reductase (Trr1) and thioredoxins (Trx1; Trx2). (B) EMSAs under
reducing (left panels) and non-reducing (right panels) conditions with protein
extracts of indicated strains expressing HA-URM1 (+) or not (−). Urmylation
was studied by anti-HA (top panels) diagnostic for free HA-Urm1 and urmylated
forms of Ahp1 (~36 kDa) or Ahp1 intersubunit disulfides (AID ~72 kDa). anti-
Ahp1 blots (middle panels) detect unmodified Ahp1 (~19 kDa) and AIDs
(~38 kDa). anti-Cdc19 (bottom panels) served as loading control. Asterisks
denote faster migrating Ahp1 forms.
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2. Results

2.1. Urm1•Ahp1 conjugation based on electrophoretic mobility shift assays
(EMSA)

In the presence of isopeptidase inhibitor NEM, Ahp1 is among the
most prominent Urm1 targets in S. cerevisiae [18,19,21]. Previous stu-
dies used β-mercaptoethanol (β-ME) or dithiothreitol (DTT), reducing
agents that impede analysis of Urm1 conjugation to Ahp1 intersubunit
disulfides [18–21]. Since these disulfides form during the Ahp1 cata-
lytic cycle [15,39,40] (Fig. 1B), we compared urmylation under redu-
cing conditions (standard SDS-PAGE with β-ME in sample buffer) and
non-reducing ones (without β-ME) in yeast cells expressing HA-tagged
Urm1 (Fig. 1C). In the presence of NEM and β-ME, anti-HA EMSA
distinguished free HA-Urm1 (~17 kDa) from a major HA-Urm1 con-
jugate (~36 kDa) that is absent from the ahp1Δ null-mutant and up-
shifted (~43 kDa) upon c-Myc tagging in AHP1-c-myc cells (Fig. 1C).
Thus, the ~36 kDa band represents an Urm1 modified Ahp1 subunit
most likely originating under reducing SDS-PAGE conditions from an
urmylated dimer.

Accordingly, under non-reducing conditions, we detected a slower
migrating HA-Urm1•Ahp1 conjugate roughly double in size (~72 kDa),
which is absent from ahp1Δ cells and up-shifted (~90 kDa) upon c-Myc
tagging (Fig. 1C). This conjugate corresponds to an oxidized dimer with
both Ahp1 subunits urmylated and interlinked by disulfides that are
sensitive to reduction by β-ME (Fig. 1C). Oxidized Ahp1 dimers de-
tected by anti-Ahp1 EMSA lack urmylation (Fig. 1C), suggesting that
attachment of HA-Urm1 (~17 kDa) blocks Ahp1 (~19 kDa) recognition
and immune detection by the antiserum [39]. As unmodified Ahp1
remains detectable under our experimental conditions there seems to be
an equilibrium of free and urmylated Ahp1 in vivo. In support of this
notion, independent studies with TAP-tagged Urm1 show differential
Ahp1 conjugates including Ahp1 disulfides, which under non-reducing
conditions, have one TAP-Urm1 copy attached to each subunit (Suppl.
Fig. S1). The occurrence of detectable disulfide-linked dimers modified
by Urm1 implies that urmylation does not affect the redox-active thiols
required for disulfide formation. Collectively, our data uncover dis-
ulfide bridged Ahp1•Urm1 conjugates that coexist with a pool of the
Ahp1 peroxiredoxin that is not modified by Urm1.

2.2. Defects in the thioredoxin system affect Urm1 conjugation to Ahp1

Urm1 is attached to oxidized Ahp1 intermediates (Fig. 1C) that may
be subject to reduction by the cytosolic thioredoxin system (Trx1, Trx2,
Trr1) (Fig. 2A) [7]. Therefore, we examined urmylation in yeast strains
lacking a functional thioredoxin system. As judged from anti-Ahp1 and
anti-HA EMSAs, Ahp1 urmylation and expression levels did not differ in
mutants lacking thioredoxin Trx1 (trx1Δ) or Trx2 (trx2Δ) (Fig. 2B).
However, loss of both reducing enzymes (trx1Δtrx2Δ) or thioredoxin
reductase (trr1Δ) lowered urmylation mildly and significantly increased
formation of non-modified intersubunit disulfides (Fig. 2B). Accord-
ingly, urmylated disulfides decreased with trx1Δtrx2Δ or trr1Δ mutants
(Fig. 2B). Thus, our data indicate proper recycling of Ahp1 by the
thioredoxin system impacts Urm1 conjugation, in particular the for-
mation of urmylated Ahp1 intersubunit disulfides (Fig. 2B).

2.3. Dose-dependent suppression of Ahp1 urmylation by t-BOOH

Prompted by data that exposure with the organic peroxide t-BOOH
stimulates the formation of Ahp1 intersubunit disulfides [39], we next
studied the impact of oxidative stress on Ahp1 urmylation in vivo. Using
anti-HA and anti-Ahp1 EMSAs under reducing and non-reducing con-
ditions, mild t-BOOH levels (0.3–0.6 mM) did not affect Ahp1 urmy-
lation (Fig. 3). Intermediate t-BOOH doses (1.2–2.5 mM), however,
progressively suppressed Ahp1 urmylation and formation of inter-
subunit disulfides, and highest doses (5–10 mM) eventually abolished

both (Fig. 3). Thus, t-BOOH doses known to affect yeast cell growth in
vivo [14] efficiently suppress Urm1 conjugation and Ahp1 disulfide
formation (Fig. 3). Whether this involves t-BOOH interference with
Ahp1, the thioredoxin system or Urm1-COSH, the thiocarboxylate cri-
tical for Ahp1 urmylation, is not known. In an effort to address these
options, we found that lack of thioredoxin reductase Trr1 in the trr1Δ
mutant counteracts the negative t-BOOH effect on urmylation seen with
TRR1 wild-type cells (Fig. 4A). As a result, HA-Urm1•Ahp1 conjugates
and Ahp1 disulfides reappeared and even increased in relation to the
untreated trr1Δ control (Fig. 4A). Thus, inhibition of urmylation by t-
BOOH apparently relies on thioredoxin function.

Our data suggest Ahp1 hyperoxidation by t-BOOH in vivo since the
intersubunit disulfides that are locked in the trr1Δ mutant (Fig. 4A)
ought to resist oxidation. In line with this notion, excess t-BOOH pre-
viously led to conversion of the CP thiol (Cys-62) into a sulfonate in vitro
[12,41]. Hence, hyperoxidation may be ascribable, at least in part, for
the inhibitory t-BOOH effects that we observe in vivo on urmylation of
Ahp1 (Fig. 3). Alternatively, t-BOOH may interfere with Urm1-COSH,
which is crucial for Ahp1 urmylation in vivo [19,21]. To study the latter,
we exposed recombinant Urm1-COSH to t-BOOH and analyzed it by an
APM-based gel retardation assay that distinguishes the starting material
(Urm1-COSH) from the inactive form (Urm1-COOH) [42]. t-BOOH
doses (1.2–2.5 mM) found to be effective in vivo (Fig. 3) gradually
converted Urm1-COSH into mobile Urm1-COOH (Fig. 4B). At t-BOOH
doses (5–10 mM) that abolished urmylation in vivo (Fig. 3), Urm1-
COOH exclusively accumulated in vitro (Fig. 4B). With the latter being
unable to urmylate proteins (including Ahp1) [19,21,29], our in vitro
data (Fig. 4B) suggest that the t-BOOH effect in vivo (Fig. 3) may involve
inactivation of Urm1. Collectively, high organic peroxide doses appear
to prevent urmylation in yeast cells through a combination of negative
effects on Urm1 and Ahp1.

2.4. The dimer interface is required for peroxidase and Urm1 acceptor
activity of Ahp1

To investigate redox requirements of Ahp1 for Urm1 conjugation we
asked whether urmylation is linked to dimerization of Ahp1. To do so,
we resorted to structural data [14,15] showing that two conserved
phenylalanine residues (Phe-58, Phe-95) (Fig. 1A and B) are located at
the center of the dimer interface. When mutated (F58A; F95A;
F58,95A), these were shown by native PAGE analysis to cause de-
creased dimerization [14]. To validate and extend the data, we esti-
mated the molecular weights of wild-type Ahp1 and interface mutants
via SEC-MALS (Fig. 5A), a technique coupling size exclusion chroma-
tography with multiangle light scattering [43]. Despite a broad reten-
tion profile of wild-type Ahp1, the molecular weights for both distin-
guishable peaks via MALS analysis were in line with the value of an
Ahp1 homodimer (46.7 kDa) (Fig. 5A).

In contrast, each of the interface mutants eluted at retention times
comparable to wild-type Ahp1, yet as single peaks (Fig. 5A). However,
all Ahp1 variants exhibited estimated molecular weights lower than
that of a dimer, with most (except for F95A) approximately the value of
a His-tagged Ahp1 monomer (~23.3 kDa) (Fig. 5A). In sum, our data
confirm that substitution of subunit interface residues decreases the
ability of Ahp1 to form dimers. Since the Ahp1 interface mutants dis-
rupted oligomerization, we tested their peroxidase performance in a
coupled activity assay with thioredoxin Trx2, thioredoxin reductase
Trr1 and NADPH (Fig. 5B). Upon addition of t-BOOH, a sharp decrease
in NADPH occurred for wild-type Ahp1 diagnostic for proper peroxide
detoxification (Fig. 5B). In contrast, Ahp1 variants harboring single and
double substitutions at the dimer interface resembled inactive enzymes
lacking the crucial CP or CR thiols (C62S or C31S) (Fig. 6B).

Thus, our data show that the hydrophobic interface contributes to
the ability of Ahp1 to form dimers and detoxify t-BOOH in vitro. In
contrast to wild-type Ahp1, we observed by anti-HA and anti-Ahp1
EMSAs that the single (F58A; F95A) and double (F58,95A) interface
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mutants failed to be urmylated and lacked formation of Ahp1 inter-
subunit disulfides under non-reducing conditions (Fig. 5C). This shows
an intact dimer interface is critical for anti-oxidant activity of Ahp1 and
Urm1 conjugation. In line with this, the Phe-95 substitution alone or in
tandem with the Phe-58 mutation were reported to enhance the sen-
sitivity of yeast cells to growth inhibition by t-BOOH in vivo [14]. To-
gether, our data demonstrate that dimerization and peroxidase activity
are intimately linked with urmylation of Ahp1.

2.5. Mutagenesis of the redox-active thiol center in Ahp1 abolishes
urmylation

Ahp1 was shown to be urmylated at Lys-32 close to its redox-active
center (Cys-31 Cys-62) (Fig. 1B) [12,15,16,21]. Another cysteine re-
sidue (Cys-120) was assumed to be catalytic [16] before being refuted
[15]. We examined whether serine substitution mutations at Cys-31,
Cys-62 or Cys-120 would affect the sensitivity of an ahp1Δ null-mutant
towards t-BOOH in vivo. Expression of C31S and C62S mutants failed to
restore t-BOOH protection in ahp1Δ cells, while Ahp1 wild-type and the
C120S mutant allowed for growth at t-BOOH doses of up to 2 mM

(Suppl. Fig. S2). Yeast lacking Ahp1 and the oxidant-sensitive tran-
scription factor Yap1 (yap1Δahp1Δ) are more sensitive to t-BOOH [39]
than ahp1Δ cells. Expression of the C62S mutant in this background
failed to protect against 0.9 mM t-BOOH, a dose tolerated by the C31S
mutant (Fig. 6A). Hence, in the absence of Yap1, the importance of the
CR and CP thiols for peroxidase activity apparently differs. Since t-
BOOH tolerance was eliminated after substituting both redox-active
thiols (C31,62S) in the double mutant (Fig. 6A), partial peroxidase
activity seen with the C31S mutant alone depends on an active CP (Cys-
62). Therefore, unlike Cys-31, Cys-62 is critical for anti-oxidant func-
tion of Ahp1. The C120S mutant, however, did not noticeably alter t-
BOOH sensitivity (Fig. 6A) and combined with the CR or CP mutations
(C31,120S or C62,120S), there are no additional growth defects com-
pared to the single C31S or C62S mutants alone (Fig. 6A) (Suppl. Fig.
S2).

Our in vivo data are in agreement with in vitro Ahp1 peroxidase
activity assays (Fig. 6B). Upon addition of t-BOOH, we observed a
marked decrease in NADPH indicative for peroxide detoxification by
wild-type Ahp1 and the C120S mutant, while peroxidase activity with
C31S or C62S was negligible (Fig. 6B). In addition, we found wild-type

Fig. 3. Suppression of Ahp1 urmylation
and disulfide formation by t-BOOH in
vivo. Shown are EMSAs under reducing
(left panels) and non-reducing (right
panels) conditions from strains treated
with t-BOOH as indicated and expres-
sing HA-URM1 (+) or not (−). NEM-
stabilized HA-Urm1 conjugation was
studied by anti-HA blots (top panels)
diagnostic for free HA-Urm1 and ur-
mylated forms of Ahp1 (~36 kDa) and
Ahp1 intersubunit disulfides (AID
~72 kDa). anti-Ahp1 blots (middle pa-
nels) detect unmodified Ahp1
(~19 kDa) and AID (~38 kDa). anti-
Cdc19 (bottom panels) served as in-
ternal standard.

Fig. 4. Effects of t-BOOH on Ahp1 re-
duction by thioredoxin and integrity of
the thiocarboxylate of Urm1. (A)
Inhibition of Ahp1 urmylation by t-
BOOH relies on a functional thior-
edoxin reductase. EMSA under non-re-
ducing conditions from TRR1 and trr1Δ
cells expressing HA-URM1 (+) or not
(−) in the presence (+) or absence (−)
of 5 mM t-BOOH. HA-Urm1 conjugation
was studied by anti-HA Western blot
(top panel) diagnostic for free HA-Urm1
and urmylated forms of Ahp1
(~36 kDa) and Ahp1 intersubunit dis-
ulfides (AID ~72 kDa). The anti-Ahp1
blot (bottom panel) detects unmodified
Ahp1 (~19 kDa) and AID (~38 kDa).
Asterisks denote faster Ahp1 forms
(bottom panel) in trr1Δ cells and an
unknown anti-HA signal (top panel).

(B) t-BOOH exposure of Urm1 in vitro. Recombinant Urm1-COSH was treated with indicated t-BOOH doses and analyzed under non-reducing conditions by APM gel
electrophoresis at time-point 0 min (middle panel) and 30 min (top panel) and under reducing SDS-PAGE conditions in the absence of APM after 30 min (bottom
panel). Arrows distinguish the thiocarboxylate (Urm1-COSH) from the inactive form (Urm1-COOH).

C. Brachmann, et al. Redox Biology 30 (2020) 101438

4



like urmylation levels including formation of urmylated (or non-mod-
ified) Ahp1 intersubunit disulfides in the Cys-120 mutant (Fig. 6C).
Next, we asked whether CR (C31S) and/or CP (C62S) substitutions
would affect Ahp1 oxidation and urmylation. As judged from anti-Ahp1
EMSA, the Cys-31 and Cys-62 substitutions alone (C31S; C62S) or in
combination (C31,62S; C31,120S; C62,120S) all failed to form Ahp1
intersubunit disulfides under non-reducing conditions (Fig. 6C). This
agrees with our data (Fig. 6A and B) showing that the CR and CP thiols
are key to the Ahp1 peroxidatic cycle (Fig. 1B). However, based on anti-
HA EMSA, each mutation behaved different in terms of urmylation
(Fig. 6C). While single C31S and double C31,120S mutants formed
Urm1 conjugates under reducing and non-reducing conditions, C62S
failed to do so.

This indicates that disulfide formation upon oxidation is dispensable
for urmylation, whereas the CP thiol (Cys-62) is essential for the con-
jugation reaction (Fig. 6C). Accordingly, when combined with C31S or
C120S, the negative C62S effect dominates causing loss of urmylation in
each double mutant (C31,62S or C62,120S) (Fig. 6C). Thus, Cys-62 is
essential for urmylation even in the case of the C31S mutant, which
lacks disulfide formation upon oxidation by the peroxide and cannot be
recycled. This finding indicates that oxidation of Cys-62 rather than
disulfide formation upon Cys-62 oxidation is critical for urmylation.

2.6. Analysis of lysine-based acceptor sites for urmylation of Ahp1

To monitor a possible link between the redox-active center in Ahp1
and lysine-directed Urm1 conjugation, we studied the impact of lysine
substitutions in Ahp1 on urmylation. The proximity of Lys-32 and Lys-
156 (Fig. 7A) to the catalytic thiols in the crystal structure of Ahp1 [15]
prompted us to generate mutants with both replaced by arginine alone
or in combination (K32R; K156R; K32,156R). We observed slightly
decreased urmylation levels in the K156R mutant compared to wild-

type suggesting a minor target role (Fig. 7B).
Unlike previously reported [21], urmylation in the K32R mutant

was not entirely abolished, but was significantly decreased compared to
wild-type or K156R cells (Fig. 7B). This indicates Lys-32 is targeted
more easily by Urm1 than Lys-156, yet it is not essential to provide
Ahp1 with full Urm1 acceptor activity. Strikingly, the absence of both
residues in the double mutant (K32,156R) enhanced the urmylation
defects of each single mutant (K32R or K156R) (Fig. 7B). As a result,
Urm1 conjugation dropped to significantly low levels, albeit not as
dramatic as with complete loss of urmylation seen in the peroxidase-
dead mutant (C62S) (Fig. 7B). This additive negative effect suggests
that Lys-156 is an alternative urmylation site, particularly when Lys-32
is unavailable due to a substitution mutation. Moreover, based on low
residual urmylation left in the double mutant (K32,156R) the existence
of other Urm1 target sites has to be assumed.

Hence, we consider lysine-directed Urm1 conjugation to Ahp1 may
be promiscuous and less specific to Lys-32 than originally [21] antici-
pated. Urmylation at lysine residues next to the catalytic thiols may
interfere with the anti-oxidant activity of Ahp1. Therefore, we ex-
amined whether the K32R, K156R and K32,156R mutants would affect
t-BOOH sensitivity in vivo in relation to peroxidase-minus (C62S) or
URM1 and YAP1 URM1 deletion strains (Fig. 7C). In the yap1Δahp1Δ
strain, the K32R, K156R and K32,156R mutants all restored t-BOOH
tolerance similar to that of wild-type AHP1 (Fig. 7C). This is in contrast
to the peroxidase-dead mutant (C62S), which fails to change the t-
BOOH sensitivity and lacks urmylation (Fig. 7B and C). Together with t-
BOOH sensitivity of the yap1Δurm1Δ double mutant (Fig. 7C), our data
thus indicate that the lysine substitution mutants do not significantly
differ in their response to t-BOOH cytotoxicity from yap1Δ cells that
express wild-type Ahp1 but cannot undergo protein urmylation due to
URM1 gene deletion. Hence, lysine dependent urmylation defects
(K32R; K32,156R) appear not to affect the anti-oxidant activity of

Fig. 5. Ahp1 dimer interface mutations block peroxidase activity and urmylation. (A) Analysis of oligomeric state for Ahp1 variants by SEC-MALS. Traces represent
A280 values of prominent peaks eluting off of the gel filtration column, and the scatter plotters underneath indicate the molecular weight (MW) ranges observed. The
average molecular weight is given for the wild-type (wt) Ahp1 dimer and each interface mutant. (B) Coupled Ahp1 activity assays (see Materials & Methods). At
180 s, t-BOOH (100 μM) was added and NADPH absorbance at 340 nm monitored. An average of six independent measurements ± standard error of the mean is
represented. (C) EMSA under non-reducing conditions from indicated strains expressing HA-URM1 (+) or not (−). NEM-stabilized urmylation was studied by anti-
HA blot (top panel) diagnostic for free HA-Urm1 and urmylated forms of Ahp1 (~36 kDa) and Ahp1 intersubunit disulfides (AID ~72 kDa). anti-Ahp1 blot (middle
panel) detects unmodified Ahp1 (~19 kDa) and AID (~38 kDa). Protein loading control: anti-Cdc19 (bottom panel).
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Ahp1.
In agreement with our mutational analysis of the redox-active cy-

steines above (Fig. 6), we confirmed that for lysine-directed Urm1
conjugation to occur, Ahp1 must be catalytically active (Fig. 7D). Thus,
residual urmylation levels typical of the lysine substitution mutants
(K32R; K156R; K32,156R) (Fig. 7B) were found to be abolished upon
mutation of the CP thiol (C62S) rather than the CR thiol (C31S)
(Fig. 7D). In further support of this view are studies with the human
homolog of Urm1 (hURM1), which we had previously shown to modify
Ahp1 in yeast [20]. Here, our data show that, as is the case with yeast
Urm1, the ability of hURM1 to form lysine-directed conjugates depends
on the integrity of the CP thiol (Cys-62) and hence, on the anti-oxidant
activity of Ahp1 (Suppl. Fig. S3).

3. Discussion

Unlike conventional ubiquitin-like proteins (e.g. SUMO, Nedd8,
UFM1), Urm1 undergoes activation by C-terminal thiocarboxylation
(Urm1-COSH) [29,44,45]. Thus thiolated Urm1 is dual-functional, en-
gaging in two sulfur-dependent modification pathways, namely tRNA
thiolation and ubiquitin-like Urm1 conjugation [46–49]. While the
former function resembles bacterial sulfur carriers (e.g. ThiS-COSH or
MoaD-COSH) engaged in thio-cofactor synthesis (e.g. thiamin or mo-
lybdopterin) [46–48,50,51], the latter involves oxidant-induced, lysine-
directed protein urmylation in eukaryotes [17,21,52]. Similarly, pro-
karyotic Urm1-like proteins (e.g. TtuB, SAMP1-SAMP3) with dual
modification functions have been identified, and Urm1-like conjugation
including archaeal sampylation can be triggered by oxidants, too

[19–21,32,33]. This suggests a conserved function of Urm1 family
members in oxidative stress responses, and indeed among identified
Urm1 targets from yeast, fungi, flies and human cells are 2-Cys per-
oxiredoxins (Ahp1, Prx5) [18–22,32,33].

The redox requirements of Ahp1 and molecular determinants that
influence its urmylation are largely unknown. Our analyses of un-
modified and urmylated Ahp1 under reducing or non-reducing condi-
tions show that only a fraction of Ahp1 is subject to urmylation in vivo.
Thus, under our experimental conditions, Ahp1 urmylation is not lim-
iting, a notion in accordance with quantitative proteomic studies
showing that in budding yeast, Ahp1 is considerably more abundant
than Urm1 [53]. In contrast to canonical ubiquitination [54], we find
no evidence for oligo- or poly-urmylation, and among the urmylated
pool are Ahp1 intersubunit disulfides, which carry one Urm1 copy at-
tached to each subunit. Since we are not aware of a deurmylase activity
from yeast (or other model systems), it remains to be elucidated whe-
ther Urm1 is permanently attached to Ahp1.

In addition, we show that treatment of yeast cells with high t-BOOH
concentrations decreases urmylation of Ahp1 (Fig. 3). This negative
effect of t-BOOH on urmylation requires a proper thioredoxin system
(Trr1, Trx1, Trx2; Fig. 2 and 4A). In the absence of cytosolic thior-
edoxins or thioredoxin reductase, Ahp1 should be more frequently in
the disulfide-linked state, thereby preventing hyperoxidation. Con-
sistent with this notion, peroxiredoxins that more quickly resolve to
form the disulfide upon sulfenic acid formation are more resistant to
hyperoxidation [55,56]. In contrast, continuous reduction by thior-
edoxin may increase the chance of hyperoxidation, as is the case for
other peroxiredoxins [39,55–60]. The anti-oxidant activity of Ahp1

Fig. 6. AHP1 mutational analysis links
Urm1 acceptor activity with peroxiredoxin
function. (A) t-BOOH cytotoxicity assay in
vivo. Growth of ahp1Δ or yap1Δahp1Δ cells
carrying empty vector (ev), wild-type per-
oxiredoxin gene (AHP1) or indicated Cys
substitutions was monitored without or with
0.9 mM t-BOOH. (B) Coupled Ahp1 activity
assays. At 180 s, t-BOOH (100 μM) was
added and NADPH absorbance at 340 nm
monitored. An average of six independent
measurements ± standard error of the
mean is represented. (C) EMSA under redu-
cing (left panels) and non-reducing (right
panels) conditions from indicated genetic
strain backgrounds expressing HA-URM1
(+) or not (−). NEM-stabilized HA-Urm1
conjugation was studied by anti-HA blots
(top panels) diagnostic for free HA-Urm1
and urmylated forms of Ahp1 (~36 kDa) or
Ahp1 intersubunit disulfides (AID
~72 kDa). anti-Ahp1 Western blots (middle
panels) solely detect unmodified Ahp1
(~19 kDa) and AID (~38 kDa). Western
blots using anti-Cdc19 (bottom panels)
served as internal protein standard.
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requires a constitutive homodimer, in which two subunits generate the
2-Cys-based redox-active (Cys-31 Cys-62) centers (Fig. 1A and B)
[14,15,43]. Assembly of active peroxiredoxin through a well-defined
hydrophobic subunit interface in the Ahp1 dimer (Phe-58, Phe-95)
(Fig. 1A and B) [14] apparently is a prerequisite for Urm1 conjugation
in vivo. Hence, interface mutants of Ahp1 (F58A; F95A; F58,95A) which
no longer form dimers fail to be urmylated, even in the presence of the
catalytic Cys residues (Fig. 5C). Nevertheless, substituting the cataly-
tically critical CP thiol (C62S) alone or in tandem with the CR thiol
(C31,62S) or a third thiol (C62,120S) leads to peroxidase-dead enzymes
that lack urmylation (Fig. 6C). Hence, the integrity of Cys-62, which
upon sulfenylation by t-BOOH forms with Cys-31 the intersubunit dis-
ulfides (Fig. 1B) [15,16,57,59], is essential for both peroxide detox-
ification and Ahp1 urmylation.

Despite such strict dependence on the CP thiol (Cys-62), Ahp1 ur-
mylation after all results in ubiquitin-like, lysine-directed protein con-
jugation [21,61]. Given that Cys residues can be ubiquitinated [62–64],
primary Urm1 transfer onto Ahp1 may involve a non-lysine site (i.e.
Cys-62) followed by subsequent lysine-directed iso-peptide linkage. If
so, it will be important to delineate the redox state of Cys-62 required
for Urm1 transfer. That oxidation may be important is supported by
data showing thiol-active agents (H2O2, t-BOOH, diamide, NEM) trigger
urmylation of proteins including peroxiredoxins Prx5 and Ahp1
[19–21,32,33].

In principle, the thiolate that Cys-62 forms in its reduced state may
react with the thiocarboxylate of Urm1 (Urm1-COSH) to produce a
thioester. However, taking into account that in its reduced state, Ahp1
is fully folded [12,65], the thiol of Cys-62 may not be accessible
without local unfolding for Urm1-COSH transfer. CP thiol (Cys-62)
oxidation and sulfenylation (-SOH) by peroxide (Fig. 8) could facilitate
unfolding and prime the formation of an acyl disulfide between Ahp1

and Urm1 (Ahp1-S-S–CO–Urm1) rather than the above thioester. From
organic chemistry in vitro it is known that acyl disulfides, which form
between the thiocarboxylate of one peptide and an activated thiol of a
second carrying a free amino group, are short-lived and readily ligate
via iso-peptide bonds [66–68]. In analogy, we envision that the acyl
disulfide (Ahp1-S-S–CO–Urm1) formed in vivo is highly reactive and
undergoes a nucleophilic attack on its carbonyl group by the ε-amino
group of a nearby lysine residue (Fig. 8). This will generate an iso-
peptide bond with Urm1 (Ahp1-NH–CO–Urm1) and leave the perox-
idatic cysteine persulfidated (Cys-S-SH) (Fig. 8). Whether Lys-based
urmylation stabilizes this persulfide on Ahp1 for trans-persulfidation of
other targets is not known (Fig. 8).

In line with our working model (Fig. 8), a previous report [21]
showed that among ten out of fourteen lysines tested for Ahp1 target
site function, Lys-32 (next to Cys-31) is necessary for iso-peptide
linkage with Urm1. However, we find that Lys-32 substitution alone
(K32R) or in tandem with Lys-156 (K32,156R), which maps proximal to
the CP thiol (Cys-62) (Fig. 7A), still allows residual urmylation. So,
rather than being essential, Lys-32 likely represents one of several
target sites for Urm1 conjugation with Ahp1. In support of promiscuous
lysine sites, which from conventional ubiquitylation substrates in yeast
(e.g. Sic1, Rpn4) [69–71] are not unheard of, we observe a minor Urm1
target role for Lys-156, and two more lysine residues, Lys-102 and Lys-
107, can be found proximal to the active site in Ahp1 (Fig. 7A).

Although Urm1 is conserved in eukaryotes [20,34], the precise role
the modifier plays for its target proteins is ill-defined. As for Ahp1, we
have shown here that substitutions of the lysine-based urmylation sites
(K32R; K32,156R) exhibit negligible effects on the anti-oxidant activity
of the enzyme in vivo while peroxidase-dead mutants (C62S; C31,62S;
C62,120S) all fail to be urmylated. Nonetheless, Urm1 attachment oc-
curs close to the redox-active (Cys-31 Cys-62) center (Fig. 1A and B)

Fig. 7. Lysine-directed Ahp1 urmylation in
vivo requires the catalytic CP thiol (Cys-62).
(A) Overview of lysine residues (K32, K102,
K107, K156) close to the redox-active center
in the reduced form of the Ahp1 homodimer
(see Fig. 1A and B). (B, D) Shown are EMSAs
under reducing conditions from the in-
dicated strains expressing HA-URM1 (+) or
not (−). NEM-stabilized HA-Urm1 con-
jugation was studied by anti-HA blot (top
panels) diagnostic for free HA-Urm1 and
urmylated Ahp1 (~36 kDa). anti-Ahp1
Western blot (middle panels) detects un-
modified Ahp1 (~19 kDa); anti-Cdc19
(bottom panels) served as internal standard.
(C) t-BOOH cytotoxicity assay in vivo.
Growth of ahp1Δ or yap1Δahp1Δ cells car-
rying empty vector (ev), wild-type peroxir-
edoxin gene (AHP1) and cysteine or lysine
substitutions was monitored together with
urm1Δ and yap1Δurm1Δ reference cells
without or with the indicated t-BOOH doses.
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and near the Ahp1-Trx2 interface [15], which is why urmylation cannot
be excluded to interfere with some aspect of the Ahp1 peroxidatic cycle
(e.g. t-BOOH detoxification or thioredoxin reduction; Fig. 1B). In sup-
port, Ahp1 regeneration by Trx2 has been shown to be affected in Lys-
32 substitution mutants (K32A; K32E) in vitro [15]. Bearing in mind
that a bacterial sulfur carrier with an Urm1-like fold (CysO-COSH) is
more resistant to oxidation than sulfide and upregulated by oxidative
stress [72], the role for yeast Urm1-COSH may also relate to peroxides,
in particular t-BOOH, the preferred substrate of Ahp1 [11,12]. The
latter notion agrees with our in vivo studies showing that while Urm1
conjugation was detectable in response to mild and intermediate t-
BOOH doses, higher peroxide levels gradually prevented urmylation
and significantly decreased Ahp1 disulfide formation.

We cannot exclude that inactivation by t-BOOH of Ahp1 or Urm1-
COSH itself may impede urmylation of the peroxiredoxin in vivo.
However, Ahp1 has been co-purified with a sulfiredoxin (Srx1) capable
to reduce hyperoxidized Tsa1 [73], a distantly related 2-Cys peroxir-
edoxin [43]. Moreover, in vitro we found indications for peroxide in-
activation of Urm1-COSH (Fig. 4B) suggesting this may constitute a
factor accounting for the negative t-BOOH effects on Ahp1 redox
biology and urmylation (Fig. 3). In sum, our comprehensive urmylation
analysis of the 2-Cys peroxiredoxin Ahp1 has laid the foundation to
better understand the redox requirements for Urm1 conjugation in vivo
and provide insight into the mechanism for urmylation of other protein
targets.

4. Material and methods

4.1. Yeast strains, plasmid constructions and general methods

Growth of yeast strains (Table S1) was in routine YPD or SC media
[74] for 3 days at 30 °C. Primers used for PCR-based protocols [75–78]
to generate and diagnose site-specific AHP1 mutations, gene deletions
or epitope tagged gene fusions are listed in Table S2. PCR-based site-
directed mutagenesis (SM-PCR [79]) for generation of Ahp1 cysteine to
serine (C31S, C62S, C120S), phenylalanine to alanine (F58A, F95A) and
lysine to arginine (K32R, K156R) substitutions or double combinations
thereof (C31,62S; C31,120S; C62,120S; F58,95A, K32,156R, C31S/
K32R, C31S/K156R, C62S/K32R, C62S/K156R, C31S/K32,156R) was
as previously described using single-copy expression plasmids [80]
(Table S3) and verified by Sanger based DNA sequencing. For AHP1
expression in yeast, the ORF of AHP1 and variants were amplified by
PCR from chromosomal DNA of yeast strain BY4741 (Table S1) and
cloned into YCplac111 generating pAJ31. Epitope-tagged AHP1-(c-
myc)9 was amplified from chromosomal DNA of strain FEY14 [20]
(Table S1) and cloned into YCplac111 to generate pAJ19. Transfor-
mation of yeast cells with PCR products or plasmids [80,81] was done
as previously described [82,83]. t-BOOH toxicity assays in vivo involved
BY4741, ahp1Δ or ahp1Δyap1Δ strains transformed with empty vector
(YCplac111) or Ahp1 expression constructs (Table S1). These were di-
luted to an OD600 of 1.0 from which 10-fold serial dilutions were
spotted onto YPD plates in the absence or presence of 0.6–2.0 mM t-
BOOH (tert-butyl hydroperoxide, Sigma) and grown for 36–48 h at

30 °C.

4.2. Urmylation studies using electrophoretic mobility shift assays (EMSA)

Urmylation studies were done essentially as described [20] with
yeast grown in standard SC media at 30 °C to an OD600 of ~1.0. Cell
lysis was done with a bead beater in a buffer (10 mM K-HEPES pH 7.0,
10 mM KCl, 1.5 mM MgCl2, 0.5 mM PMSF, 2 mM benzamidine, com-
plete protease inhibitors (Roche) and 10 mM N-ethylmaleimide (NEM))
as previously described [18,20]. In some experiments, the cell culture
was pre-incubated with t-BOOH (0.3–10 mM) for 5 min immediately
before lysis. Following centrifugation at 16.000g, protein concentration
in the supernatant was determined according to Bradford [84]. The
lysates were mixed with sample buffer (62.5 mM Tris-HCl pH 6.8, 2%
SDS, 10% glycerol, 0.002% bromophenol blue and±5% β-mercap-
toethanol) according to Lämmli [85], subjected to SDS-PAGE and
transferred onto PVDF membranes. For EMSAs and Western blot ana-
lyses, PVDF membranes were incubated with primary anti-HA anti-
bodies (F7, Santa Cruz Biotechnology or 2–2.214 Invitrogen). Un-
conjugated Ahp1 samples were probed with anti-Ahp1 serum [39]
kindly provided by Dr Kuge (Tohoku Pharmaceutical University, Japan)
and horseradish peroxidase-conjugated secondary goat anti-mouse or
anti-rabbit IgGs (Jackson ImmunoResearch). Protein loading was
checked using anti-Cdc19 antibodies provided by Dr Thorner (Uni-
versity of California-Berkeley, USA).

4.3. Expression and production of thiocarboxylated Urm1

In order to obtain thiocarboxylated Urm1, the Urm1-Intein-CBD-
His6 fusion protein was overexpressed in E. coli and purified according
to Refs. [29,86] with modifications. In brief, the bacterial pellet was
resuspended in lysis buffer without reducing agent and lysed to
homogeneity. The lysate was passed through a Ni-NTA column and,
following washes, the fusion protein was eluted with elution buffer
(30 mM Tris-HCl pH 7.5; 300 mM NaCl; 250 mM imidazole and 10%
glycerol). The eluates were dialyzed overnight to chitin column buffer
(30 mM Tris-HCl pH 8 and 500 mM NaCl) and applied on a chitin
column. The column was washed with chitin column buffer and the
cleavage of the tag was induced through incubation with cleavage
buffer (30 mM Tris-HCl pH 8; 500 mM NaCl and 35 mM ammonium
sulfide) for 16 h at room temperature. This procedure leads to the
formation of Urm1 without additional residues at the N-terminus and
with a thiocarboxylated C-terminal glycine (Urm1-COSH). The eluted
Urm1-COSH was further purified by size-exclusion chromatography on
a HiLoad 16/600 Superdex 75 column on ÄKTA™ start system and
stored at −80 °C in storage buffer (20 mM Tris pH 7.5 and 200 mM
NaCl). The presence of thiocarboxylated C-terminus was confirmed by
running the protein on a polyacrylamide gel containing 25 μM APM
([N-Acryloyl-amino] phenyl) mercuric chloride [21,42].

4.4. Bacterial protein expression and purification of Ahp1

Procedures for cloning bacterial expression constructs for Trx2 and

Fig. 8. Working model for ubiquitin-like urmylation
of yeast peroxiredoxin Ahp1. Step 1: The peroxidatic
thiol of Ahp1 (Cys-SH) reacts with a peroxide to form
a sulfenic acid (Cys-SOH), which following the fully
folded to locally unfolded (FF-LU) transition [59]
may become surface exposed. Step 2: The sulfenic
acid (Cys-SOH) condenses with the activated thio-
carboxylate of Urm1 (Urm1-COSH) to form an acyl
disulfide (Ahp1-S-S–CO–Urm1). Step 3: The ε-amino
group of a nearby Lys residue mounts a nucleophilic

attack on the carbonyl group of the acyl disulfide generating an iso-peptide bond (Lys–NH–CO-Urm1) between Ahp1 and Urm1 and a persulfidated cysteine (Cys-S-
SH). Whether Lys-based urmylation stabilizes the persulfide on Ahp1, triggers H2S-release or drives trans-persulfidation of other targets is not known. For simplicity,
the mechanistic hypothesis involves only one subunit of the Ahp1 homo-dimer.
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Ahp1 in the vector pET45b have been reported previously [14,87]. The
Trr1 was amplified out of S. cerevisiae genomic DNA (Primer listed in
Table S2). The PCR product was digested with NdeI and XhoI and
subsequently cloned into pET29a with a C-terminal His tag. All clones
were validated by DNA sequencing. Procedures for expressing and
purifying His-tagged Ahp1 and Trx2 proteins have been reported pre-
viously [14,88]. A similar procedure was followed for the expression
and purification of Trr1. Briefly, E. coli Rosetta cells transformed with
pET29a-Trr1 were grown to mid-log phase in 400 mL LB medium
containing 100 μg/mL ampicillin. Trr1 expression was induced with
1 mM IPTG for 6 h at 37 °C. Proteins were purified from cell pellets
using the Qiagen NiNTA Fast-Start kit. Eluted proteins were desalted
using PD Minitrap G25 column equilibrated with TDG buffer (50 mM
Tris pH 7.5, 2 mM DTT, 10% glycerol and protease inhibitor cocktail (G
Biosciences)). Proteins were estimated to be>95% pure by reducing
SDS-PAGE. Extinction coefficients for proteins were estimated from the
protein coding sequences as follows: Ahp1 (37950 M−1 cm−1), Trx2
(18,020 M−1 cm−1), and Trr1 (24719 M−1 cm−1).

4.5. Analysis of oligomeric state of Ahp1-dimer interface variants

Size exclusion chromatography coupled with multiangle light scat-
tering (SEC-MALS) was used to monitor oligomeric state of Ahp1 pro-
teins. Briefly, proteins were reduced in TDG by adding additional DTT
to a final concentration of 50 mM and incubating for 30 min at room
temperature. Reduced proteins were exchanged into SEC-MALS buffer
(20 mM HEPES pH 7.5, 100 mM NaCl and 1 mM TCEP) using a BioSpin
6 column and diluted to 125 μM. Proteins were resolved on a gel fil-
tration column and analyzed by MALS as previously described [43].

4.6. Analysis of Ahp1 peroxidase activity

Ahp1 variants (50 μL) were reduced with 50 mM DTT for 1 h at
room temperature, prior to buffer exchange into 50 mM HEPES (pH
8.0) using a Biospin 6 column (BioRad). Activity assays were conducted
using a coupled activity assay with t-BOOH, Trx2, Trr1 and NADPH
[15]. Briefly, assays were conducted in 50 mM HEPES (pH 8.0) con-
taining 0.5 μM Ahp1, 0.5 μM Trx2, 0.5 μM Trr1, and 125 μM NADPH.
Prior to t-BOOH addition, a baseline reading was obtained every 30 s.
At 180 s, 100 μM t-BOOH was added, and reactions were monitored at
A340 every 30 s for 420 s.

4.7. In vitro t-BOOH response assay

500 ng of thiocarboxylated Urm1 was mixed in reaction buffer
(20 mM Tris pH 7.5 and 200 mM NaCl). 0–10 mM tBOOH, was included
and excluded as indicated. The reaction mix was incubated for 30 min
at 30 °C, stopped by adding Lämmli sample buffer ± DTT and in-
cubated for 5 min at 95 °C. Subsequently the thiocarboxylated Urm1
samples were loaded on SDS-PAGE gel containing 25 μM APM or not.
For protein visualization, the gels were stained with Coomassie Brilliant
Blue.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

We thank Drs Kuge (Tohoku Pharmaceutical University, Japan) and
Thorner (University of California, USA) for providing anti-Ahp1 and
anti-Cdc19 antibodies, respectively, and Dr Ohsumi (Tokyo Institute of
Technology, Japan) for the kind gift of the HA-Urm1 expression
plasmid. We thank Mr Aaron Graff and Dr Todd Lowther (Wake Forest

School of Medicine) for assistance with SEC-MALS experiments. Work
in the laboratory of JW was supported by Wilson Research Funds and
the Luce Fund for Distinguished Scholarship from The College of
Wooster. Work in the laboratory of SG was supported by the First Team
grant (FirstTEAM/2016–1/2) from the Foundation for Polish Science.
Project support to RS (SCHA750/15) by the Deutsche
Forschungsgemeinschaft (DFG) and funds through their Priority
Program 1784 (SCHA750/20) are gratefully acknowledged.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.redox.2020.101438.

References

[1] Z.A. Wood, L.B. Poole, P.A. Karplus, Peroxiredoxin evolution and the regulation of
hydrogen peroxide signaling, Science 300 (2003) 650–653.

[2] S.G. Rhee, H.Z. Chae, K. Kim, Peroxiredoxins: a historical overview and speculative
preview of novel mechanisms and emerging concepts in cell signaling, Free Radic.
Biol. Med. 38 (2005) 1543–1552.

[3] B. Groitl, U. Jakob, Thiol-based redox switches, Biochim. Biophys. Acta 1844
(2014) 1335–1343.

[4] C. Kumsta, M. Thamsen, U. Jakob, Effects of oxidative stress on behavior, phy-
siology, and the redox thiol proteome of Caenorhabditis elegans, Antioxidants
Redox Signal. 14 (2011) 1023–1037.

[5] T.H. Lee, S.U. Kim, S.L. Yu, S.H. Kim, D.S. Park, H.B. Moon, S.H. Dho, K.S. Kwon,
H.J. Kwon, Y.H. Han, S. Jeong, S.W. Kang, H.S. Shin, K.K. Lee, S.G. Rhee, D.Y. Yu,
Peroxiredoxin II is essential for sustaining life span of erythrocytes in mice, Blood
101 (2003) 5033–5038.

[6] C.A. Neumann, D.S. Krause, C.V. Carman, S. Das, D.P. Dubey, J.L. Abraham,
R.T. Bronson, Y. Fujiwara, S.H. Orkin, R.A. Van Etten, Essential role for the per-
oxiredoxin Prdx1 in erythrocyte antioxidant defence and tumour suppression,
Nature 424 (2003) 561–565.

[7] K.A. Morano, C.M. Grant, W.S. Moye-Rowley, The response to heat shock and
oxidative stress in Saccharomyces cerevisiae, Genetics 190 (2012) 1157–1195.

[8] D.E. Fomenko, A. Koc, N. Agisheva, M. Jacobsen, A. Kaya, M. Malinouski,
J.C. Rutherford, K.L. Siu, D.Y. Jin, D.R. Winge, V.N. Gladyshev, Thiol peroxidases
mediate specific genome-wide regulation of gene expression in response to hy-
drogen peroxide, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 2729–2734.

[9] A. Delaunay, A.D. Isnard, M.B. Toledano, H2O2 sensing through oxidation of the
Yap1 transcription factor, EMBO J. 19 (2000) 5157–5166.

[10] A. Delaunay, D. Pflieger, M.B. Barrault, J. Vinh, M.B. Toledano, A thiol peroxidase
is an H2O2 receptor and redox-transducer in gene activation, Cell 111 (2002)
471–481.

[11] J. Lee, D. Spector, C. Godon, J. Labarre, M.B. Toledano, A new antioxidant with
alkyl hydroperoxide defense properties in yeast, J. Biol. Chem. 274 (1999)
4537–4544.

[12] X. Trivelli, I. Krimm, C. Ebel, L. Verdoucq, V. Prouzet-Mauleon, Y. Chartier, P. Tsan,
G. Lauquin, Y. Meyer, J.M. Lancelin, Characterization of the yeast peroxiredoxin
Ahp1 in its reduced active and overoxidized inactive forms using NMR,
Biochemistry 42 (2003) 14139–14149.

[13] D.C. Munhoz, L.E. Netto, Cytosolic thioredoxin peroxidase I and II are important
defenses of yeast against organic hydroperoxide insult: catalases and peroxiredoxins
cooperate in the decomposition of H2O2 by yeast, J. Biol. Chem. 279 (2004)
35219–35227.

[14] K.M. Allan, M.A. Loberg, J. Chepngeno, J.E. Hurtig, S. Tripathi, M.G. Kang,
J.K. Allotey, A.H. Widdershins, J.M. Pilat, H.J. Sizek, W.J. Murphy, M.R. Naticchia,
J.B. David, K.A. Morano, J.D. West, Trapping redox partnerships in oxidant-sensi-
tive proteins with a small, thiol-reactive cross-linker, Free Radic. Biol. Med. 101
(2016) 356–366.

[15] F.M. Lian, J. Yu, X.X. Ma, X.J. Yu, Y. Chen, C.Z. Zhou, Structural snapshots of yeast
alkyl hydroperoxide reductase Ahp1 peroxiredoxin reveal a novel two-cysteine
mechanism of electron transfer to eliminate reactive oxygen species, J. Biol. Chem.
287 (2012) 17077–17087.

[16] J.S. Jeong, S.J. Kwon, S.W. Kang, S.G. Rhee, K. Kim, Purification and character-
ization of a second type thioredoxin peroxidase (type II TPx) from Saccharomyces
cerevisiae, Biochemistry 38 (1999) 776–783.

[17] K. Furukawa, N. Mizushima, T. Noda, Y. Ohsumi, A protein conjugation system in
yeast with homology to biosynthetic enzyme reaction of prokaryotes, J. Biol. Chem.
275 (2000) 7462–7465.

[18] A.S. Goehring, D.M. Rivers, G.F. Sprague Jr., Attachment of the ubiquitin-related
protein Urm1p to the antioxidant protein Ahp1p, Eukaryot. Cell 2 (2003) 930–936.

[19] A. Jüdes, A. Bruch, R. Klassen, M. Helm, R. Schaffrath, Sulfur transfer and activa-
tion by ubiquitin-like modifier system Uba4*Urm1 link protein urmylation and
tRNA thiolation in yeast, Microb Cell 3 (2016) 554–564.

[20] A. Jüdes, F. Ebert, C. Bar, K.L. Thuring, A. Harrer, R. Klassen, M. Helm, M.J. Stark,
R. Schaffrath, Urmylation and tRNA thiolation functions of ubiquitin-like
Uba4.Urm1 systems are conserved from yeast to man, FEBS Lett. 589 (2015)
904–909.

[21] A.G. Van der Veen, K. Schorpp, C. Schlieker, L. Buti, J.R. Damon, E. Spooner,

C. Brachmann, et al. Redox Biology 30 (2020) 101438

9

https://doi.org/10.1016/j.redox.2020.101438
https://doi.org/10.1016/j.redox.2020.101438
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref1
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref1
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref2
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref2
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref2
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref3
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref3
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref4
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref4
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref4
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref5
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref5
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref5
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref5
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref6
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref6
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref6
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref6
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref7
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref7
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref8
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref8
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref8
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref8
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref9
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref9
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref10
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref10
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref10
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref11
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref11
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref11
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref12
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref12
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref12
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref12
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref13
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref13
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref13
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref13
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref14
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref14
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref14
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref14
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref14
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref15
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref15
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref15
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref15
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref16
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref16
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref16
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref17
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref17
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref17
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref18
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref18
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref19
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref19
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref19
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref20
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref20
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref20
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref20
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref21


H.L. Ploegh, S. Jentsch, Role of the ubiquitin-like protein Urm1 as a noncanonical
lysine-directed protein modifier, Proc. Natl. Acad. Sci. U. S. A. 108 (2011)
1763–1770.

[22] L. Wang, X. Cai, J. Xing, C. Liu, A. Hendy, X.-L. Chen, Urm1-mediated ubiquitin-like
modification is required for oxidative stress adaptation during infection of the rice
blast fungus, Front. Microbiol. 10 (2019) 2039.

[23] B. Huang, M.J. Johansson, A.S. Bystrom, An early step in wobble uridine tRNA
modification requires the Elongator complex, RNA 11 (2005) 424–436.

[24] R. Schaffrath, S.A. Leidel, Wobble uridine modifications-a reason to live, a reason to
die?!, RNA Biol. 14 (2017) 1209–1222.

[25] M. Sokolowski, R. Klassen, A. Bruch, R. Schaffrath, S. Glatt, Cooperativity between
different tRNA modifications and their modification pathways, Biochim. Biophys.
Acta (2017).

[26] N. Shigi, Recent advances in our understanding of the biosynthesis of sulfur mod-
ifications in tRNAs, Front. Microbiol. 9 (2018) 2679.

[27] B. Huang, J. Lu, A.S. Bystrom, A genome-wide screen identifies genes required for
formation of the wobble nucleoside 5-methoxycarbonylmethyl-2-thiouridine in
Saccharomyces cerevisiae, RNA 14 (2008) 2183–2194.

[28] D. Jablonowski, R. Schaffrath, Zymocin, a composite chitinase and tRNase killer
toxin from yeast, Biochem. Soc. Trans. 35 (2007) 1533–1537.

[29] M. Termathe, S.A. Leidel, The Uba4 domain interplay is mediated via a thioester
that is critical for tRNA thiolation through Urm1 thiocarboxylation, Nucleic Acids
Res. 46 (2018) 5171–5181.

[30] P.G. Pedrioli, S. Leidel, K. Hofmann, Urm1 at the crossroad of modifications.
'Protein modifications: beyond the usual suspects' review series, EMBO Rep. 9
(2008) 1196–1202.

[31] M.D. Petroski, G.S. Salvesen, D.A. Wolf, Urm1 couples sulfur transfer to ubiquitin-
like protein function in oxidative stress, Proc. Natl. Acad. Sci. U. S. A. 108 (2011)
1749–1750.

[32] B. Khoshnood, I. Dacklin, C. Grabbe, Urm1: an essential regulator of JNK signaling
and oxidative stress in Drosophila melanogaster, Cell. Mol. Life Sci. 73 (2016)
1939–1954.

[33] R. Hleihel, B. Khoshnood, I. Dacklin, H. Omran, C. Mouawad, Z. Dassouki, M. El-
Sabban, M. Shirinian, C. Grabbe, A. Bazarbachi, The HTLV-1 oncoprotein Tax is
modified by the ubiquitin related modifier 1 (Urm1), Retrovirology 15 (2018) 33.

[34] Y. Nakai, A. Harada, Y. Hashiguchi, M. Nakai, H. Hayashi, Arabidopsis mo-
lybdopterin biosynthesis protein Cnx5 collaborates with the ubiquitin-like protein
Urm11 in the thio-modification of tRNA, J. Biol. Chem. 287 (2012) 30874–30884.

[35] R.S. Anjum, S.M. Bray, J.K. Blackwood, M.L. Kilkenny, M.A. Coelho, B.M. Foster,
S. Li, J.A. Howard, L. Pellegrini, S.V. Albers, M.J. Deery, N.P. Robinson,
Involvement of a eukaryotic-like ubiquitin-related modifier in the proteasome
pathway of the archaeon Sulfolobus acidocaldarius, Nat. Commun. 6 (2015) 8163.

[36] J.A. Maupin-Furlow, Prokaryotic ubiquitin-like protein modification, Annu. Rev.
Microbiol. 68 (2014) 155–175.

[37] N. Shigi, Posttranslational modification of cellular proteins by a ubiquitin-like
protein in bacteria, J. Biol. Chem. 287 (2012) 17568–17577.

[38] M. Hochstrasser, Origin and function of ubiquitin-like proteins, Nature 458 (2009)
422–429.

[39] K. Iwai, A. Naganuma, S. Kuge, Peroxiredoxin Ahp1 acts as a receptor for alkyl-
hydroperoxides to induce disulfide bond formation in the Cad1 transcription factor,
J. Biol. Chem. 285 (2010) 10597–10604.

[40] L. Verdoucq, F. Vignols, J.P. Jacquot, Y. Chartier, Y. Meyer, In vivo characterization
of a thioredoxin h target protein defines a new peroxiredoxin family, J. Biol. Chem.
274 (1999) 19714–19722.

[41] V. Prouzet-Mauleon, C. Monribot-Espagne, H. Boucherie, G. Lagniel, S. Lopez,
J. Labarre, J. Garin, G.J. Lauquin, Identification in Saccharomyces cerevisiae of a
new stable variant of alkyl hydroperoxide reductase 1 (Ahp1) induced by oxidative
stress, J. Biol. Chem. 277 (2002) 4823–4830.

[42] G.L. Igloi, Interaction of tRNAs and of phosphorothioate-substituted nucleic acids
with an organomercurial. Probing the chemical environment of thiolated residues
by affinity electrophoresis, Biochemistry 27 (1988) 3842–3849.

[43] M.A. Loberg, J.E. Hurtig, A.H. Graff, K.M. Allan, J.A. Buchan, M.K. Spencer,
J.E. Kelly, J.E. Clodfelter, K.A. Morano, W.T. Lowther, Aromatic residues at the
dimer-dimer interface in the peroxiredoxin Tsa1 facilitate decamer formation and
biological function, Chemical Research in Toxicology, (2019).

[44] L. Cappadocia, C.D. Lima, Ubiquitin-like protein conjugation: structures, chemistry,
and mechanism, Chem. Rev. 118 (2018) 889–918.

[45] J. Schmitz, M.M. Chowdhury, P. Hanzelmann, M. Nimtz, E.Y. Lee, H. Schindelin,
S. Leimkuhler, The sulfurtransferase activity of Uba4 presents a link between ubi-
quitin-like protein conjugation and activation of sulfur carrier proteins,
Biochemistry 47 (2008) 6479–6489.

[46] S. Leidel, P.G. Pedrioli, T. Bucher, R. Brost, M. Costanzo, A. Schmidt, R. Aebersold,
C. Boone, K. Hofmann, M. Peter, Ubiquitin-related modifier Urm1 acts as a sulphur
carrier in thiolation of eukaryotic transfer RNA, Nature 458 (2009) 228–232.

[47] Y. Nakai, M. Nakai, H. Hayashi, Thio-modification of yeast cytosolic tRNA requires
a ubiquitin-related system that resembles bacterial sulfur transfer systems, J. Biol.
Chem. 283 (2008) 27469–27476.

[48] A. Noma, Y. Sakaguchi, T. Suzuki, Mechanistic characterization of the sulfur-relay
system for eukaryotic 2-thiouridine biogenesis at tRNA wobble positions, Nucleic
Acids Res. 37 (2009) 1335–1352.

[49] C.D. Schlieker, A.G. Van der Veen, J.R. Damon, E. Spooner, H.L. Ploegh, A func-
tional proteomics approach links the ubiquitin-related modifier Urm1 to a tRNA
modification pathway, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 18255–18260.

[50] M.J. Rudolph, M.M. Wuebbens, K.V. Rajagopalan, H. Schindelin, Crystal structure
of molybdopterin synthase and its evolutionary relationship to ubiquitin activation,
Nat. Struct. Biol. 8 (2001) 42–46.

[51] C. Wang, J. Xi, T.P. Begley, L.K. Nicholson, Solution structure of ThiS and im-
plications for the evolutionary roots of ubiquitin, Nat. Struct. Biol. 8 (2001) 47–51.

[52] F. Wang, M. Liu, R. Qiu, C. Ji, The dual role of ubiquitin-like protein Urm1 as a
protein modifier and sulfur carrier, Protein Cell 2 (2011) 612–619.

[53] B. Ho, A. Baryshnikova, G.W. Brown, Unification of protein abundance datasets
yields a quantitative Saccharomyces cerevisiae proteome, Cell Syst 6 (2018)
192–205 e193.

[54] M. Sadowski, B. Sarcevic, Mechanisms of mono- and poly-ubiquitination: ubiqui-
tination specificity depends on compatibility between the E2 catalytic core and
amino acid residues proximal to the lysine, Cell Div. 5 (2010) 19.

[55] A.C. Haynes, J. Qian, J.A. Reisz, C.M. Furdui, W.T. Lowther, Molecular basis for the
resistance of human mitochondrial 2-Cys peroxiredoxin 3 to hyperoxidation, J. Biol.
Chem. 288 (2013) 29714–29723.

[56] L.M. Randall, B. Manta, M. Hugo, M. Gil, C. Batthyany, M. Trujillo, L.B. Poole,
A. Denicola, Nitration transforms a sensitive peroxiredoxin 2 into a more active and
robust peroxidase, J. Biol. Chem. 289 (2014) 15536–15543.

[57] A. Perkins, L.B. Poole, P.A. Karplus, Tuning of peroxiredoxin catalysis for various
physiological roles, Biochemistry 53 (2014) 7693–7705.

[58] C. Kumar, A. Igbaria, B. D'Autreaux, A.G. Planson, C. Junot, E. Godat,
A.K. Bachhawat, A. Delaunay-Moisan, M.B. Toledano, Glutathione revisited: a vital
function in iron metabolism and ancillary role in thiol-redox control, EMBO J. 30
(2011) 2044–2056.

[59] A. Perkins, K.J. Nelson, D. Parsonage, L.B. Poole, P.A. Karplus, Peroxiredoxins:
guardians against oxidative stress and modulators of peroxide signaling, Trends
Biochem. Sci. 40 (2015) 435–445.

[60] K. Bodvard, K. Peeters, F. Roger, N. Romanov, A. Igbaria, N. Welkenhuysen,
G. Palais, W. Reiter, M.B. Toledano, M. Kall, M. Molin, Light-sensing via hydrogen
peroxide and a peroxiredoxin, Nat. Commun. 8 (2017) 14791.

[61] A.S. Goehring, D.M. Rivers, G.F. Sprague Jr., Urmylation: a ubiquitin-like pathway
that functions during invasive growth and budding in yeast, Mol. Biol. Cell 14
(2003) 4329–4341.

[62] K. Cadwell, L. Coscoy, Ubiquitination on nonlysine residues by a viral E3 ubiquitin
ligase, Science 309 (2005) 127–130.

[63] K. Cadwell, L. Coscoy, The specificities of Kaposi's sarcoma-associated herpesvirus-
encoded E3 ubiquitin ligases are determined by the positions of lysine or cysteine
residues within the intracytoplasmic domains of their targets, J. Virol. 82 (2008)
4184–4189.

[64] C. Williams, M. van den Berg, R.R. Sprenger, B. Distel, A conserved cysteine is
essential for Pex4p-dependent ubiquitination of the peroxisomal import receptor
Pex5p, J. Biol. Chem. 282 (2007) 22534–22543.

[65] A. Hall, D. Parsonage, L.B. Poole, P.A. Karplus, Structural evidence that peroxir-
edoxin catalytic power is based on transition-state stabilization, J. Mol. Biol. 402
(2010) 194–209.

[66] L.R. Malins, R.J. Payne, Recent extensions to native chemical ligation for the che-
mical synthesis of peptides and proteins, Curr. Opin. Chem. Biol. 22 (2014) 70–78.

[67] J.P. Tam, Y.A. Lu, C.F. Liu, J. Shao, Peptide synthesis using unprotected peptides
through orthogonal coupling methods, Proc. Natl. Acad. Sci. U. S. A. 92 (1995)
12485–12489.

[68] J.P. Tam, J. Xu, K.D. Eom, Methods and strategies of peptide ligation, Biopolymers
60 (2001) 194–205.

[69] D. Ju, Y. Xie, Identification of the preferential ubiquitination site and ubiquitin-
dependent degradation signal of Rpn4, J. Biol. Chem. 281 (2006) 10657–10662.

[70] M. Sadowski, R. Suryadinata, X. Lai, J. Heierhorst, B. Sarcevic, Molecular basis for
lysine specificity in the yeast ubiquitin-conjugating enzyme Cdc34, Mol. Cell Biol.
30 (2010) 2316–2329.

[71] R. Suryadinata, J.K. Holien, G. Yang, M.W. Parker, E. Papaleo, B. Sarcevic,
Molecular and structural insight into lysine selection on substrate and ubiquitin
lysine 48 by the ubiquitin-conjugating enzyme Cdc34, Cell Cycle 12 (2013)
1732–1744.

[72] R. Manganelli, M.I. Voskuil, G.K. Schoolnik, E. Dubnau, M. Gomez, I. Smith, Role of
the extracytoplasmic-function sigma factor sigma(H) in Mycobacterium tubercu-
losis global gene expression, Mol. Microbiol. 45 (2002) 365–374.

[73] B. Biteau, J. Labarre, M.B. Toledano, ATP-dependent reduction of cysteine-sul-
phinic acid by S. cerevisiae sulphiredoxin, Nature 425 (2003) 980–984.

[74] F. Sherman, Getting started with yeast, Methods Enzymol. 194 (1991) 3–21.
[75] U. Gueldener, J. Heinisch, G.J. Koehler, D. Voss, J.H. Hegemann, A second set of

loxP marker cassettes for Cre-mediated multiple gene knockouts in budding yeast,
Nucleic Acids Res. 30 (2002) e23.

[76] M. Knop, K. Siegers, G. Pereira, W. Zachariae, B. Winsor, K. Nasmyth, E. Schiebel,
Epitope tagging of yeast genes using a PCR-based strategy: more tags and improved
practical routines, Yeast 15 (1999) 963–972.

[77] A.P. Jacobus, J. Gross, Optimal cloning of PCR fragments by homologous re-
combination in Escherichia coli, PloS One 10 (2015) e0119221.

[78] O. Edelheit, A. Hanukoglu, I. Hanukoglu, Simple and efficient site-directed muta-
genesis using two single-primer reactions in parallel to generate mutants for protein
structure-function studies, BMC Biotechnol. 9 (2009) 61.

[79] L. Zheng, U. Baumann, J.L. Reymond, An efficient one-step site-directed and site-
saturation mutagenesis protocol, Nucleic Acids Res. 32 (2004) e115.

[80] R.D. Gietz, A. Sugino, New yeast-Escherichia coli shuttle vectors constructed with in
vitro mutagenized yeast genes lacking six-base pair restriction sites, Gene 74 (1988)
527–534.

[81] T.W. Christianson, R.S. Sikorski, M. Dante, J.H. Shero, P. Hieter, Multifunctional
yeast high-copy-number shuttle vectors, Gene 110 (1992) 119–122.

[82] R.D. Gietz, R.A. Woods, Transformation of yeast by lithium acetate/single-stranded
carrier DNA/polyethylene glycol method, Methods Enzymol. 350 (2002) 87–96.

[83] D.C. Chen, B.C. Yang, T.T. Kuo, One-step transformation of yeast in stationary

C. Brachmann, et al. Redox Biology 30 (2020) 101438

10

http://refhub.elsevier.com/S2213-2317(19)31409-0/sref21
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref21
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref21
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref22
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref22
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref22
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref23
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref23
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref24
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref24
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref25
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref25
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref25
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref26
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref26
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref27
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref27
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref27
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref28
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref28
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref29
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref29
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref29
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref30
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref30
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref30
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref31
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref31
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref31
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref32
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref32
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref32
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref33
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref33
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref33
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref34
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref34
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref34
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref35
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref35
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref35
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref35
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref36
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref36
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref37
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref37
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref38
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref38
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref39
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref39
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref39
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref40
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref40
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref40
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref41
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref41
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref41
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref41
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref42
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref42
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref42
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref43
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref43
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref43
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref43
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref44
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref44
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref45
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref45
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref45
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref45
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref46
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref46
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref46
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref47
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref47
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref47
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref48
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref48
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref48
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref49
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref49
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref49
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref50
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref50
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref50
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref51
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref51
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref52
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref52
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref53
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref53
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref53
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref54
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref54
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref54
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref55
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref55
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref55
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref56
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref56
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref56
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref57
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref57
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref58
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref58
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref58
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref58
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref59
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref59
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref59
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref60
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref60
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref60
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref61
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref61
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref61
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref62
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref62
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref63
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref63
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref63
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref63
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref64
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref64
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref64
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref65
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref65
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref65
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref66
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref66
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref67
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref67
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref67
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref68
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref68
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref69
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref69
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref70
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref70
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref70
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref71
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref71
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref71
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref71
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref72
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref72
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref72
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref73
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref73
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref74
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref75
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref75
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref75
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref76
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref76
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref76
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref77
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref77
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref78
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref78
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref78
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref79
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref79
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref80
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref80
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref80
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref81
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref81
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref82
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref82
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref83


phase, Curr. Genet. 21 (1992) 83–84.
[84] M.M. Bradford, A rapid and sensitive method for the quantitation of microgram

quantities of protein utilizing the principle of protein-dye binding, Anal. Biochem.
72 (1976) 248–254.

[85] U.K. Lämmli, Cleavage of structural proteins during the assembly of the head of
bacteriophage T4, Nature 227 (1970) 680–685.

[86] C. Kinsland, S.V. Taylor, N.L. Kelleher, F.W. McLafferty, T.P. Begley,
Overexpression of recombinant proteins with a C-terminal thiocarboxylate: im-
plications for protein semisynthesis and thiamin biosynthesis, Protein Sci. 7 (1998)

1839–1842.
[87] J.D. West, C.E. Stamm, H.A. Brown, S.L. Justice, K.A. Morano, Enhanced toxicity of

the protein cross-linkers divinyl sulfone and diethyl acetylenedicarboxylate in
comparison to related monofunctional electrophiles, Chem. Res. Toxicol. 24 (2011)
1457–1459.

[88] M.K. Spencer, N.P. Radzinski, S. Tripathi, S. Chowdhury, R.P. Herrin,
N.N. Chandran, A.K. Daniel, J.D. West, Pronounced toxicity differences between
homobifunctional protein cross-linkers and analogous monofunctional electro-
philes, Chem. Res. Toxicol. 26 (2013) 1720–1729.

C. Brachmann, et al. Redox Biology 30 (2020) 101438

11

http://refhub.elsevier.com/S2213-2317(19)31409-0/sref83
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref84
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref84
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref84
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref85
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref85
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref86
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref86
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref86
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref86
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref87
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref87
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref87
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref87
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref88
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref88
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref88
http://refhub.elsevier.com/S2213-2317(19)31409-0/sref88

	Redox requirements for ubiquitin-like urmylation of Ahp1, a 2-Cys peroxiredoxin from yeast
	Introduction
	Results
	Urm1•Ahp1 conjugation based on electrophoretic mobility shift assays (EMSA)
	Defects in the thioredoxin system affect Urm1 conjugation to Ahp1
	Dose-dependent suppression of Ahp1 urmylation by t-BOOH
	The dimer interface is required for peroxidase and Urm1 acceptor activity of Ahp1
	Mutagenesis of the redox-active thiol center in Ahp1 abolishes urmylation
	Analysis of lysine-based acceptor sites for urmylation of Ahp1

	Discussion
	Material and methods
	Yeast strains, plasmid constructions and general methods
	Urmylation studies using electrophoretic mobility shift assays (EMSA)
	Expression and production of thiocarboxylated Urm1
	Bacterial protein expression and purification of Ahp1
	Analysis of oligomeric state of Ahp1-dimer interface variants
	Analysis of Ahp1 peroxidase activity
	In vitro t-BOOH response assay

	mk:H1_18
	Acknowledgements
	Supplementary data
	References




