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SUMMARY
Peroxiredoxins (Prdxs) utilize reversibly oxidized cysteine residues to reduce peroxides and promote H2O2

signal transduction, including H2O2-induced activation of P38 MAPK. Prdxs form H2O2-induced disulfide
complexes with many proteins, including multiple kinases involved in P38 MAPK signaling. Here, we show
that a genetically encoded fusion between a Prdx and P38 MAPK is sufficient to hyperactivate the kinase
in yeast and human cells by a mechanism that does not require the H2O2-sensing cysteine of the Prdx. We
demonstrate that a P38-Prdx fusion protein compensates for loss of the yeast scaffold protein Mcs4 and
MAP3K activity, driving yeast into mitosis. Based on our findings, we propose that the H2O2-induced forma-
tion of Prdx-MAPK disulfide complexes provides an alternative scaffold and signaling platform for MAPKK-
MAPK signaling. The demonstration that formation of a complex with a Prdx is sufficient tomodify the activity
of a kinase has broad implications for peroxide-based signal transduction in eukaryotes.
INTRODUCTION

Cells have evolved an array of sensing mechanisms to protect

themselves against damaging reactive oxygen species. These

include redox-active peroxiredoxins (Prdxs), which form a key

part of thecellulardefenseagainst peroxidesandplaycentral roles

in aging and cancer.1 The thioredoxin peroxidase activity of 2-Cys

Prdxs involves oxidation of the ‘‘peroxidatic’’ cysteine-thiolate to

sulfenate (SO�), followed by the formation of a disulfide bond

with a second ‘‘resolving’’ cysteine in an adjacent subunit. This

Prdx-Prdx disulfide bond is subsequently reduced by thioredoxin

(Trx)/thioredoxin reductase (TR) to complete the catalytic cycle

(Figure 1A).2 Thus, Prdxs reduce peroxides. However, Prdxs

have other roles in protecting cells against oxidative damage.

For example, oligomeric formsof Prdxs can act as chaperones, in-

hibiting the aggregation of proteins under stress conditions.2 As

described below, Prdxs also have important roles in promoting

cell signaling in response to hydrogen peroxide (H2O2).

It is well established that H2O2 acts as a signaling molecule,

initiating responses that protect against oxidative damage.
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H2O2 signals also regulate fundamental processes, such as

cell growth, differentiation, andmigration (for reviews, see Holm-

ström et al.,4 Hurd et al.,5 and Veal et al.6). Critical to the speci-

ficity of this signaling function is H2O2’s capacity to selectively

oxidize specific protein-cysteine thiols and thus regulate the ac-

tivity of targeted proteins, including transcription factors (for

example, Delaunay et al.7 and Dansen et al.8), protein tyrosine

phosphatases (PTPs) (reviewed in Tonks9), and kinases (for

example, Byrne et al.,10 Hourihan et al.,11 and Wani et al.12).

However, Prdxs are so abundant that H2O2 is extremely unlikely

to react with cysteines in target proteins before encountering the

more highly reactive peroxidatic cysteine of a Prdx.13 One solu-

tion to this problem is that the sulfenylated Prdx (Prdx-SO–)

formed when Prdx’s peroxidatic cysteine reacts with H2O2 can

act as the oxidant, forming a disulfide with a cysteine of a

peroxide-targeted protein. This is exemplified by H2O2-regu-

lated transcription factors, such as STAT3 in mammalian cells

and AP-1-like transcription factors in yeast, where the formation

of a transient disulfide complex with the peroxidatic cysteine of

a Prdx initiates further oxidation events that regulate their
right ª 2023 Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Figure1. Constitutive formation of complex with a Prdx increases phosphorylation and activity of P38 MAPK in yeast and human cells

(A) Left-hand side: the catalytic cycle of Prdx, exemplified by S. pombe Tpx1, involves the sulfenylated (SO�) peroxidatic cysteine (C48) forming a disulfide bond

with a resolving cysteine (C170) in another Tpx1 subunit that is reduced by thioredoxin (Trx1red). Oxidized thioredoxin (Trx1ox) is reduced by thioredoxin reductase

(TR) using electrons from NADPH. Alternatively, Prdx can form disulfide bonds with cysteines in other proteins, for example, components of P38 MAPK signaling

pathways, e.g., Sty1 (P38) or ASK1. Right-hand side: the activity of the S. pombe Sty1 andmammalian P38mitogen-activated protein kinase (MAPK) is regulated

by phosphorylation and dephosphorylation of conserved threonine (T) and tyrosine (Y) residues by MAPK kinases (MAPKK) and MAPK tyrosine phosphatases

(MKP/Pyp), respectively. MAPK kinase kinases (MAP3K) activate MAPKK by phosphorylating conserved serine (S) and threonine (T) residues. Mcs4 is required

for MAP3K activity in S. pombe.

(B) Growth of equal numbers of exponentially growing sty1WT (AD38), sty15CS (AD84),Dsty1 (JM1160), sty1-tpx1 (MG17), sty15CS-tpx1 (MG23), and sty1-tpx1C48S

(MG18) cells serially diluted and spotted on to YE5S plates containing H2O2, or 0.5 M KCl, and incubated at 30�C for 3 days.

(C) Diagram illustrating Sty1-Tpx1 and P38a-Prdx fusion protein constructs. Yellow, MAPK; gray, Prdx; and black, linking amino acids. *indicates cysteines

present.

(D and E) Immunoblot analysis of cells expressing sty1WT (AD38), sty1-tpx1 (MG17), and sty1-tpx1C48S (MG18) before and following 10 min exposure to the

indicated concentrations of H2O2. Antibodies against the dual TGYmotif phosphorylated P38 (anti-ppP38) were used to detect phosphorylated Sty1 or Sty1-Tpx1

fusion proteins and total Sty1/Sty1-Tpx1 levels using anti-Hog1 antibodies. Total protein stain indicates protein loading, andmolecular weight (MW) (kDa) marker

positions are indicated. The relative levels of phosphorylated Sty1/total Sty1 are shown below each lane.

(F) Septating cells expressing sty1-tpx1 (MG17) or sty1-tpx1C48S (MG18) were significantly shorter than sty1WT (AD38) cells with p value < 0.0001 (t test); n =

number of cells in each group.

(G) Immunoblotting analysis of the Sty1-stabilized substrate, Pyp2, in sty1WT (EB15)- or sty1-tpx1C48S (EB16)-expressing cells co-expressing myc-tagged Pyp2

from the Sty1-independent nmt1 promoter3 before and after 30 min exposure to 1.0 mM H2O2.

(H) Phosphorylation of P38 in HEK-293T cells ectopically expressing enhancedGFP (control), FLAG epitope-tagged P38, P38-Prdx1, P38-Prdx2, or P38-Prdx

fusion proteins in which the indicated cysteines in Prdx1 or 2 are serine-substituted. The graph shows the mean relative phosphorylation of each protein

compared with total protein (anti-FLAG) ± standard deviation for the two biological repeats shown. See also Figures S1 and S2.
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activity.7,14–16 This signaling function does not require the

resolving cysteine and thioredoxin peroxidase activity of

the Prdx. However, the thioredoxin peroxidase activity of Tpx1,

the single 2-Cys Prdx and homolog of mammalian Prdx1 and

Prdx2 in the fission yeast, Schizosaccharomyces pombe

(S. pombe), is essential for H2O2-induced activation of the AP-

1-like transcription factor Pap1.17–19 This is because the catalytic

cycling of Prdx/Tpx1 as it reduces H2O2 also promotes the

oxidation of thioredoxin (Trx) and other thioredoxin family pro-
teins (Figure 1A). Thioredoxins reduce protein disulfides in

many other proteins, including the intramolecular disulfides in

active Pap1.18,20 Consequently, as abundant thioredoxin sub-

strates, Prdxs act as H2O2-dependent indirect inhibitors of other

enzymes that require reduced thioredoxin for their activity under

physiological conditions.20–23

P38 mitogen-activated protein kinases (MAPKs) are activated

in response to a variety of different stimuli, including H2O2.
24,25

Canonical mechanisms of P38 activation involve regulation of
Molecular Cell 83, 3140–3154, September 7, 2023 3141
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protein kinases and phosphatases, which modulate phosphory-

lation within the ‘‘TGY’’ motif of the kinase activation segment

(Figure 1A). The direct regulation of ‘‘upstream’’ MAPK kinases

(MAPKKs) and autophosphorylation and Arg-methylation of

P38 itself have been proposed to control the signaling outputs

of P38.24,26,27 The S. pombe P38-related Sty1 MAPK (also

known as Spc1) regulates both the timing of mitosis and tran-

scriptional programs that allow cells to adapt to different growth

conditions. Sty1 is activated by a wide range of environmental

stimuli.28–30 Interestingly, the S. pombe Prdx Tpx1 is specifically

required for the activation of Sty1/P38 by H2O2.
31 Prdxs are also

important for activating P38 MAPK in Metazoa.32–36 In mam-

mals, the Prdx Prdx1 has been proposed to instigate P38 activa-

tion by promoting the disulfide bond-mediated oligomerization

and activation of Ask1, an upstreamSer/ThrMAPK kinase kinase

(MAP3K).35 Intermolecular disulfides formed between Prdx2 and

MAP3Ks have also been implicated in the activation of P38 in

human and Drosophila cells.32 Intriguingly, H2O2-induced disul-

fides also form between the peroxidatic cysteine in Tpx1 and

cysteines in Sty1.31 However, the role that Tpx1-Sty1 disulfide

complexes play in promoting Sty1 (P38) phosphorylation re-

mains unclear. Indeed, despite intense scrutiny, we have been

unable to find any evidence that Sty1-Tpx1 disulfides are an in-

termediate in the generation of intramolecular or intermolecular

disulfides between cysteines in Sty1, as previously described

for Yap1, STAT3, and ASK1.7,15,35

In this paper, we tested an alternative hypothesis: that

directed formation of a complex with Tpx1/Prdx might be suffi-

cient to increase Sty1/P38 phosphorylation. We undertook a

genetically encoded proximity fusion approach, similar to that

used to evaluate the function of covalently linked interactions

with ubiquitin-like proteins, such as SUMO,37 and the effect of

physical constraints on signaling outputs from Protein kinase A

(PKA) holoenzymes within signaling ‘‘islands.’’38 Using this

approach, we reveal that constitutive formation of a complex

with a Prdx is sufficient to activate P38 MAPK in yeast and hu-

man cells, even in the absence of any activating stimuli. Notably,

we find that the peroxide-reacting cysteine of the Prdx is

dispensable for the increased activity of these P38-Prdx com-

plexes. Instead, our experiments in yeast suggest that the

Prdx-MAPK fusion protein (Tpx1-Sty1) provides a scaffold, sup-

porting increased phosphorylation of canonical and non-canon-

ical sites within the MAPKK and driving cells into mitosis. Our

data suggest that the thioredoxin peroxidase activity of Tpx1

independently increases H2O2-induced Sty1/P38 phosphoryla-

tion by promoting the oxidation of the MAPK phosphatase

(MKP) Pyp1. Together, we propose that these two complemen-

tary mechanisms permit fission yeast to ‘‘stock take’’ their

reductive capacity to tailor MAPK-dependent responses,

including the timing of entry into mitosis, according to the level

of oxidative stress.

RESULTS

Multiple cysteines in Sty1 (P38) are involved in Tpx1-
Sty1 disulfides and important for Sty1 activity
Following the exposure of cells to H2O2, disulfide complexes

form between the invariant peroxidatic residue (C48) of the
3142 Molecular Cell 83, 3140–3154, September 7, 2023
Prdx, Tpx1, and the P38 MAPK, Sty1 (Figure 1A).31 Our previous

work identified that cys35 in Sty1 was important for formation of

one of these disulfide complexes.31 However, Tpx1-Sty1 disul-

fide complexes still form in cells expressing Sty1C35S, either

ectopically31 or from the sty1 chromosomal locus (Figure S1A).

Moreover, overexpression of Tpx1 stimulated increased H2O2-

induced phosphorylation of Sty1C35S on the key regulatory Thr/

Tyr residues in the activation segment (‘‘TY’’ depicted in Fig-

ure 1A) revealing that the effect of Tpx1 on Sty1 activation was

not solely dependent on C35 in Sty1 (Figure S1B). Intriguingly,

five of six Sty1 cysteines are predicted to be surface accessible

to react with H2O2/Tpx1, with only C202 required for Sty1 stabil-

ity.39 Indeed, only in cells expressing a Sty1 mutant in which

these five cysteines were all substituted with serine (Sty15CS),

was Sty1-Tpx1 disulfide formation abrogated (Figure S1C).

Sty1 activity is important for determining the timing of cell entry

into mitosis; Dsty1 cells take significantly longer to pass through

G2 than wild-type cells and thus grow to a longer cell length

before they divide.28,29 Our analysis revealed that Sty15CS-

mutant-expressing cells were longer at the point of division

than wild-type cells, strongly suggesting that Sty15CS’s pro-

mitotic function was compromised (Figures S1D and S1E).

Sty1 activity is also required for maintenance of the MKP

Pyp1.40 Consistent with lower Sty1 activity, Sty15CS-expressing

cells contained less Pyp1 than wild-type cells (Figure S1F). This

likely explains the slightly elevated phosphorylation of Sty15CS

(Figure S1G). Sty1 is vital for adaptation/survival under a number

of different stress conditions, including osmotic and oxidative

stress.28,29 Sty15CS-expressing cells were able to adapt to os-

motic stress but were less tolerant than wild-type cells to higher

levels of H2O2 (Figure 1B). Together, these data suggest that

cysteines involved in Sty1-Tpx1 disulfides are important for

Sty1 activity under physiological and oxidative stress conditions,

including a negative feedbackmechanism regulating Pyp1 levels

(Figures 1B and S1D–S1F).

Constitutive formation of complex with a Prdx increases
phosphorylation of S. pombe Sty1 and human P38MAPK
Next, we evaluated whether constitutive formation of a complex

between Tpx1 and Sty1 was sufficient to activate Sty1. To do

this, we engineered cells to express Sty1-Tpx1 fusion proteins

from theSty1 chromosomal locus, in place of wild-type Sty1 (Fig-

ure 1C). We also generated cells expressing a Sty1-Tpx1C48S

fusion protein, in which the peroxide-reacting cysteine that be-

comes engaged in Sty1-Tpx1 disulfides31 (see Figure 1A) was

substituted with serine (Figure 1C). Crucially, both Sty1-Tpx1 fu-

sions were expressed at similar levels to wild-type Sty1 and sup-

ported growth under stress conditions, confirming retention of

Sty1 function (Figures 1B and 1D). By contrast, the oxidative

stress sensitivity and lower Pyp1 levels in cells expressing a

Sty15CS-Tpx1 fusion protein, provided further evidence that cys-

teines in Sty1 are required for Sty1 function independently from

forming disulfide-bonded complexes with Tpx1 (Figures 1B

and S1F).39

Strikingly, Sty1 phosphorylation was increased in cells ex-

pressing either Sty1-Tpx1 or Sty1-Tpx1C48S (Figure 1D) and to

a similar extent to that observed in cells exposed to levels of

H2O2 that stimulate Sty1-Tpx1 disulfide formation (Figures 1E,
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S1A, and S1C).31 It was possible that the increased phosphory-

lation of the Sty1-Tpx1 and Sty1-Tpx1C48S fusion proteins re-

flected impaired Sty1 activity and thus reduced feedback inhibi-

tion by Sty1-regulated MKPs Pyp1 and Pyp2.3,40 However, there

was no less Pyp1 in cells expressing either Sty1-Tpx1 or Sty1-

Tpx1C48S fusion proteins (Figures S1F and S1H). Nevertheless,

it was important to establish whether the increased phosphory-

lation of Sty1-Tpx1 and Sty1-Tpx1C48S (Figures 1D and 1E) was

correlated with increased Sty1 activity. Increased Sty1 catalytic

activity is associated with a decrease in cell size at division, re-

sulting from an accelerated entry into mitosis.28,29 Therefore,

we examined the length at which cells expressing wild-type or

Sty1-Tpx1 fusion proteins divided. This revealed that Sty1-

Tpx1- and Sty1-Tpx1C48S-expressing cells both divided at a

significantly smaller size than wild-type cells (Figure 1F). Impor-

tantly, this indicated that constitutive formation of a complex

with Tpx1 increased Sty1 activity (Figure 1F). Next, we examined

how expression of a Sty1-Tpx1C48S fusion affected the phos-

phorylation of a Sty1 substrate, the MKP Pyp2, which is stabi-

lized by Sty1-dependent phosphorylation.3 As expected and

consistent with Sty1-dependent phosphorylation, H2O2-treat-

ment was required to shift the mobility of Pyp2 in wild-type cells

(Figure 1G). By contrast, cells expressing Sty1-Tpx1C48S con-

tained substantially increased levels of lower mobility and phos-

phorylated Pyp2 (p-Pyp2), even prior to addition of H2O2.

Together these data strongly support the conclusion that the

Sty1-Tpx1 and Sty1-Tpx1C48S fusion proteins are constitutively

hyperactive compared with wild-type Sty1 (Figures 1F and 1G).

Prdxs also stimulate H2O2-induced activation of P38 MAPK in

animals.33,35 Moreover, although P38-Prdx disulfides have not

been reported in mammalian cells, Prdxs have been shown to

form disulfide complexes with kinases upstream of P3832,35 (Fig-

ure 1A). Thus, we tested whether constitutive fusion of P38 to the

cytosolic Prdx1 or Prdx2 was able to activate P38 in human cells

by transfecting plasmids expressing FLAG epitope-tagged P38

(p38a/MAPK14) or the indicated P38-Prdx fusion proteins

(Figure 1C). Importantly, P38-Prdx1 and P38-Prdx2 fusions

were expressed at similar levels to P38 and able to phosphory-

late a model P38 peptide substrate in vitro (Figures 1H and

S2). As expected, phosphorylation of P38 at the key regulatory

TY residues was very low under normal culture conditions.

However, the phosphorylation of both P38-Prdx1 and P38-

Prdx2 fusions was significantly increased (Figure 1H). This

indicated that formation of a complex with a Prdx is sufficient

to increase the phosphorylation of human P38. Strikingly, neither

the peroxide-reacting nor resolving cysteine of Prdx1 or Prdx2

were required for the enhanced phosphorylation of p38-Prdx

fusion proteins (Figure 1H). Although these experiments were

unable to establish how P38-Prdx complexes’ activity was

affected, importantly, they suggested that P38-Prdx complexes

can also increase P38 phosphorylation by a non-redox mecha-

nism(s) in human cells.

Tpx1 (Prdx) promotes Sty1 (P38) activation
independently of both MAP3K and a redox-sensitive
cysteine in the MAPKK Wis1
To investigate the mechanism(s) by which P38-Prdx complexes

increase P38 activity, we focused on identifying how Sty1-Tpx1
complexes activate S. pombe Sty1. This allowed us to take

advantage of the presence of a single P38 MAPK, Sty1, and

the cell-cycle phenotypes associated with altered Sty1 activ-

ity,28,29 including the shortened G2 (reflected in decreased cell

length at division) observed in cells expressing Sty1-Tpx1 in

place of Sty1 (Figure 1F). We also exploited mutants in which

genes encoding other pathway components (depicted in Fig-

ure 1A) were deleted or engineered to express mutant versions

from their native promoter and chromosomal locus. In contrast

to the redundancy of mammalian MKK3 and MKK6, a single

MAPKK, Wis1, phosphorylates Sty128–30 (Figure 1A). We previ-

ously demonstrated that overexpression of Tpx1 restores

peroxide-inducible Sty1 phosphorylation to cells expressing a

phospho-mimetic Wis1 mutant (Wis1DD), in which the canonical

MAP3K-phosphorylated sites, Ser469 and Thr473 (‘‘S and T’’

indicated in Figure 1A), are substituted with aspartate.31 This

suggested that overexpression of Tpx1 does not stimulate

H2O2-dependent Sty1 phosphorylation by increasing MAP3K-

dependent activation of Wis1. To test whether Sty1-Tpx1 also

increased Sty1 phosphorylation independently from MAP3K-

dependent activation ofWis1, we attempted to construct a strain

co-expressing Sty1-Tpx1 and the phospho-mimetic Wis1DD

mutant. However, less than 10% of viable spores obtained

from a cross between the two strains bore markers indicating

the presence of both alleles (rather than the expected 25% for

unlinked genes). Sty1 activity is tightly regulated such that

Wis1 overexpression is lethal.29 Hence, the lower viability of cells

co-expressing sty1-tpx1 and wis1DD suggested a synthetic

negative interaction, with both alleles acting independently to

increase Sty1 phosphorylation to lethal levels. Indeed, our exam-

ination indicated that ‘‘sty1-tpx1wis1DD’’ strains, which genotyp-

ically bore both alleles, had adapted to the deleterious effect of

hyperactivated Sty1 by lowering Sty1 expression to such an

extent that they exhibited the long cell phenotype associated

with its loss (Figures S3A and S3B). Interestingly, a cysteine in

Wis1, C458, was recently proposed to be sensitive to oxidation

and involved in regulating Wis1 activity.41 However, ectopic

overexpression of Tpx1 (Figure S3C) and expression of Sty1-

Tpx1 fusion protein (Figure S3D) both caused similar increases

in Sty1 phosphorylation in cells expressing either Wis1C458S or

wild-type Wis1. Thus, it was unlikely that altered oxidation or

elevated MAP3K-dependent phosphorylation of Wis1 mediated

the effect/s of Tpx1 on Sty1 phosphorylation. Taken together

these data strongly suggested that Sty1-Tpx1 complexes and

overexpression of Tpx1 increased phosphorylation of Sty1 by a

novel MAP3K-independent mechanism(s).

High levels of Tpx1 promote H2O2-induced Sty1
phosphorylation by increasing the thioredoxin-
dependent oxidation of the MAPK tyrosine
phosphatase Pyp1
The utilization of a deprotonated cysteine in the catalytic site of

PTPs renders them sensitive to inhibition by peroxide-induced

oxidation.9 Hence, we considered the possibility that Tpx1

increased H2O2-induced Sty1 activation by promoting the oxida-

tion of Pyp1 and/or Pyp2, the MKPs responsible for deactivating

Sty1.28 First, we tested whether Pyp1 or Pyp2 were required for

the increased H2O2-induced Sty1 phosphorylation in cells
Molecular Cell 83, 3140–3154, September 7, 2023 3143
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Figure 2. High levels of Prdx (Tpx1) promote H2O2-induced P38 (Sty1) phosphorylation by promoting the thioredoxin-dependent oxidation of

the MAPK tyrosine phosphatase Pyp1

(A) Immunoblot analysis of Sty1 phosphorylation (anti-ppP38) in wild-type (CHP429) or Dpyp1 (NJ102) cells harboring vector (Rep1) or Rep1tpx1+ before and

following 10 or 20 min exposure to 0.2 mM H2O2. Total Sty1 was detected with anti-Hog1.

(B–F) Immunoblot analysis of Pyp1 oxidation state in cells expressing Pk-tagged Pyp1 (Pyp1-3pk) detected with anti-Pk antibodies in the following: (B) wild-type

tpx1+ (AD142) and Dtpx1 (AD143) and (C) wild-type cells (HL2) harboring vector (Rep1) or Rep1tpx1+ before and following treatment with 0.2 mM H2O2 for 0, 10,

and 20min. Samples reduced with 2-mercaptoethanol were used to determine ‘‘total Pyp1.’’ The relative levels of ‘‘reduced Pyp1’’ normalized to ‘‘total Pyp1’’ are

shown. (D) Wild-type (AD142), Dtpx1 (AD143), and Dtrx1 (AD130) cells before or after exposure to 0.2 mM H2O2 for up to 5 min. Oxidized Pyp1 (Pyp1ox) present

only in wild-type cells (upper panel) was not detected when samples were reduced with 2-mercaptoethanol prior to electrophoresis (lower panel). (E) Wild-type

Trx1 (AD142) or FLAG-tagged Trx1 (AD144) before or after 30 s exposure to 0.2mMH2O2. The sensitivity of the band with lowermobility in FLAG-Trx1-expressing

cells to 2-mercaptoethanol treatment confirms that it represents a Trx1-Pyp1 disulfide complex. Protein-cysteine thiols were reacted with 4-acetamido-40-
maleimidylstilbene-2,20-disulfonic acid (AMS) during solubilization step. (F) Sty1 phosphorylation (anti-ppP38) in wild-type (AD142) or Dtrx1 (AD130) cells before

and following 10 or 20 min exposure to 1.0 mM H2O2. Total Sty1 was detected with anti-Hog1. Relative levels of Sty1 phosphorylation are shown.

(G and H) Immunoblot analysis (anti-Pk) of wild-type (MC2), sty1-tpx1 (MC12), and sty1-tpx1C48S (MC82) cells expressing Pk-tagged Pyp1 (Pyp1-3pk) before and

following exposure, as indicated, to 0.2, 1.0, or 6.0 mM H2O2 for 1 or 10 min. Oxidized Pyp1 forms are indicated.

(I) Analysis of dissected tetrads from a cross between Dpyp1 sty1+ (NJ102) and pyp1+ sty1-tpx1 (MG17) cells showing the fraction of viable spores with each

genotype (colonies formed/total number of spores).

(J) Differential interference contrast (DIC) light microscopy of exponentially growing Dpyp1 (NJ102), sty1-tpx1 (MG17), and Dpyp1 sty1-tpx1 (MC150) cells in

comparison with a Dsty1 (JM1160). Scale bar represents 10mm.

(K) Immunoblotting analysis of Dpyp1 sty1+ (NJ102) and sty1-tpx1 pyp1+ (MG17) Dsty1 (JM1160), and Dpyp1 sty1-tpx1 (MC150) with anti-Hog1 antibodies

demonstrated that Sty1-Tpx1 fusion protein was undetectable in the single isolate of Dpyp1 sty1-tpx1 cells (MC150) obtained from crossing NJ102 and MG17.

See also Figure S3.
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overexpressing Tpx1.31 As expected, Sty1 phosphorylation was

increased in Dpyp1 mutant cells, confirming the importance of

this phosphatase in maintaining low levels of Sty1 activity (Fig-

ure 2A).28,29 However, there was no significant increase in Sty1

phosphorylation in Dpyp1 cells in response to H2O2, even with

overexpression of Tpx1 (Figures 2A and S3E). By contrast, over-

expression of Tpx1 increased H2O2-induced Sty1 phosphoryla-

tion inwild-type cells and also restored someH2O2-inducibility to

Sty1 phosphorylation in Dpyp2 cells (Figures 2A and S3E). This

suggested that increased Tpx1 levels might increase H2O2-

induced Sty1 phosphorylation by promoting the oxidation and
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inactivation of Pyp1. To test this hypothesis, we examined the ef-

fect of Tpx1 and H2O2 on Pyp1. This revealed the presence of

several slower-migrating forms of Pyp1 following the exposure

of wild-type cells to H2O2 (Figure 2B). Although a small shift in

Pyp1 mobility reflecting stress-induced phosphorylation re-

mained, other slower-migrating forms were absent when sam-

ples were reduced with 2-mercaptoethanol prior to SDS-

PAGE. This identifies them as oxidized forms of Pyp1 (Figure 2B

and lower panels of Figures 2C and 2D). Notably, these oxidized

forms of Pyp1 were not detected in Dtpx1mutant cells, suggest-

ing that Tpx1 was required for their formation (Figures 2B and
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2D). Conversely, the H2O2-induced oxidation of Pyp1 was

dramatically increased in cells overexpressing Tpx1, such that

levels of reduced Pyp1 were transiently depleted to less than

50%of total Pyp1 (Figure 2C). These data suggest that Tpx1 pro-

motes reversible H2O2-induced oxidation of Pyp1 into slower-

migrating, disulfide-bonded complexes. Importantly, the corre-

lation between the H2O2-induced formation of these complexes

and increased Sty1 phosphorylation suggested these com-

plexes lowered Pyp1’s activity toward Sty1 (Figures 2A–2C).

Next, we explored the role Tpx1 plays in Pyp1 oxidation. First,

we determined that the most rapidly induced complex (�84 kDa)

was maximally detected within 30 s following exposure of wild-

type cells to 0.2 mM H2O2 (Figure 2D). Intriguingly, our analysis

of Dtrx1 mutant revealed that thioredoxin (Trx1) was required for

the formation of Pyp1 disulfide complexes (Figure 2D). Although

it was possible that Tpx1 acted as a direct redox transducer, thi-

oredoxin family proteins also form disulfide complexes with pro-

tein PTPs that have been proposed to be important for redox-

regulation of PTP activity.42,43 Indeed, the mobility (�84 kDa) of

this H2O2-induced complex was consistent with that expected

for a disulfide between Pyp1-3pk (72 kDa) and Trx1 (11.3 kDa)

(Figures 2B–2D).42,43 Furthermore, in cells expressing FLAG

epitope-tagged Trx1 instead of wild-type Trx1, the mobility of

the most prominent oxidized (2-mercaptoethanol-sensitive)

Pyp1 species was decreased, as expected for a disulfide com-

plex between Pyp1 and FLAG-tagged Trx1 (Figure 2E).

The nature of the other slower-migrating oxidized Pyp1 forms

(Figures 2B and 2C) remains to be established. However, the for-

mation of intermolecular disulfide-bonded oligomers has been

shown to inhibit other PTPs, including a MKP, HePTP, that de-

phosphorylates p38a.44 Consistent with Pyp1 oxidation providing

a similar mechanism to reversibly inhibit Pyp1 and activate Sty1,

there was a much smaller H2O2-induced increase in Sty1 phos-

phorylation inDtrx1mutant cells, whereH2O2-inducedPyp1disul-

fides were not detected (Figures 2D and 2F).

Accordingly, these data were consistent with the thioredoxin

peroxidase activity of Tpx1 stimulating the Pyp1 oxidation indi-

rectly by promoting the oxidation of Trx1: in cells exposed to

these (% mM) levels of H2O2, Tpx1-Tpx1 disulfides are the

most abundant Trx1 substrate, and TR activity is limiting, such

that the pool of Trx1 becomes transiently oxidized.20 Therefore,

increased Tpx1 activity would be expected to increase Pyp1 di-

sulfide complex formation, as observed in cells overexpressing

Tpx1 (Figure 2C). Consistent with this, Pyp1-Trx1 disulfides

were less abundant following exposure of cells to higher concen-

trations of H2O2 (R1 mM), at which Tpx1 is hyperoxidized and

more reduced thioredoxin is available (Figure 2G).20 Notably,

the majority of Pyp1 remained resistant to disulfide formation,

even following exposure to 6 mM H2O2 (Figure 2G). Importantly,

this suggested that additional mechanisms were responsible for

the more substantial increase in Sty1 phosphorylation observed

in cells exposed to these higher concentrations of H2O2.
31,45,46

Sty1-Tpx1 (P38-Prdx) complexes increase Sty1 activity
independently from H2O2/Tpx1/Trx1-dependent
regulation of Pyp1
Although it was possible that the constitutive phosphorylation of

Sty1-Tpx1 fusion proteins reflected increased Pyp1 oxidation,
Pyp1 was oxidized to a similar extent in cells expressing

wild-type Sty1, Sty1-Tpx1, or Sty1-Tpx1C48S fusion proteins

(Figure 2H). Moreover, when we crossed strains expressing

Sty1-Tpx1 fusion and Dpyp1 mutant alleles, we observed a

very strong synthetic lethal interaction, with 95% of spores

with a sty1-tpx1 Dpyp1 genotype failing to give rise to a colony

(Figure 2I and not shown). This strongly suggests that sty1-

tpx1 and Dpyp1 alleles act independently to increase Sty1

phosphorylation, thus increasing it to lethal levels when co-ex-

pressed. Indeed, analysis of colonies bearing markers of both al-

leles revealed that surviving cells had completely eliminated

Sty1-Tpx1 expression and activity (Figures 2J and 2K and not

shown). This very strong selection pressure to eliminate Sty1-

Tpx1 expression suggests Pyp1 partially mitigates the physio-

logical impacts of constitutive Sty1 activation in cells expressing

Sty1-Tpx1/Sty1-Tpx1C48S fusion proteins. Most importantly,

these data strongly suggest that Sty1-Tpx1 complex formation

can independently increase Sty1 activity aside from any effect

of Tpx1 on Pyp1 oxidation state or activity.

High levels of H2O2 are required for maximal, MAP3K-
dependent phosphorylation of the Wis1 MAPKK
The synthetic lethality of Sty1-Tpx1-expressing alleles with

either a Dpyp1 deletion mutant or a wis1DD mutant allele

(Figures 2I–2K, S3A, and S3B) strongly suggested that Sty1-

Tpx1 fusions increase Sty1 phosphorylation by MAP3K and

phosphatase-independent mechanism/s. Wis1 is the only up-

stream MAPKK that phosphorylates Sty1 under physiological

or stress conditions.28,29 Therefore, we set out to investigate

whether Sty1-Tpx1 impacted Wis1 activity. We began by estab-

lishing an assay to evaluate the activation of Wis1 by MAP3K-

dependent phosphorylation. Using Phos-tag� to enhance the

separation of phosphorylated forms, we detected lower mobility

Wis1 and Wis1DD species (pWis1) in cells grown under non-

stress conditions that were eliminated by phosphatase

treatment (Figure S4A). Intriguingly, this suggested that Wis1

was phosphorylated under physiological conditions, on different

(non-canonical) sites from those regulated by theMAP3K. As ex-

pected, there was a significant phosphatase-sensitive decrease

in the mobility of wild-typeWis1 under osmotic stress conditions

(pppWis1). However, unexpectedly, Wis1DD also underwent a

smaller, phosphatase-sensitive shift (ppWis1), suggesting that

Wis1 undergoes additional stress-induced phosphorylation to

the canonical phosphorylation catalyzed by the stress-activated

MAP3Ks Wak1 and Win1 (Figure S4A).

Wis1DD was also phosphorylated following oxidative stress,

despite the absence of the canonical MAP3K phospho-sites (Fig-

ure S4B). However, the more pronounced shift in wild-type Wis1

mobility (pppWis1) following exposure to osmotic stress (0.6 M

KCl) or high levels of H2O2 (6 mM) suggested this electrophoretic

retardation reflected phosphorylation of canonical MAP3K-phos-

phorylated residues (Figure S4B). As expected, this shift was also

dependent on the presence of Mcs4, a fungal-specific scaffold

protein required (as illustrated in Figure 1A) to support MAP3K

(Win1 and Wak1) activity (Figure S4C).47,48

Notably, when we examined the response to different concen-

trations of H2O2, we were surprised to find that exposure to a

much higher dose (R1 mM) of H2O2 was required for Wis1
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Figure 3. Tpx1 is required for H2O2-induced phosphorylation of the MAPKK Wis1 and Sty1-Tpx1 complexes promote constitutive Wis1

phosphorylation

(A) Immunoblotting analysis of Wis1 and Sty1 phosphorylation in cells expressing wild-type Sty1 (MC2) or Sty1-Tpx1 fusion protein (MC12) before and following

10 min exposure to increasing concentrations of H2O2. The lower mobility of phosphorylated Wis1 was detected by immunoblotting proteins separated using

Phos-tag� SDS-PAGE. The relative levels of dual TGY motif phosphorylated Sty1 (anti-ppP38)/total Sty1 (anti-Hog1) normalized to wild type (t = 0) are shown

below each lane.

(B) Immunoblot analysis (anti-Pk) of Dtpx1 cells co-expressing Pk-tagged Sty1 (AD21) with wild-type Tpx1 (Rep1Tpx1) or Tpx1C170S (Rep1Tpx1C170S) before and

following 10 min exposure to 0.2, 1, or 6 mM H2O2. Comparisons with vector control (Rep1) allow distinction of non-specific bands from Tpx1-Sty1 disulfide

complexes.

(C) The phosphorylation ofWis1 and Sty1 inDtpx1 cells (MC88) harboring vector (Rep1) or ectopically expressing Tpx1 fromRep1tpx1+ before and after exposure

of cells to 6mMH2O2. The relative levels of dual TGYmotif phosphorylated Sty1 (anti-ppP38)/total Sty1 (anti-Hog1) normalized towild type (t = 0) are shown below

each lane.

(D) Comparison of the mobility of Wis1 in extracts from cells expressing wild-type Sty1 (MC2), sty1-tpx1 (MC12), or sty1-tpx1C48S (MC82) before and after

treatment with alkaline phosphatase. The phosphatase-sensitivity of the less mobile Wis1 forms suggests the shift/s reflect increased Wis1 phosphorylation in

Sty1-Tpx1 expressing cells. The positions of MW markers separated on conventional gels are indicated (kDa). See also Figure S4.
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hyperphosphorylation (pppWis1) than was required to activate

Sty1 (compare Figures 3A, 1E, and S4D). Thus, although Wis1

undergoes multiple phosphorylation events, our data suggest

that phosphorylation onMAP3K sites only increases significantly

following exposure of wild-type cells to concentrations of H2O2

R 1 mM. This suggested that the Tpx1-dependent oxidation of

Pyp1 (Figure 2) and Tpx1-Sty1 disulfide complexes formed in

response to 0.2–1 mM H2O2 (Figure S1A) could be critically

important for activation of Sty1 by these lower levels (%1 mM).

Tpx1 is required for H2O2-inducedWis1 phosphorylation
and Sty1-Tpx1 complexes increase Wis1
phosphorylation
Next, we investigated whether Tpx1-Sty1 complexes affected

Wis1 phosphorylation. Tpx1 is required for H2O2-induced activa-

tion of Sty1, over a range of concentrations up to 10 mMH2O2.
31

Moreover, Tpx1-Sty1 disulfide complexes formed in response to

a wide range of H2O2 concentrations (0.2–6mM), including those

at which Wis1 undergoes MAP3K-dependent phosphorylation

(Figure 3B). Indeed, our analysis of Dtpx1 mutant cells indicated

that Tpx1 was important for maximal Wis1 phosphorylation

(pppWis1) in response to 6 mM H2O2 (Figures 3C, S4E, and

S4F). Next, we examined whether Wis1 phosphorylation was

affected in cells expressing Sty1-Tpx1 fusion proteins. Strikingly,

this revealed that in cells expressing Sty1-Tpx1 fusion proteins,

Wis1 was hyperphosphorylated to less electrophoretically mo-

bile forms even in the absence of stress (Figures 3A and 3D).
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Significantly, these data suggest that Sty1-Tpx1 complex forma-

tion is sufficient to promote hyperphosphorylation of Wis1.

Wis1 is regulated by MAP3K-independent
autophosphorylation
Intriguingly, our data suggested that Wis1 undergoes multiple

stress-induced phosphorylation events promoted by expression

of Sty1-Tpx1 fusion proteins (Figures 3 and S4). To further inves-

tigate how Wis1 phosphorylation is regulated, we made use of a

chemical genetic approach using Dpyp1Dpyp2 cells expressing

Wis1DD and an ATP analog-sensitive Sty1 mutant (Sty1T97A). The

viability of these cells is maintained by inhibiting Sty1 kinase ac-

tivity with the ATP analog, 3-BrB-PP1.49 We observed a small,

but reproducible, stress-induced decrease in Wis1DD mobility

in these cells, corroborating that Wis1 undergoes a stress-

induced phosphorylation on different sites from those phosphor-

ylated by the MAP3K (Figures 4A, S5A, S4A, S4B, and S4F).

Significantly, this stress-induced increase in Wis1DD phosphory-

lation was mirrored by stress-induced increases in Sty1 phos-

phorylation, strongly suggesting that it increases Wis1 activity

(Figure 4A).

Importantly, the possibility that stress-induced phosphorylation

of Wis1DD or Sty1 in this experiment involved inhibition of either

Pyp1 or Pyp2 was eliminated because neither phosphatase was

present in these cells (Figure 4A). Furthermore, the presence of

3-BrB-PP1, which inhibits the kinase activity of Sty1T97A, did not

prevent stress-induced Wis1DD phosphorylation, indicating that
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Figure 4. Wis1 undergoes autophosphorylation in response to stress or in presence of Sty1-Tpx1 complexes

(A) Immunoblot analysis of Wis1DD.myc (anti-myc) on a Phos-tag� gel, in Dpyp1 Dpyp2 Sty1T97A (SISA49; KS8266 in lanes 1 and 2, KS8311 in lanes 3 and 4) cells

grown throughout in media containing 5 mM 3-BrB-PP1 and treated, as indicated, for 10 min with 6 mM H2O2. Quantitative analysis of multiple experiments

confirmed the small, stress-induced increase in Sty1 phosphorylation (anti-ppP38/anti-Hog1) was significant (t test p = 0.0010). Error bar represents the standard

error of the mean (SEM) from 6 experiments.

(B and C) Expression of a Sty1-Tpx1 fusion is sufficient to rescue phenotypes associated with loss of MAP3K-dependent phosphorylation of Wis1. (B)

Table shows the mean length of septating cells co-expressing wild-type Sty1 or Sty1-Tpx1C48S fusion with wild-type Wis1 or Wis1AA: sty1WTwis1-myc (MC132)

sty1+ wis1AA-myc (MC122), sty1-tpx1C48S (MC135), and sty1-tpx1C48S wis1AA-myc (MC130). (C) Immunoblotting analysis of proteins extracted from cells co-

expressing Sty1 or Sty1-Tpx1C48S with Wis1-myc (MC132 and MC135) orWis1AA-myc (MC122 and MC130). Proteins were separated by conventional or Phos-

tag� SDS-PAGE and analyzed with anti-myc, anti-ppP38, or anti-Hog1 antibodies. Arrows indicate fully phosphorylated Wis1 (pppWis1) and Wis1 phos-

phorylation outside of MAP3K sites (ppWis1/ppWis1AA and pWis1/pWis1AA). Relative levels of Sty1 phosphorylation (ppSty1/Total Sty1) are also shown.

(D and E) Immunoblotting analysis, with anti-Pk or anti-ppP38 antibodies, of proteins extracted from cells co-expressing wild-type Wis1-3pk, Wis1M395A-3pk, or

Wis1M395G-3pk and (D) wild-type Sty1 (MG46, MG47, andMG48) before or following treatment for 10min with 6 mMH2O2 or (E) Sty1-Tpx1 fusion protein (MG49,

MG50, and MG51). See also Figure S6.
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Sty1 kinase activity was not required (Figures 4A, S5A, and

S5B).49 Similarly, analysis of cells expressing analog-sensitive

Sty1 fused to Tpx1 (Sty1T97A-Tpx1) suggested that inhibiting the

kinase activity of the fusion did not affect Wis1 phosphorylation

(Figure S5C). Thus, we conclude that the stress-induced non-ca-

nonical phosphorylation of Wis1, which is also increased by

Sty1-Tpx1 complexes, does not require Sty1’s kinase activity.

Next, we co-expressed the Sty1-Tpx1C48S fusion with a

Wis1AA mutant, in which the MAP3K-phosphorylated residues

are substituted with alanine. Wis1AA cells are significantly

elongated, reflecting the mitotic delay associated with Sty1

hypophosphorylation (Figures 4B, 4C, and S6A).50 Although

expression of Sty-Tpx1C48S stimulated a bigger increase in

Sty1 activity in cells expressing wild-type Wis1, expression of

Sty1-Tpx1C48S also increased Sty1 phosphorylation and partially

rescued the cell-cycle defect ofWis1AA cells (Figures 4B and 4C).
This was consistent with Sty1-Tpx1 increasing Wis1 activity

independently from MAP3K-dependent phosphorylation. More-

over, in cells expressing Sty1-Tpx1C48S, we observed a shift in

the mobility of Wis1AA consistent with this increased activity re-

flecting increased non-canonical phosphorylation (compare

lanes 3 and 4 in Figure 4C).

Next, we explored whether Wis1 kinase activity might be

important for the additional (non-canonical) phosphorylation de-

tected following stress or Sty1-Tpx1 complex formation. To

examine this possibility, we engineered cells expressing mutant

versions of Wis1, Wis1M395G, or Wis1M395A, predicted to enlarge

the ATP-binding pocket, rendering them sensitive to inhibition by

the ATP analog 3-BrB-PP1.51 Although, both Wis1M395G and

Wis1M395A were expressed at wild-type levels, Sty1 phosphory-

lation was very low and minimally increased even in response to

6 mM H2O2 in these cells (Figure 4D). This suggested that the
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Figure 5. Sty1-Tpx1 complexes bypass the requirement for Mcs4 for

phosphorylation of Wis1 and activation of Sty1

(A) Expression of Sty1-Tpx1 fusion protein rescues the long cell phenotype of

Dmcs4 cells; table shows the mean length of septating wild-type (MC2),

Dmcs4 (MC77), sty1-tpx1 (MC12), and sty1-tpx1 Dmcs4 (MC83) cells.

(B) Immunoblotting analysis of the phosphorylation and levels ofWis1 and Sty1

in cell lysates fromwild-type (MC2),Dmcs4 (MC77), sty1-tpx1 (MC12), and two

different sty1-tpx1 Dmcs4 (MC83) strains (i and ii) expressing Wis1-12myc.

Blots were analyzed with anti-myc, anti-ppP38, and anti-Hog1 antibodies and

total protein stain. Relative levels of phosphorylated Sty1/total Sty1 indicated

below each lane.

(C) Model illustrating how Tpx1-Sty1 complexes provides a scaffold/signaling

platform supporting the stress-induced activation of Wis1 by MAP3K and

autophosphorylation. Thus, constitutive ‘‘prdxylation’’ of the Sty1 MAPK ac-

celerates entry into mitosis.
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catalytic activity of both Wis1 mutant proteins was substantially

lower, even in the absence of the ATP analog. Indeed, consistent

with the requirement of Wis1-dependent phosphorylation of

Sty1 for timely entry into mitosis, cells expressing Wis1M395G or

Wis1M395A were elongated (Figure S6B). Strikingly, the stress-

induced phosphorylation of Wis1M395G and Wis1M395A was

also compromised, strongly suggesting that Wis1 kinase

activity was required for the stress-induced phosphorylation

and activation of Wis1 (Figure 4D). Similarly, the constitutive

hyperphosphorylation of Wis1 (pppWis1) in cells expressing

Sty1-Tpx1 fusion proteins was ablated in cells expressing either

Wis1M395G or Wis1M395A (Figure 4E). These data suggest that

Sty1-Tpx1 complex formation also promotes the autophosphor-

ylation of Wis1.

Sty1-Tpx1 complexes support Wis1 activation in the
absence of the Mcs4 scaffold protein
The ability of a constitutively formed complex between Tpx1 and

Sty1 to increase Wis1 phosphorylation, even in the absence of

stress, suggested that H2O2-induced Tpx1-Sty1 disulfide forma-

tion activates Wis1 and Sty1 concomitantly. Hence, we exam-

ined whether Sty1-Tpx1 complexes might generate a ‘‘signaling

island,’’ enhancing interactions between components of the Sty1

MAPK signaling pathway. Mcs4 is a fungal-specific protein that

performs a scaffolding function, guiding the interaction of Wak1

and Win1 MAP3Ks with Wis147 (as depicted in Figure 1A).

Consistent with this essential function in supporting Sty1 activa-

tion,Dmcs4mutant cells are delayed in entry tomitosis, reaching

a significantly longer size than wild-type cells before dividing

(Figure 5A).45,47,48 To test whether Tpx1 could also act as a

signaling scaffold, we examined whether Sty1-Tpx1 complex

formation could bypass the requirement for Mcs4 for MAP3K-

dependent phosphorylation of Wis1. Remarkably, analysis of

cells obtained from a cross between strains expressing sty1-

tpx1 or Dmcs4, revealed that Sty1-Tpx1 expression stimulated

similar levels of constitutive Wis1 phosphorylation in Dmcs4

mutant as in wild-type (mcs4+) cells (Figure 5B). Accordingly,

there were similar levels of Sty1 phosphorylation in sty1-tpx1

mcs4+ and sty1-tpx1 Dmcs4 strains (Figure 5B). Moreover, loss

ofmcs4 had no effect on the length of septating cells expressing

Sty1-Tpx1, with both sty1-tpx1mcs4+ and sty1-tpx1Dmcs4 cells

significantly shorter than wild type (Figure 5A). These data

demonstrate that constitutive Sty1-Tpx1 complex formation is
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Figure 6. Sty1-Tpx1 complexes promote the assembly of Wis1 into large complexes that protect Wis1 from post-lysis degradation

(A–C) Immunoblot analysis comparing soluble proteins extracted under native (non-denaturing) conditions with SDS-extracted whole-cell extracts from cells co-

expressing myc-tagged Wis1 with sty1WT (MC2), sty1-tpx1 (MC12), sty1-tpx1C48S (MC82), or sty5CS-tpx1 (MC13). Cells were harvested before and after

treatment for 10 min with 6 mM H2O2 and Wis1 detected using anti-myc antibodies.

(C) The mean level of intact Wis1 (band mobility �100 kDa) ± SEM relative to Sty1WT (MC2) as determined from 3–9 biological repeats indicates that, although

total Wis1 levels (SDS-extracted) are similar, the levels of intact Wis1 in extracts prepared under native conditions were�33 higher in cells expressing Sty1-Tpx1

(MC12) (t test p = 0.0018) or Sty1-Tpx1C48S (MC82) (t test p = 0.0010) fusion proteins compared with wild-type Sty1 (MC2). Levels of Wis1 expression (SDS-

extracted) may be lower in Sty15CS-Tpx1 (MC13) than in wild-type cells (t test = 0.064).

(D) Immunoblot analysis of Sty1 (anti-Hog1) andWis1 (anti-myc) in eluted fractions from size exclusion chromatography (Superose 6) separation of native protein

extracts from cells expressing wild-type Sty1 (MC2), Sty1-Tpx1 (MC12), or Sty1-Tpx1C48S (MC13) fusion proteins. Graphs show the quantification of Sty1 orWis1

protein levels in each fraction relative to the levels in a 0.4% input lane on the same gel. ‘‘Total Wis1’’ quantification includes the signal from the degradation

products. ‘‘Intact Wis1’’ includes only the band �100 kDa indicated by arrows. The elution volume of standard proteins of known molecular weights is indicated

above immunoblots and graphs.
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sufficient to increaseWis1/Sty1 activity and accelerate entry into

mitosis, even in the absence of Mcs4.

Sty1-Tpx1 complexes provide a ‘‘protective’’ scaffold
for Wis1
Our data suggested that Sty1-Tpx1 complexes provide a scaffold

that promotes activation of Wis1 by phosphorylation, increasing

Sty1 activity and accelerating entry into mitosis (Figure 5C). To

explore this model further, we set out to examine how Sty1-

Tpx1 complexes affected interactions with Wis1. Intriguingly,

this revealed that in cell extracts prepared under native (non-

denaturing) conditions, Wis1 was extremely sensitive to cleavage

and partial degradation (Figure 6A). Strikingly, althoughSty1-Tpx1

andwild-type cells express similar levels ofWis1 (Figures 3, 4, and

6), much greater levels of intact Wis1 were present in native pro-

tein extracts prepared from Sty1-Tpx1 fusion-expressing cells

(Figures 6A–6C). It was possible this increased resistance to

post-lysis degradation reflected the increasedWis1 phosphoryla-

tion in cells expressing the Sty1-Tpx1 fusion protein. However,
even when wild-type cells were exposed to sufficient H2O2 to

induce maximal Wis1 phosphorylation (Figure 3A), levels of intact

Wis1 present in native protein extracts were much lower than in

extract from cells expressing Sty1-Tpx1 fusion proteins

(Figures 6A and 6B). This strongly suggested that Sty1-Tpx1 com-

plexes, rather than phosphorylation, protect Wis1 in native ex-

tracts from post-lysis proteolytic degradation. Significantly, anal-

ysis of Sty1-Tpx1C48S-expressing cells demonstrated that the

peroxide-reacting cysteine of Tpx1 was dispensable for protect-

ing Wis1 from post-lysis degradation (Figures 6B and 6C).

Next, we explored the basis for this protective effect on Wis1.

An important function of scaffold proteins is to support interac-

tions between signaling proteins, including promoting their as-

sembly into high molecular weight complexes that are a feature

of activated P38 signaling.52,53 Hence, we investigated whether

the expression of Sty1-Tpx1 impacted the size of complexes

involving Sty1 and/or Wis1. To do this, we fractionated native

cell lysate from cells expressing wild-type Sty1 or Sty1-Tpx1

fusion proteins using size exclusion chromatography on
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Figure 7. Model, based on our work in

yeast, illustrating how Prdx-disulfide com-

plexes and thioredoxin peroxidase activity

mediate H2O2 signal transduction to P38

MAPK pathways

Based on our work in yeast, we propose that Prdx

(Tpx1) can act as a peroxide transducer to increase

activation of the P38MAPK (Sty1) in fission yeast by

two independent mechanisms: first, (as depicted

on the right-hand side) the reduction of Prdx-Prdx

disulfides promotes oxidation of thioredoxin

(Trx)20 and, accordingly, the oxidation of the MAPK

phosphatase (MKP) Pyp1, inhibiting Pyp1’s activity

toward Sty1. Thioredoxin reduces disulfide bonds

in oxidized proteins, with Trx-MKP disulfide com-

plexes, as illustrated, an expected intermediate in

the reduction of MKP. However, our data in Dtrx1

mutant cells (Figure 2) are consistent with oxidized

Trx1 accepting electrons from reducedPyp1 (as indicated ‘‘?’’). Second, (as depicted on the left-hand side) Prdx-P38MAPKcomplexes stabilize interactionswith the

MAPKK (Wis1) to provide aMAPKK-MAPK ‘‘signaling island’’ that allows increased autophosphorylation and canonical autophosphorylation of theMAPKK. In yeast,

we show that constitutive Sty1-Tpx1 complex formation drives downstream signaling that accelerated entry into mitosis (Figure 5C). See also Figure S7.
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Superose 6 columns, calibrated against protein standards.

Immunoblot analysis of the eluted fractions revealed that,

although some Sty1 was present in earlier fractions, the majority

eluted in later fractions (%100 kDa), where it was unlikely to be

associated with Wis1-myc. By contrast, a significant proportion

of Sty1-Tpx1 and Sty1-Tpx1C48S were detected in much earlier

fractions consistent with their incorporation intomuch larger pro-

tein complexes (R440 kDa) (Figure 6D).

Next, we examined how the expression of Sty1-Tpx1 fusion

proteins affected the elution profile of Wis1. The peak detection

of Wis1 (including Wis1 degradation products) suggested Wis1

was present in complexes �500 kDa in cells expressing either

wild-type Sty1 or Sty1-Tpx1 fusion proteins. However, our anal-

ysis indicated that some Wis1 was present in much larger

complexes, particularly in cells expressing Sty1-Tpx1 of Sty1-

Tpx1C48S fusion proteins (Figure 6D). In contrast to the partial

degradation of Wis1 in lower molecular weight complexes,

the majority of Wis1 in these large complexes (>670 kDa) was

not degraded. Indeed, quantification revealed that the peak of

intact Wis1 was shifted from �440 kDa in wild-type cells to

�700 kDa in cells expressing Sty1-Tpx1 fusions proteins (Fig-

ure 6D). The presence of co-eluting Sty1-Tpx1 fusion proteins

in these fractions is consistent with Sty1-Tpx1 complexes

providing a scaffold and, potentially, protection from proteases,

by enhancing interactions between Sty1, Wis1, and other

signaling proteins.

In summary, our data suggest that the Prdx Tpx1 facilitates

H2O2-dependent activation of the Sty1 MAPK by two mecha-

nisms: (1) by promoting thioredoxin-dependent oxidation of the

MAPK tyrosine phosphatase Pyp1 and (2) by forming disulfide

complexes with Sty1. Our data suggest that Tpx1-Sty1 com-

plexes provide a scaffold stabilizing Wis1/Sty1 interactions,

thus supporting the canonical and non-canonical autophosphor-

ylation of the MAPKK Wis1 and driving cells into mitosis (Fig-

ures 7 and 5C). We suggest that these two mechanisms confer

H2O2-sensitivity on the P38 pathway, facilitating the activation

of Sty1 by H2O2 levels far below the threshold for activating the

canonical MAP3K (Figures 7 and S7).
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DISCUSSION

Here, we demonstrate that the formation of a complex with a

Prdx can be sufficient to increase the activity of P38 MAPK.

Our data suggest the Prdx-MAPK complex in fission yeast pro-

vides a scaffold supporting the increased activation of the corre-

sponding MAPKK via both canonical MAP3K and non-canonical

autophosphorylation mechanisms. Using cells engineered to ex-

press P38-Prdx fusions, we show that complexes between Prdx

andP38aMAPK can also increase the phosphorylation of human

P38, suggesting this peroxidase-independent function for Prdx

in activating P38 MAPK is conserved in other eukaryotes.

It will be interesting to determine whether the two domains of

the Prdx-MAPK fusion protein interact and/or whether the scaf-

fold function depends on interactions between Prdx subunits,

which readily oligomerize. In this regard, this scaffold function

is reminiscent of the role that the small ubiquitin-like modifier

SUMOcan play in regulating protein activity and signal transduc-

tion.54,55 Although SUMOylation occurs on specific lysine side-

chains, SUMO acts as an independent ‘‘domain,’’ modulating

the interactions of signaling proteins regardless of where it is

covalently linked to its target protein.37 Structurally, Prdx contain

a thioredoxin fold and are members of the thioredoxin superfam-

ily. Although the majority of thioredoxin-fold-containing proteins

have redox catalytic activities, significantly, redox-inactive thio-

redoxin domains perform well-established scaffolding/non-

redox functions in protein disulfide isomerases. Hence, we spec-

ulate that Tpx1 may act in a similar manner to SUMOylation,

independently modulating Sty1/Wis1 activity regardless of its

position in relation to Sty1.

Notably, many proteins form disulfide-bonded complexes

with Prdxs, provoking speculation that these complexesmediate

H2O2 signaling by post-translationally modifying the activity of

the partner protein as shown here for Sty1.56,57 Our finding that

Sty1-Tpx1 complexes promote the assembly of Wis1/Sty1 into

larger multiprotein complexes raises the possibility that disulfide

complexes with Prdxs may also stabilize the complexes in which

other partner proteins participate.
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Our data suggest the thioredoxin peroxidase activity of Tpx1 in-

creases Sty1 activation by indirectly promoting the formation of

disulfide-bonded complexes involving the MKP Pyp1. Although

the molecular nature of the higher-molecular-weight (HMW) disul-

fide complexes Pyp1 forms is unclear, P38 MKPs are inhibited by

oxidation to HMW disulfide complexes in mammalian cells.58,59

Pyp1 is susceptible to heat stress-induced aggregation, which

provides a mechanism for activation of Sty1 by heat stress.60–62

Redox-regulated protein-protein interactions can also influence

the duration of PTP inhibition in other ways.59–63 For example,

PTPs, including the p38aMKPHePTP, are regulated by reversible

oxidation of the invariant catalytic cysteine, with the formation of

intermolecular disulfide bonds, an established mechanism for

preventing irreversible oxidation.9,64 Thus, we propose that these

Prdx/Trx-dependent disulfide complexes allow transient, revers-

ible inactivation of Pyp1 in response to H2O2. Notably, thioredoxin

is important for H2O2-induced activation of Sty1 and the Candida

albicans P38 MAPK Hog1, suggesting that this phosphatase-reg-

ulatory mechanism may be conserved.65

Localized increases in endogenousH2O2 can initiate physiolog-

ical responses. Prdxs are directly involved in some of these

responses, via disulfide complexes with signaling proteins, as

described here for the P38 MAPK Sty1 (and other examples re-

viewed in Bolduc et al.2 and Winterbourn66). However, we could

find no evidence for a direct role for Tpx1 in Pyp1 oxidation.

Instead, our data suggest that Prdx-driven localized oxidation of

thioredoxin could provide another way to relay H2O2 signals to

nearby signaling proteins. In the case of Pyp1, our data suggest

this occurs via a direct mechanism, potentially involving oxidized

thioredoxin-accepting electrons from low redox potential cyste-

ines on Pyp1. However, the Prdx-driven oxidation of thioredoxin

will also prevent the thioredoxin-mediated reduction of disulfide

bond/s formed by other mechanisms. Consistent with both

possible roles for thioredoxin, less Pyp1 oxidation was detected

in response to higher concentrations of H2O2. Although seemingly

counter-intuitive, parallels with the Tpx1-dependent oxidation

of Pap1 suggest that this may reflect increased availability of

reduced thioredoxin when the thioredoxin peroxidase activity of

Tpx1 is inhibited by hyperoxidation of its peroxide-reacting

cysteine.16,18,19,30 By contrast, our experiments suggest that the

scaffold function of Tpx1-disulfide complexes contributes to

Sty1 activation over a broader range of H2O2 concentrations.

In S. pombe, the glyceraldehyde phosphate dehydrogenase

Tdh1 and two-component signaling proteins regulating Mcs4

are important for increased MAP3K activity in response to

H2O2.
45,46,48Unexpectedly,weonlydetectedsignificant increases

in MAP3K activity following exposure to much higher doses of

H2O2 than those required to activate Sty1. By contrast, both the

Tpx1-dependent oxidation of Pyp1 and the formation of Tpx1-

Sty1 disulfide complexes occur coincident with the increased

phosphorylation of Sty1 in response to lower, sub-lethal levels of

H2O2. This highlights the key role that Tpx1-dependent oxidation

events play in facilitating Sty1-mediated adaptive responses to

lower levels of H2O2. Moreover, we demonstrate that Tpx1-driven

oxidation of Pyp1 and Sty1-Tpx1 complexes act by independent

mechanisms, synergistically activating Sty1. This combination of

Tpx1-dependent MAPKK activation and inhibition of the MKP

Pyp1 provides an attractive mechanism to tailor a rapid response
to small increases in H2O2 insufficient to activate MAP3K. Intrigu-

ingly, it has alsobeen shown that the upstreamactivators of P38 in

mammalian cells (MKK3andMKK6) can bemodulated through in-

tramolecular or intermolecular disulfide signaling to P38, suggest-

ing that aspects of our regulatory framework are conserved.67,68

Finally, we reveal that Wis1 undergoes additional stress-

induced, non-canonical phosphorylationevents that are alsostim-

ulated by the presence of Sty1-Tpx1 complexes. Although we

have not determined their precise nature, our analysis of cells ex-

pressing Wis1 mutants with much lower kinase activity suggests

that autophosphorylation is involved. It will be interesting to deter-

mine how this autophosphorylation contributes to Wis1 activity.

Future investigations will also determine whether the multiprotein

complexes to which Wis1/Sty1 are recruited by Sty1-Tpx1 com-

plexes are specifically targeted toward unidentified, pro-mitotic

substrates rather than those mediating stress-induced mitotic

delay. Given the intense interest in therapeutic targeting of the

P38 pathway, we anticipate that these discoveries could suggest

newavenues formodulating this signalingnode.Amajor challenge

for the clinical use of P38 inhibitors is specifically targeting cells

that depend on elevated P38 activity, avoiding the unwanted

side effects of broadly inhibiting P38 activity in all cells.69 Here,

we demonstrate that constitutive P38-Prdx complex formation

represents a non-canonical mechanism to activate P38 MAPKs,

which is lethal when combined with loss of MKP activity. This

could invite new strategies to specifically target P38 signaling out-

puts in tumor cells with elevated Prdx levels or in which P38 is hy-

peractivateddue to theabsenceofnormal feedbackmechanisms.

Limitations of the study
We show that, in the absence of an activating stimulus, ectopi-

cally expressed Prdx1-P38a and Prdx2-P38a fusion proteins

are preferentially phosphorylated on the TGY-activating motif in

cells co-expressing endogenous P38. This is consistent with

Prdx-P38a complexes providing a scaffold for P38 activation in

human cells, as observed in yeast expressing Tpx1-Sty1. Consti-

tutive Tpx1-Sty1 complex formation stabilizes multiprotein

complexes involving Wis1, increases phosphorylation of at least

one Sty1 substrate, and accelerates entry into mitosis. However,

the biological consequence/s of the hyperphosphorylation of

P38a-Prdx complexes for the regulation of downstream sub-

strates remains to be determined. It is possible that P38a-Prdx

and Tpx1-Sty1 complex formation directs P38/Sty1 activity to-

ward a subset/s of known or unknown substrates, potentially in

specific complexes or cell compartment/s. Further studies to

elucidate the in vivo targets of Prdx-P38 fusion proteins will be

required to test this hypothesis.
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Messens, J. (2021). Peroxiredoxins wear many hats: factors that fashion

their peroxide sensing personalities. Redox Biol. 42, 101959. https://doi.

org/10.1016/j.redox.2021.101959.

3. Kowalczyk, K.M., Hartmuth, S., Perera, D., Stansfield, P., and Petersen, J.

(2013). Control of Sty1 MAPK activity through stabilisation of the Pyp2

MAPK phosphatase. J. Cell Sci. 126, 3324–3332. https://doi.org/10.

1242/jcs.122531.

4. Holmström, K.M., and Finkel, T. (2014). Cellular mechanisms and physio-

logical consequences of redox-dependent signalling. Nat. Rev. Mol. Cell

Biol. 15, 411–421. https://doi.org/10.1038/nrm3801.

5. Hurd, T.R., DeGennaro, M., and Lehmann, R. (2012). Redox regulation of

cell migration and adhesion. Trends Cell Biol. 22, 107–115. https://doi.org/

10.1016/j.tcb.2011.11.002.

6. Veal, E.A., Day, A.M., and Morgan, B.A. (2007). Hydrogen peroxide

sensing and signaling. Mol. Cell 26, 1–14. https://doi.org/10.1016/j.mol-

cel.2007.03.016.

7. Delaunay, A., Pflieger, D., Barrault, M.-B., Vinh, J., and Toledano, M.B.

(2002). A thiol peroxidase is an H2O2 receptor and redox-transducer in

gene activation. Cell 111, 471–481. https://doi.org/10.1016/s0092-

8674(02)01048-6.

8. Dansen, T.B., Smits, L.M.M., van Triest, M.H., de Keizer, P.L.J., van

Leenen, D., Koerkamp, M.G., Szypowska, A., Meppelink, A., Brenkman,

A.B., Yodoi, J., et al. (2009). Redox-sensitive cysteines bridge p300/

CBP-mediated acetylation and FoxO4 activity. Nat. Chem. Biol. 5,

664–672. https://doi.org/10.1038/nchembio.194.

9. Tonks, N.K. (2005). Redox redux: revisiting PTPs and the control of cell

signaling. Cell 121, 667–670. https://doi.org/10.1016/j.cell.2005.05.016.

10. Byrne, D.P., Shrestha, S., Galler, M., Cao, M., Daly, L.A., Campbell, A.E.,

Eyers, C.E., Veal, E.A., Kannan, N., and Eyers, P.A. (2020). Aurora A regu-

lation by reversible cysteine oxidation reveals evolutionarily conserved

redox control of Ser/Thr protein kinase activity. Sci. Signal. 13,

eaax2713. https://doi.org/10.1126/scisignal.aax2713.

11. Hourihan, J.M., Moronetti Mazzeo, L.E., Fernández-Cárdenas, L.P., and

Blackwell, T.K. (2016). Cysteine sulfenylation directs IRE-1 to activate

the SKN-1/Nrf2 antioxidant response. Mol. Cell 63, 553–566. https://doi.

org/10.1016/j.molcel.2016.07.019.

12. Wani, R., Qian, J., Yin, L., Bechtold, E., King, S.B., Poole, L.B., Paek, E.,

Tsang, A.W., and Furdui, C.M. (2011). Isoform-specific regulation of Akt

by PDGF-induced reactive oxygen species. Proc. Natl. Acad. Sci. USA

108, 10550–10555. https://doi.org/10.1073/pnas.1011665108.

13. Winterbourn, C.C. (2008). Reconciling the chemistry and biology of reac-

tive oxygen species. Nat. Chem. Biol. 4, 278–286. https://doi.org/10.1038/

nchembio.85.

14. Okazaki, S., Naganuma, A., and Kuge, S. (2005). Peroxiredoxin-mediated

redox regulation of the nuclear localization of Yap1, a transcription factor

in budding yeast. Antioxid. Redox Signal. 7, 327–334. https://doi.org/10.

1089/ars.2005.7.327.
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Antibodies

anti-Myc mouse monoclonal (9E10) Santa Cruz Biotechnology Cat##Sc-40; RRID: AB_627268

anti-HA mouse monoclonal (HA-7) Sigma-Aldrich Cat#H9658; RRID: AB_260092

anti-FLAG mouse monoclonal Sigma-Aldrich Cat#F3165; RRID: AB_259529

anti-Pk (V5 Tag) mouse monoclonal Sigma-Aldrich Cat#V8012; RRID: AB_261888

anti-phospho-P38 (Thr180/Tyr182)

rabbit polyclonal

Cell signalling Cat#9211S; RRID: AB_331641

anti-GAPDH rabbit mAb Cell signalling Cat#5174S; RRID: AB_10622025

anti-Hog1 rabbit polyclonal antibodies (Y-215) Santa Cruz Biotechnology Cat#Sc-9079; RRID: AB_650117

anti-Sty1 rabbit polyclonal antibodies Eurogentec Day and Veal39

IRDye 680 RD anti-rabbit IgG LI-COR Cat#926-68071; RRID: AB_10956166

IRDye 800 CW anti-rabbit IgG LI-COR Cat#925-32211; RRID: AB_2651127

IRDye 680 RD anti-mouse IgG LI-COR Cat#926-68070; RRID: AB_10956588

IRDye 800 CW anti-mouse IgG LI-COR Cat#926-32210; RRID: AB_621842

Anti-mouse IgG (whole molecule)-peroxidase Sigma-Aldrich Cat#A4416; RRID: AB_2558167

Anti-rabbit IgG (whole molecule)-peroxidase Sigma-Aldrich Cat#A6154; RRID: AB_258284

Bacterial and virus strains

E. coli lab strain DH5a

Chemicals, peptides, and recombinant proteins

3-BrB-PP1 Abcam Cat#ab143756

Fluorescent Brightener (Calcofluor) Sigma-Aldrich Cat#F3545-5G

Vectashield� containing 4, 6-diamidino-

2-phenylindole (DAPI)

Vector laboratory Cat#H-1200

Phos-tag� Acrylamide NARD Institute, Japan Cat#AAL-107

5-FAM-IPTSPITTTYFFFKKK-COOH Pepceuticals Custom made

N-Ethylmaleimide (NEM) Sigma-Aldrich Cat#E3876-5G

40-acetamido-40-maleimidylstilbene-2,

20-disulfonic acid (AMS)

Invitrogen Cat#A-484

Pierce BCA protien assay kit Thermo Scientific Cat#23227

Coomassie protein assay reagent Sigma-Aldrich Cat#1856209

Alkaline phosphatase Roche Cat#10713023001

Revert 700 total protein stain LI-COR Cat#926-11021

Revert Destaining solution LI-COR Cat#926-11013

Pierce ECL Plus western blotting substrate Thermo Scientific Cat#32132

Deposited data

Original digital images for Figures Mendeley https://doi.org/10.17632/

7ymnbnskhy.1

Experimental models: Organisms/strains

S. pombe: AD21: h- ade6 his7-366 leu1-32

ura4-D18 tpx1::ura4+ sty1-3pk:ura4+
This study (Dissected spores

from EV45 x AD13)

AD21

S. pombe: AD38: h- ade6-M216 his7-366

leu1-32 ura4-D18 sty1::his7+ sty1+:ura4+
Dr Elizabeth Veal -Reference #38 AD38

S. pombe: AD84: h- ade6-M216 his7-366

leu1-32 ura4-D18 sty1::his7+

sty1C13SC35SC153SC158SC242S:ura4+

This study (pRip42Sty1C13SC35SC153SC158SC242S

linearised with BglII and integrated into AD22)

AD84

(Continued on next page)
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S. pombe: AD130: h? ade6 his7-366 leu1-32

ura4-D18 trx1::kanMX4 pyp1-3pk:kan MX6

This study (Dissected spores from

JB30 x AD142)

AD130

S. pombe: AD142: h+ ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk:kanMX6

This study (NJ197 x CHP429) AD142

S. pombe: AD143: h? ade6 leu1-32 ura4-D18

pyp1-3pk:kan MX6 tpx1::ura4+
This study (AD142 x VX00) AD143

S. pombe: AD144: h? ade6 his7-366 leu1-32

ura4-D18 Flag-trx1:ura4+ trx1::kanMX4

pyp1-3pk:kanMX6

This study (Dissected from

JB35 x AD142)

AD144

S. pombe: CHP429: h- ade6-M216 his7-366

leu1-32 ura4-D18

Lab stock CH429

S. pombe: EB15: h? ade6 his7-366 leu1-32

ura4-D18 leu1: nmt81:pyp2-13myc:ura4+

pyp2::kanMX6 sty1::his7+ sty1+:ura4+

This study: (Dissected from

JP378 x AD38)

EB15

S. pombe: EB16: h? leu1: nmt81:pyp2-

13myc:ura4+ pyp2::kan MX6 sty1::his7+

sty1-tpx1C48S:ura4+

This study: (Dissected from

JP378 x MG18)

EB16

S. pombe: HL2: h+ ade6-M216 leu1-32

ura4-D18 pyp1-3pk:ura4+
This study (pRip42pyp1-3pk

linearised and integrated into NT4)

HL2

S. pombe: JM1160: h+ ade6 his7-366

leu1–32 ura4-D18 sty1::ura4+
Millar et al.28 (Gift of Dr Millar) JM1160

S. pombe: KS8226: h+ leu1-32 ura4-D18

sty1T97A wis1DD-12myc:ura4+ pyp1::ura4+

pyp2::LEU2 ars1(BlpI):Padh13:CRIB-

3xmCitrine:LEU2

Mutavchiev et al.49

(Gift of Dr Sawin)

KS8226

S. pombe: KS8311: h+ leu1-32 ura4-D18

sty1T97A wis1DD-12myc:ura4+ pyp1::ura4+

pyp2::LEU2 ars1(BlpI):Padh13:CRIB-

3xmCitrine:LEU2 Pact1:lifeactmCherry::

leu1+

Mutavchiev et al.49

(Gift of Dr Sawin)

KS8311

S. pombe: MC2: h- ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk:kan MX6 sty1::his7+

sty1+:ura4+ wis1-12myc:ura4+

This study (Dissected from

MC1 x JP148)

MC2

S. pombe: MC12: h- ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk kan MX6 sty1::his7+

sty1-tpx1:ura4+ wis1-12myc:ura4+

This study (Dissected from

MC7 x JP148)

MC12

S. pombe: MC13: h? ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk:kan MX6 sty1:: his7+

sty1 C13SC35SC153SC158SC242S+:ura4+ -tpx1:

ura4+ wis1-12myc:ura4+

This study (Dissected from

MC9 x JP148)

MC13

S. pombe: MC77: h? ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk:kan MX6 sty1::his7+ sty1+:

ura4+ mcs4::his7+ wis1-12myc:ura4+

This study (Dissected from

MC2 x JM1468)

MC77

S. pombe: MC82: h+ ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk:kan MX6 sty1::his7+ sty1-

tpx1C48S:ura4+ wis1-12myc:ura4+

This study (Dissected from

MC69 x JP148)

MC82

S. pombe: MC83: h? ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk:kan MX6 sty1::his7+ sty1-

tpx1:ura4+ wis1-12myc:ura4+ mcs4::his7+

This study (Dissected from

MC12 x JM1468)

MC83

S. pombe: MC88: h? ade6 his7-366 leu1-32

ura4-D18 pyp1-3pk:kan1 sty1+ wis1-12myc:

ura4+ tpx1::natMX6

This study (Dissected from

ZU12 x MC82)

MC88

S. pombe: MC122: h? ade6 his7-366 leu1-32

ura4-D18 sty1::his7+ sty1+:ura4+wis1AA-

12myc:ura4+

This study (Dissected from

KS2086 x MC98)

MC122

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

S. pombe: MC130: h? ade6 his7-366 leu1-32

ura4-D18 sty1::his7+ sty1-tpx1C48S:ura4+

wis1AA-12myc:ura4+

This study (Dissected from

KS2086 x MC100)

MC130

S. pombe: MC132: h? ade6 his7-366 leu1-32

ura4-D18 sty1::his7+ sty1+:ura4+

wis1-12myc:ura4+

This study (Dissected

from MC2 x MC98)

MC132

S. pombe: MC135: h? ade6 his7-366 leu1-32

ura4-D18 sty1::his7+ sty1-tpx1C48S:ura4+ wis1-

12myc:ura4+

This study (Dissected

from MC82 x MG18)

MC135

S. pombe: MC150: h? ade6 his7-366 leu1-32

ura4-D18 sty1::his7+ sty1-tpx1:ura4+

pyp1::kanMX6

This study (Dissected from

MG17 x NJ102)

MC150

S. pombe: MG17: h- ade6-M216 his7-366

leu1-32 ura4-D18 sty1::his7+ sty1-tpx1:ura4+
This study (pRip2Sty1-Tpx1

linearised andintegrated into

AD22)

MG17

S. pombe: MG18: h- ade6-M216 his7-366

leu1-32, ura4-D18 sty1::his7+ sty1-

tpx1C48S:ura4+

This study (pRip2Sty1-Tpx1C47S linearised

andintegrated into AD22)

MG18

S. pombe: MG23: h- ade6-M216 his7-366

leu1-32 ura4-D18 sty1::his7+

sty1 C13SC35SC153SC158SC242S-tpx1:ura4+

This study (pRip2Sty1C13SC35SC153SC158SC242S-

Tpx1 linearised and integrated into AD22)

MG23

S. pombe: MG46: h+ade6-M216 leu1-32

ura4-D18 wis1-3pk:ura4+
This study (pRip42Wis1pkC linearised

and integrated into NT4)

MG46

S. pombe: MG47: h+ade6-M216 leu1-32

ura4-D18 wis1M395A-3pk:ura4+

This study (pRip42Wis1M395ApkC linearised

and integrated into NT4)

MG47

S. pombe: MG48: h+ade6-M216 leu1-32

ura4-D18 wis1M395G-3pk:ura4+
This study (pRip42Wis1M395GpkC linearised

and integrated into NT4)

MG48

S. pombe: MG49: h- ade6 leu1-32 ura4-D18

sty1::his7+ sty1-tpx1:ura4+ wis1-3pk:ura4+
This study (Dissected from MG17 x MG46) MG49

S. pombe: MG50: h- ade6 leu1-32 ura4-D18

sty1::his7+ sty1-tpx1:ura4+ wis1M395A-3pk:ura4+
This study (Dissected from MG17 x MG47) MG50

S. pombe: MG51: h- ade6 leu1-32 ura4-D18

sty1::his7+ sty1-tpx1:ura4+ wis1M395G-3pk:ura4+
This study (Dissected from MG17 x MG48) MG51

S. pombe: NJ102: h+ ade6-M210 his7-366

leu1-32 ura4-D18 pyp1::kanMX6

Gift of Drs Wilkinson and Jones

Reference #S16

NJ102

Oligonucleotides

pst1 sty1 mutant N: CCCAGTCTGCAGCTCAT

GAACAACAATAAGGGAGTA

Sigma-Aldrich N/A

sty1 internal F: GAAGGATCAGGTAACTGG Sigma-Aldrich N/A

sty1 Nde1 R: CGCCGCCATATGGGATTGC

AGTTCATTATC

Sigma-Aldrich N/A

wis1_auto_PstI_Fwd: TATCTGCAGATGTCTT

CTCCAAATAATCAACCC

Sigma-Aldrich N/A

wis1_auto_KpnI_Rev: ATAGGTACCCGCTTCT

TTTTTCACCTTTCTCTTTA

Sigma-Aldrich N/A

wis1_mt395_chk_Fwd: TGGCCTTGAAGGAAA

TTAGG

Sigma-Aldrich N/A

Pk_tag_check_Rev: CAAGCAAAGGGTTAGGA

ATACCCAT

Sigma-Aldrich N/A

Pyp1intcheck: TTTAAGGCCAAATATTCTTAA

TAC

Sigma-Aldrich N/A

Pyp1intcheckB: TCTAAAATACCGAAGTCACC

AGAA

Sigma-Aldrich N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

S. pombe wis1+ (wild type) orf DNA IDT N/A

S. pombe wis1 orf mutant DNA encoding

wis1M395A

IDT N/A

S. pombe wis1 orf mutant DNA encoding

wis1M395A

IDT N/A

pRep1 Veal et al.31 N/A

pRep1tpx1 Veal et al.31 N/A

pRep1tpx1C170S Veal et al.31 N/A

pRep1tpx1C48S Veal et al.31 N/A

pRip42pk Day et al.20 N/A

pcDNA3 Invitrogen N/A

Software and algorithms

Image Studio Lite LI-COR https://www.licor.com/

bio/image-studio-lite/

Axiovision Zeiss https://www.micro-shop.

zeiss.com/en/us/system/

software+axiovision-

axiovision+program-

axiovision+software/10221/

Typhoon FLA9500 GE healthcare N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Elizabeth

A. Veal (e.a.veal@ncl.ac.uk).

Materials availability
Yeast strains and plasmids generated by this study (key resources table and Table S1) are available on request from the lead contact.

Data and code availability
d All blots andmicroscopy images have been deposited at Mendeley Data and are publicly available as of the date of publication.

DOI is listed in the key resources table.

d This paper does not report any original code.

d Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains, growth conditions, and transformation
TheS. pombe strains used in this study are shown in the key resources table (strains used inmain figure experiments) and/or Table S1

(strains used in supplemental figure experiments or to generate strains used in study). Cells were maintained on Ye5S or Edinburgh

minimal medium 2(EMM2) including appropriate supplements.70 SISA strains were maintained on Ye5S media containing 5mM

3-BrB-PP1(Abcam, ab143756) to prevent lethal activation of sty1 and sequenced to confirm continued presence ofWis1DD-express-

ing allele.49 For experiments, cells were grown in liquid culture at 30�C to mid-log phase (OD595=0.3-0.5) with constant aeration at

180rpm in Edinburgh minimal medium 2(EMM2) with appropriate supplements, unless otherwise indicated. DNA was introduced

into cells by lithium acetate based chemical transformation.

Mammalian cell growth and transfection
HEK-293T cells were cultured in Dulbecco’s modified Eagle medium (Lonza) supplemented with 10% fetal bovine serum (HyClone),

penicillin (50 U/ml), and streptomycin (0.25 mg/ml) (Lonza) andmaintained at 37�C in 5%CO2 humidified atmosphere. HEK-293T cells
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were transfected using a 3:1 polyethylenimine (PEI [branched averageMw �25,000 Da; Sigma-Aldrich]) to DNA ratio (30:10 mg, for a

single 10-cm culture dish).

METHOD DETAILS

Spot tests to analyze yeast cell growth and adaptation to stress conditions
An equal number of exponentially growing cells were serially diluted 10-fold and spotted on to Ye5S containing 0.4 mM H2O2, 1 mM

H2O2 or 0.5 M KCl. Plates were incubated at 30�C for 2-4 days before imaging.

Plasmid and strain construction
Construction of Sty1-Tpx1 expressing gene fusion strains expressed from S. pombe sty1 locus

pRip2tpx1+ and pRip2tpx1C48S were generated by removing ARS region from pRep2tpx1 or pRep2tpx1C48S using EcoRI.31 The

sty1+, sty15CS+ and sty1T97A genes including 1.5kb of the sty1 promoter up stream of the open reading frames were amplified by

Phusion (Thermo Scientific) PCR from NT5, AD84 and KS7830 genomic DNA respectively using primers containing PstI and NdeI

restriction sites at 5’ end and 3’ end respectively. The amplified PCR products were cloned into PstI and NdeI sites of pRip2tpx1+

or pRip2tpx1C48S. The recombinant plasmids were linearised withNheI and transformed in to AD22. The sequences of sty1 promoter,

sty1/sty15CS/sty1T97AORFwere confirmed by sequencing (Eurofins) of DNA fromURA+ transformants using primers PstI sty1mutant

N and sty1 internal F.

Construction of S. pombe expressing Pk-tagged Pyp1 from the pyp1 locus

The pyp1+ orf was amplified by PCR using primers containing Pst1 and BamH1 sites and ligated into Pst1/BamHI digested

pRip42PkC to create pRip42Pyp2PkC. This was linearised with SaI1 and transformed into wild-type (NT4) cells. URA+ colonies

were screened for integration at pyp1+ locus by colony pcr and sequenced with Pyp1intcheck and Pyp1intcheckB primers.

Construction of S. pombe expressing Pk-tagged Wis1, wis1M395A, and wis1M395G mutant proteins from the wis1 locus

Mutations of gate-keeper residue Methionine 395 in wis1 ATP-binding pocket were designed to confer sensitivity to small-molecule

inhibitors.51 Wild-type wis1+ open reading frame or versions in which Methionine at 395 was substituted with alanine or glycine were

synthesised by integrated DNA technologies (IDT) with PstI site at 5’end and KpnI site at 3’end and cloned into pJet1.2 (Thermo Sci-

entific). Wild-typewis1+ ORFwas amplified by Phusion PCR fromNT4 genomic DNAwith primers containing PstI andKpnI restriction

sites at 5’ end and 3’ end respectively. Amplified PCR products were digested then ligated into PstI and KpnI sites of pRip42pk20 to

generate pRip42Wis1pkC, pRip42Wis1M395GpkC or pRip42Wis1M395ApkC. Recombinant plasmids were linearised with ApaI and

transformed into NT4 strain and URA+ colonies screened by colony pcr for integration at wis1+ locus with wis1_auto_PstI_F and

pk_tag_check_rev primers, then sequenced with wis1_mt395_chk_fwd primer.

Construction of P38-PRDX1/2 fusion plasmids for expression in mammalian cells

Synthetic genes for P38a/MAPK14 fused at the C terminus to human PRDX1 or PRDX2 were custom synthesized by integrated DNA

technologies (IDT) and provided in the pUCIDT-Kan GoldenGate vector. Constructs were designed to include a 50 Kozak sequence

consensus sequence, an N-terminal FLAG-tag with a 3C protease cleavage site (LEVFLQG/P), a short linker region (GGGSGGG) be-

tween the two fusion proteins and a 30 stop codon. P38a-PRDX1/2 genes were subcloned into the mammalian expression vector,

pcDNA3 using BamHI and NotI (NEB) restriction enzyme and T4-ligase (NEB) following standard ligation protocols, and verified

by sequencing (Eurofins). N-terminal FLAG-tagged P38a containing 3C protease site was amplified by PCR using CloneAmp HiFi

PCR Premix (Takara) and ligated in to pcDNA3 using the aforementioned restrictions sites. Cysteine to serine Prdx mutants were

generated using standard PCR-based mutagenic procedures.

Analysis of mammalian cellular proteins
Whole cell lysates were collected 48 h post transfection in bromophenol blue–free SDS-PAGE sample buffer supplemented with 1%

(v/v) Triton X-100, protease inhibitor cocktail tablet, and a phosphatase inhibitor tablet (Roche), and sonicated briefly. Total cell ly-

sates were clarified by centrifugation at 20,817 x g for 20 min at 4�C, and supernatants were sampled and diluted 30-fold to calculate

protein concentration using the Coomassie Plus Staining Reagent (Bradford) Assay Kit (Thermo Fisher Scientific). Cell lysates were

then normalised and processed for immunoblotting.

For immunoprecipitation experiments, proteins were harvested 48 h post transfection in a lysis buffer containing 50 mM Tris-HCl

(pH 7.4), 150mMNaCl, 0.1% (v/v) Triton X-100, 1 mMDTT, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM ethylene glycol-

bis(b-aminoethyl ether)-N,N,N0,N0-tetraacetic acid (EGTA) and 5% (v/v) glycerol and supplemented with a protease inhibitor cocktail

tablet and a phosphatase inhibitor tablet (Roche). Lysates were briefly sonicated on ice and clarified by centrifuged at 20,817g for

20min at 4�C, and the resulting supernatants were incubatedwith anti-FLAGG1Affinity Resin (GeneScript) for 1-3 hours (as required)

with gentle agitation at 4�C. Affinity beads containing bound protein were collected and washed three times in 50 mM Tris-HCl

(pH 7.4) and 500 mM NaCl and then equilibrated in storage buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 1 mM DTT, and 5%

(v/v) glycerol). The purified proteins were then proteolytically eluted from the suspended beads over a 1-hour period using 3C

protease (0.5 mg) at 4�C with gentle agitation. Purified protein was detected by western blotting using antibodies with specificity

towards P38.
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In vitro protein kinase assays using immunoprecipitated P38 or P38-Prdx fusion proteins
Nonradioactive kinase assays were performed using real-time mobility shift-based microfluidic assays, as described previously,10 in

the presence of 2 mM of the appropriate fluorescent-tagged peptide substrate (5-FAM-IPTSPITTTYFFFKKK-COOH), 1 mM ATP and

1mMDTT. Pressure and voltage settingswere adjustedmanually to afford optimal separation of phosphorylated and nonphosphory-

lated peptides. All assays were performed in 50 mM Hepes (pH 7.4), 0.015% (v/v) Brij-35, and 5 mM MgCl2, and real-time peptide

phosphorylation was calculated from the ratio of the phosphopeptide:peptide. Where specified, assays also included 10 mM of the

selective P38 inhibitor SB239063 (Tocris).

Analysis of S. pombe proteins by immunoblotting
For cell extracts prepared under native protein (non-denaturing) conditions: Equal numbers of approximately 2-2.5x108 exponentially

growing S. pombewere mixed with an equal volume of ice pelleted by centrifugation for 1 min then snap frozen in liquid nitrogen. Cell

pellets were thawed and suspended in ice cold lysis buffer (50mMTris.Cl pH 7.5, 150mMNaCl, 0.5% (v/v) NP40) containing protease

inhibitors (1mg/ml leupeptin, 1mg/ml pepstatin, 1% (v/v) aprotinin and 0.5mg/ml phenylmethylsulfonyl fluoride) and phosphatase in-

hibitors (50mM sodium fluoride and 2mM sodium vanadate) then transferred to 1ml ice-cold glass beads and disrupted using a Mini

Beadbeater-16 (Biospec products) to obtain cell lysates, essentially as described previously.71 Insoluble material was pelleted by

centrifugation and soluble proteins present in supernatant retained for analysis.

For whole cell extracts (SDS-extracted proteins): Equal numbers of exponentially growingS. pombe (4.53107-53107) were added to

20% (w/v) trichloroacetic acid (TCA), harvested by centrifugation and snap frozen in liquid nitrogen. Pelleted cells were suspended in

10% (w/v) TCA and disrupted using ice cold glass beads and a Mini Beadbeater-16 (Biospec products) essentially as described pre-

viously.72 Following cell lysis, TCA-precipitated proteins were acetone-washed before resuspension in 1% (w/v) SDS, 1 mM EDTA,

100 mM Tris-HCL pH 8.0. In experiments where oxidation state was examined, (e.g. Pyp1 in Figure 2 or Sty1 in Figure 3B), proteins

were dissolved in TCA buffer containing 10 mM N-Ethylmaleimide (NEM) or, where indicated (Figure 2E), 25mM 40-acetamido-40-mal-

eimidylstilbene-2,20-disulfonic acid (AMS) to prevent disulfide exchange and visualize any shifts due to cysteine oxidation. EDTA-free

TCA buffer was used where phosphorylation of proteins was to be investigated by alkaline phosphatase-treatment (Roche) or Phos-

tag� (NARD Institute, Japan) gels. Protein concentrations were estimated using the bicinchoninic acid protein assay (Thermo scien-

tific). For phosphatase-treatment, approximately 15mg total protein was treated with 1-2ml of 20u/ml alkaline phosphatase (Roche) or 1-

2ml EDTA-free TCA buffer for 1h at 37oC. Equal amounts of denatured protein were separated by SDS-PAGE on 8% acrylamide gels

containing 100mMPhos-tag�where indicated. Separated protein was then transferred onto nitrocellulosemembrane (GE healthcare)

or, for Phos-tag gels, methanol-activated PVDF membrane (Immobilon-P Milipore). Where indicated, membranes were staining with

Revert� 700 total protein stain (LI-COR) for normalization of protein loading. Membranes were then blocked in TBS-T (15mM NaCl,

1 mM Tris-HCl pH8.0, 0.01% Tween-20) containing 10% (w/v) bovine serum albumin (BSA) for 1 hour at room temperature before in-

cubation overnight at 4oC with the indicated primary antibodies diluted 1 in 1000 with 5 % (w/v) BSA in TBS-T.

Size exclusion chromatography analysis of native protein extracts
Native protein extracted as described above (in 0.5%NP40, 1mg/ml leupeptin, 1mg/ml pepstatin, 1% (v/v) aprotinin, 0.5mg/ml phenyl-

methylsulfonyl fluoride, 50mM sodium fluoride and 2mM sodium vanadate) were separated using a Superose�6 10/300 GL column

(Cytiva Life Sciences, UK) on a low pressure FPLC system pre-equilibrated with 30ml lysis buffer (50mMTris.Cl pH 7.5, 150mMNaCl)

before injection of 500ml freshly prepared cell lysate. Buffer flow rate was 0.5ml/min throughout and 0.5ml fractions were collected

over 20ml. To calibrate the column, standard globular proteins (Cytiva Life sciences, UK), Bovine Serum Albumin (BSA) (66kDa),

Ferritin (440kD) and Thyroglobulin (669kDa) were run under the same conditions as the extracts. Dextran Blue (2000kDa) was

used to demonstrate the void volume of the column was �7ml. Fractions were stored on ice until further processing (within 1h of

elution). Proteins were denatured by addition of 6x SDS loading buffer (375mM Tris-HCL (pH 6.8), 9% (w/v) SDS, 50% glycerol,

9% (v/v) b-mercaptoethanol, 0.03% (w/v) bromophenol blue ) before separation by SDS PAGE alongside 0.4% input (2ml of cell

lysate) and immunoblotting. Fraction of input protein present in lane was determined from LI-COR quantification of protein signal

relative to signal from input lane analyzed on the same gel.

Antibodies
Mouse monoclonal anti-Myc (9E10, Santa Cruz Biotechnology), anti-HA (HA-7, Sigma-aldrich), anti-FLAG or anti-Pk (V5 Tag) anti-

bodies (Sigma-aldrich) were used for detecting epitope-tagged proteins. anti-phospho-P38 antibody (Thr180/Tyr182 Cell signalling)

were used to detect the dual phosphorylated forms of Sty1 or P38. Total P38 and GAPDH from mammalian extracts were detected

using rabbit-derived antibody from Cell Signalling. Rabbit polyclonal anti-Hog1 antibodies (Y-215, Santa Cruz Biotechnology) or

anti-Sty139 antibodies were used to detect Sty1. Protein bands were visualised using the LI-COR Odyssey CLx system with

LI-COR secondary antibody (IRDye 800 CW anti-rabbit/mouse) or anti-mouse IgG (whole molecule) (A4416) or anti-rabbit IgG

(Sigma-Aldrich) conjugated to horseradish peroxidase.

Imaging and quantification of immunoblots
For Phos-tag� gels and experiments in Figures 2E, S1, and S4; enhanced chemiluminescence (PierceTM ECL Plus, Thermo Scien-

tific) and ImageQuant Software (Typhoon FLA9500) or X ray film (Fuji) was used to visualise detected proteins. All other immunoblots
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were imaged and quantified using LI-COR Image studio Lite. For quantification of experiments using whole cell lysates prepared un-

der native or denaturing conditions: Lane normalization factor (LNF) was calculated from total protein stain (Revert� LI-COR) on

700 nm channel by selecting individual rectangles for appropriate, equal-sized part of each lane after background subtraction in

adjacent area (top and bottom/right and left). Total protein stain at 700nm was removed using Revert destaining solution (Revert�
LI-COR) prior to blocking, if the protein of interest was to be detected using 700nm channel. The signal of protein of interest was

selected from either 700nm or/and 800nm channel (dependent on secondary antibody used) with background subtraction. Target

protein signals were normalised to total protein by dividing by the lane normalization factor for that lane. For quantification of the dis-

tribution ofWis1 and Sty1 in fractions obtained by size exclusion chromatography (Figure 6D), protein signals were expressed relative

to the Wis1 or Sty1 signal from an ‘input’ lane on the same gel in which 0.4% of cell lysate was separated.

Determining S. pombe cell size at division
Cells that had been maintained continuously in exponential phase for 18-24 hrs were pelleted at OD 595 0.1. Cells were fixed in 3.7%

(w/v) formaldehyde solution for 10min at room temperature, washed twice in phosphate buffered saline (PBS) (137mMNaCl, 2.7mM

KCl, 10 mM Na2HPO4 and 1.8 mM KH2PO4) then resuspended in 10ml PBS solution containing 0.67 mg/ml Calcofluor (Sigma).

Stained cells were mounted in Vectashield containing 1.5mg/ml 4, 6-diamidino-2-phenylindole (DAPI)(Vector Laboratory) on

poly-L-lysine coated microscope slides. Cell morphology using differential interface contrast (DIC), and septum staining with

Calcofluor, were imaged using Zeiss Axiovert or Axioskop fluorescence microscope (excitation wavelength 359nm and emission

wavelength 461nm. The length of septum-stained cells was determined using Axiovision software for at least 150 cells per group.

Analysis of S. pombe cell volume using a cell counter
40ml of exponentially growing cells (OD595 0.3-0.5) were added to 10ml of CASYton solution, and following sonication, 3 repeated

measurements of �6,000 cells were made on the CASY Cell Counter + Analyser System, ModelTT (Sch€arfe System).

Experiments involving cells expressing analogue-sensitive Sty1T97A mutants
SISA strains KS8266 and KS831149 were maintained on Ye5S media containing 5mM 3-BrB-PP1(Abcam, ab143756) to prevent

activation of sty1 and retention of Wis1DD was confirmed by sequencing of cells used for experiments. For detecting Sty1 and

Wis1 phosphorylation before and after oxidative stress, overnight SISA cells were grown in EMMmedia with supplements containing

5mM 3-BrB-PP1. Cells were diluted to OD595 0.15 next day in the samemedia until reaching OD595 0.5. Cell pellets were collected by

<1min centrifugation at < 2000rpmwashed twice (one culture volume per wash) in either EMMmedia or EMMmedia containing 5 mM

3-BrB-PP1 before transfer to fresh EMM or EMM containing 5 mM 3-BrB-PP1 and treatment (where indicated) with 6 mM H2O2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of immunoblotting and cell length measurements were carried out as described in method details above. Each

immunoblotting experiment shown in figures is representative of results from at least 3 independent biological repeats. Where ge-

netic interactions were examined, results were repeated in multiple independent isolates in comparison with isogenic strains derived

from the same cross. All experiments involving cell lengthmeasurements were repeated at least twice and results from representative

experiments are shown. Error bars on graphs or in tables represent the standard error of the mean. As indicated, Student’s T tests

were used to identify any quantitative differences between strains that were statistically significant and any differences p<0.05 are

reported in figure legends.
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