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SUMMARY

The redox state of proteins is essential for their function and guarantees cell fitness. Peroxiredoxins protect cells
against oxidative stress, maintain redox homeostasis, act as chaperones, and transmit hydrogen peroxide
signals to redox regulators. Despite the profound structural and functional knowledge of peroxiredoxins action,
information on how the different functions are concerted is still scarce. Using global proteomic analyses, we
show here that the yeast peroxiredoxin Tsal interacts with many proteins of essential biological processes,
including protein turnover and carbohydrate metabolism. Several of these interactions are of a covalent nature,
and we show that failure of peroxiredoxinylation of Gnd1 affects its phosphogluconate dehydrogenase activity
and impairs recovery upon stress. Thioredoxins directly remove TSA1-formed mixed disulfide intermediates,
thus expanding the role of the thioredoxin-peroxiredoxin redox cycle pair to buffer the redox state of proteins.

INTRODUCTION

Regulation of redox modifications is essential for protein function
and to guarantee cell fitness.' Peroxiredoxins (PRXs), found in all
domains of life, arose as central players in the antioxidant
response. Despite moderate peroxidase activity, their abun-
dance enables them to detoxify up to 90% of cytosolic H,0,.”
PRXs are essential in redox processes ranging from oxidative
stress protection to redox signaling.® Disruption of peroxiredoxin
function results in decreased cell fitness and is linked to aging,
inflammation, neurological diseases, and cancer.* 2-Cys PRXs
rely on a peroxidatic cysteine (Cp) that reacts with peroxides
and a resolving cysteine (Cg) to react with the sulfenic Cp and
to drive the catalytic redox cycle.®

Oxidative protein modifications, initially considered primarily
damaging, are now recognized as physiologically important.®
The role of H,O, as a second messenger is well established,
and thiol oxidations have been added to a list of cysteine post-
translational modifications such as glutathionylation, sulfhydry-
lation, and nitrosation.”® For instance, the ATPase alpha subunit
has a redox-modified cysteine (C294) that directly affects ATP
production.’® Glutathionylation of Cys374 of actin enhances
depolymerization and plays a role in stress fiber formation."""'?
Transient glutathionylation of glycerol aldehyde-3-phosphate
dehydrogenase protects its enzymatic site from irreversible
oxidation during oxidative stress.'®

The functional dissection of the peroxidatic cysteine was key to
understanding H>O, as a second messenger. The central PXXX(S/

T)XXCp motif is highly conserved, but the molecular environment
changed to favor the Cp hyperoxidation in eukaryotes compared
to bacteria.'” This oxidative inactivation allows H,O, levels to
rise and act as a redox signaling messenger.”®'>"'" Another
consequence of the Cp sulfonic acid form is the formation of
higher-order structures with a chaperone function.'® In contrast,
the majority of cysteine thiol groups found in proteins have mod-
erate reactivity toward low, physiological H,O, concentrations. In
this context, PRXs function as mediators of redox signaling.'®"
The oxidized peroxidatic cysteine forms transient mixed disulfide
intermediates (MDlIs) with a target protein thiol, and a disulfide ex-
change reaction with a vicinal cysteine in the target leads to a di-
sulfide bridge-modified protein, transmitting the cellular redox
state to regulatory proteins such as Stat3 or Bey1.'9' Recently,
it has been shown that association of the PRX Tpx1 with Sty1
leads to the formation of a signaling complex that activates
stress-activated protein kinase signaling independent of the ca-
nonical activation pathway in S. pombe.? Thus, redox-sensitive
PRX-protein interactions are potentially widespread, and novel
modes of action are likely to be discovered. Correspondingly,
large-scale proteomics experiments in eukaryotic organisms re-
vealed the extended formation of MDIs by PRXs.?*?* However,
how PRXs select their targets or how the formation of adventitious
mixed disulfides is prevented is not well understood.?':?2°

The highly expressed PRX TSA7T from S. cerevisiae has been
pivotal in the structural and functional understanding of eukary-
otic 2-Cys PRX.2%?528 Here, we show, using global proteomic
analyses, that Tsal physically interacts with hundreds of
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(B) Detection of mixed disulfide intermediates
(MDlIs) by reducing and non-reducing (NR) west-
ern blot. Lower exposure (*) of the Tsa1®7'S-HA
lane. Shorter exposures and experiments with
untagged Tsal are in Figure S1D.

(C) The redox-sensitive presence of Tsa1%'7'S-HA
in the high-molecular-weight (HMW) adducts is
confirmed by 2D SDS-PAGE western blots.
Experimental outline is found in Figure S1F.
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proteins of central biological processes. Interestingly, the major-
ity of those interactions is redox sensitive, and several are cova-
lent by the formation of disulfide bridges involving the peroxi-
datic cysteine and cysteines in the target protein. Remarkably,
this binding is independent of its hyperoxidized chaperone func-
tion and independent of the recently described mechanism dur-
ing oxidative aging involving sulfiredoxin and the Hsp70/Hsp104
heat shock protein complex.® Instead, we find that the covalent
interaction of PRXs with its interactome is induced by various
stresses and is regulated by the thioredoxin system, thus indi-
cating a role for the association of Tsa1 in protecting the redox
state of the proteome upon cellular stress.

RESULTS

Tsa1 forms widespread MDIs

MDls of PRXs are the base of redox relays that are widely found
in eukaryotes.?**%*" Similar to observations in mammalian cells,
we suspected that important functions of the yeast PRX Tsa1
could be mediated by MDIs.?"*® Therefore, we tested wild-type
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tions, HA-tagged and untagged WT
Tsal form MDIs in the 50- to 200-kDa
range, referred to herein as Tsa1-induced
MDIs (TIMDIs) (Figure 1B, S1D, and S1E). TIMDIs are strongly
enhanced in the C171S mutant and absent in the C48S mutant
(Figures 1B and S1D). The denaturing base of SDS-PAGE con-
firms the covalent nature of these adducts, and their absence
in reducing conditions indicates the redox sensitivity of the po-
tential Tsal-target protein attachment. Both the peroxidatic
and resolving mutant display redox cycle defects but exhibit
opposing phenotypes in TIMDI formation. To prove that the
high-molecular-weight (HMW) TIMDIs contain Tsal, we per-
formed a two-dimensional SDS-PAGE, as outlined in Figure S1F.
The collapse of the Tsa1°'"'S-.HA TIMDIs to monomeric Tsa1 in
reducing conditions confirmed the association of Tsa1 with target
proteins of various molecular weights (Figure 1C). Additionally,
TIMDI formation could be recapitulated in vitro using Adtsal
whole-cell extract and Tsa1®'"'S-HA. Correspondingly, blocking
free cysteines strongly reduces TIMDI formation (Figure 1D).
Thus, Tsal has the potential to form covalent disulfide bridges
via its peroxidatic cysteine with its targets. Rapid intramolecular
disulfide exchange by a structurally close cysteine makes MDls
transient, releasing a reduced PRX and an oxidized target



Cell Reports

¢? CellPress

OPEN ACCESS

A = non-reducing = non-reducing B = reducing
E = E
o - N IO O O S - N O O O o - N O O
] © S = dB’o 8, © 9 - A B o ] © 9 - adB’o
/ *k
160 kDa g! 6
*
o — % % T 4 *
o T 2 = © =
= - R = 3 n=3 & o n=3
ju 7] = N
[ = 2
60 kDa @ ﬂ
-~ @ee
D[ ‘ v - S0,
TIMDI intensity e — Y
= tow I high | | GePDH
C n=4
3
untreated 0.031mM H,0, 0.062mM H,0,
E 2 D n=4
S 80 w5k
<
5 70
! 2
£ 60
I s0
b ok
3 S 40 v
T 30
2
£ 2 5 20
S X 10
3
£ 0 ==
1 TIMDI dimer monomer

20
time (h)

30 40 10 20 30

time (h)

40 20 30

time (h)

— WT —C48S —C171S ... WT untreated

[] untreated M 0.125mMH,0,

40

Figure 2. Tsa1-induced mixed disulfide increases in a dose response to H,0,
(A) Tsa1"T-HA cultures were treated with the indicated H,O, concentration for 10 min, and TIMDI induction was analyzed by western blot. Lower exposures and
change in the Tsa1l monomer:homodimer ratio are in Figure S2A. Relative TIMDI intensities (R/) are shown as heatmaps (n = 3). Logo-fold change and statistical

analysis are in Figure S2B.

(B) Western blot analysis of cysteine sulfinylation/sulfonylation (SO,,s) of H,O, dose response (A). Relative SO,/ intensities (R/) (n = 3), median values + SDs and

single data points (circles). Two-tailed Student’s t test; *p < 0.05; **p < 0.005.

(C) Growth curves of the indicated strains upon H,0 stress (n = 4). The unstressed Tsa1"V"-HA curve (dashed black line) is depicted in each graph for comparison.

Median values + SDs are shown.

(D) Percentages of TIMDIs, monomer, and dimer of the Tsa1"/T-HA in unstressed and H,O,-treated conditions determined by western blot quantification (n = 4).
Two-tailed Student’s t test; **p < 0.005. Linear range estimation for quantification can be found in Figure S2E.

protein. This mechanism would also apply to C171S-MDls, and
therefore an increase in oxidized target proteins would be ex-
pected instead of in PRX-target MDls. However, the extent of
TIMDIs in Tsa1®"""S_HA suggests covalent attachment via the
peroxidatic cysteine could act as a post-translational cysteine
modification.’

TIMDIs are induced upon H;0, stress

In mammals, 2-Cys PRXs have been established as forwarders of
H-O,-derived oxidizing equivalents in protein thiol oxidation and
redox signaling.”"*® Given the low TIMDI levels of WT Tsa1 under
unstressed conditions, we tested whether H,O, stimulation
induced TIMDIs. We followed TIMDI induction of Tsa1"/T-HA
ina 10-min H,O, dose response in vivo (newly synthesized antiox-

idants; e.g., catalases do not matter yet, and concentrations
higher than 1 mM are considered severe oxidative stress® =%,
At physiological H,O, concentrations (0.031-0.062 mM), TIMDIs
increased slightly. A significant burst occurred at levels permissive
for redox signaling (0.125-0.25 mM), without causing substantial
Tsal peroxidatic cysteine hyperoxidation (C48-SO,,s) or lethality
(Figures 2A—2C and S2A).%° At higher H,0, levels, which affect
fitness and lead to irreversible peroxidatic cysteine oxidation,
the formation of TIMDIs was prevented (Figures 2A-2C, S2A,
and S2B). To confirm that TIMDIs are not artifacts, we assessed
untagged Tsal under H,O, dose response and compared thiol-
blocking agents, finding similar results (Figures S2C-S2E).

For quantitative estimation, we measured TIMDIs and Tsal
homo-dimer and monomer levels by analyzing Tsa1"/T-HA lanes
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Figure 3. TIMDIs are induced upon environmental stress, protect against arsenite toxicity, and are independent of de novo protein pro-

duction

(A) De novo protein production and TIMDI formation. Cells were pretreated with 100 pg/mL cyclohexamide for 15 min followed by +1 mM H,O, for 10 min

(B) Aggregation of de novo proteins by L-azetidine-2-carboxylic acid treatment (AZC). Cycloheximide-sensitive foci formation of Hsp104-GFP and Tsa1-GFP
were recorded 60 min after 5-mM AZC treatment. See Figure S3A for untreated controls.

(C) Protein aggregation does not induce TIMDIs. Tsa1"VT-HA cells were treated with 5 mM AZC for the indicated time points.
(D) NR whole-cell extracts of Tsa1"/T-HA strains treated with the indicated stresses were analyzed by western blot. Relative TIMDI intensities (R/) are shown as

heatmaps (n = 3). Logo-fold change and statistical analysis are in Figure S3C. Concentration and heat shock intensity estimation are in Figure S3B.
(E) C48-S0,/3 of Tsal-HA was assessed for the indicated stresses and compared to 1 mM H,0O, by western blot.

(F) Tsa1-GFP foci formation at the indicated stresses. DMSO or chlorhexidine pretreatment for 15 min. Hsp104-GFP foci formation is displayed in Figure S3D.
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in a linear range on western blot (Figures S2F). H,O, stress
increased TIMDIs from barely detectible to over 20% of the
Tsal pool (Figure 2D). As one of the most highly expressed pro-
teins, the extent of TIMDI formation during oxidative stress is
likely physiologically relevant. In contrast, the paralog Tsa2, ex-
pressed at much lower levels, does not appear to contribute
significantly to TIMDI formation (Figure S2G).*°

TIMDIs protect against protein damage upon stress

Tsa1 acts as a ribosome-associated chaperone to protect newly
synthesized proteins and prevent protein aggregation upon
oxidative stress.?%?5"%8 We tested whether TIMDI formation
arises from errors in de novo protein synthesis. Translation block
by cycloheximide did not prevent TIMDIs in cells treated with
0.125 mM H,O, (Figure 3A). AZC (L-azetidine-2-carboxylic
acid), which causes misfolded protein accumulation, induced
Tsa1-GFP and Hsp104-GFP foci, indicating co-translational ag-
gregation (Figure 3B and S3A).%° However, AZC did not induce
TIMDIs (Figure 3C). Thus, TIMDI formation takes place at moder-
ate HoO, levels that do not saturate the PRX system and do not
rely on de novo protein production.

Other stresses (arsenite, sodium chloride, and heat) that affect
protein homeostasis and the cellular redox balance lead to the for-
mation of TIMDIs (Figure 3D, S3B, and S3C).*>*® Notably, these
stresses did not cause Tsal hyperoxidation, differentiating
TIMDI formation from hyperoxidized Tsa1 chaperone activity (Fig-
ure 3E). Arsenite, osmotic, and heat stress induced Tsa1-GFP foci
that were not affected by cycloheximide (Figure 3F). While
Hsp104-GFP foci behaved similarly upon osmostress, heat and
arsenite stress-induced foci appear more dispersed and were
considerably affected by cycloheximide (Figure S3D). Thus, the
cycloheximide-sensitive phenotype indicates a qualitative differ-
ence, with Hsp104 being involved in de novo protein protection
and Tsa1 acting on mature proteins in the tested stress situations.

Arsenite, an important environmental toxic pollutant, strongly
induces TIMDIs.** The sodium arsenite tolerance correlated
with TIMDI formation; the tsa74 deletion and Tsa1*®S-HA
strains were more sensitive to arsenite, while the Tsa1%'7'S-HA
mutant grew better, linking TIMDIs to stress adaptation (Fig-
ure 3G). Introducing a Y78A mutation prevents TIMDIs, in
Tsa1"T-HA and Tsa1""'S-HA, in basal conditions and arsenite
stress*® (Figure 3H). Importantly, the Y78A mutation reversed
the arsenite resistance of Tsa1®"'S-HA and increased the arse-
nite sensitivity of Tsa1"VT-HA, with no impact on survival under
unstressed conditions (Figure 3I).

Human Prdx2 can act as a glutathione (GSH) peroxidase, and
glutathionylation is protective during H,O, stress.'®*® We
explored protein glutathionylation in H,O, and arsenite stress
(Figures S3E and S3F). Except for a prominent signal that corre-
sponds to Tdh3 upon H,O, stress, we did not observe any marked
protein glutathionylation (Figure S3F). Tdh3 glutathionylation and
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Hsp104 expression is higher in the Tsa1 C48S mutant, indicative
of anincreased basal oxidative stress state (Figure S3E and S7G).
Therefore, a potential GSH peroxidase activity of Tsa1 is unlikely
to contribute to the observed TIMDI formation and phenotypes.

Overall, peroxiredoxinylation occurs independent of hyperoxi-
dized Tsa1 chaperone activity, with stress-induced TIMDI forma-
tion serving as a hallmark of redox-affected stresses and
contributing to stress protection.

Identification of the redox-sensitive Tsa1 interactome in
S. cerevisiae
Previously cysteine interactor traps were used to identify novel
interactors for thioredoxins.””*® We employed the C171S
mutant as an interactor trap to reveal TIMDI interactors without
the need for stress induction. For a comprehensive understand-
ing of the potential peroxiredoxinylation targets, we compared
the redox-sensitive interactome of C171S and WT Tsal by
mass spectrometry (Figure 4A). Performing a tandem affinity pu-
rification (TAP) of TAP-tagged WT and C171S mutant Tsa1 under
reducing and NR conditions, we identified 211 interactors with
Tsa1"T-TAP and 599 with Tsa1'"'S_-TAP by mass spectrometry
(MS; Figure 4B; Data S1). Most of the binding partners showed
redox-sensitive behavior and enrichment in NR conditions
(Figures 4B and 4C). We found 43.6% of the Tsa1"/'-TAP inter-
actors and 64.3% of the Tsa1®'"'S-TAP interactors exclusively
in the NR condition (NR-specific), supporting the idea of a
redox-sensitive interactome of Tsal. No particular consensus
sequence or proximity of cysteines were indicators of interaction
(Figure S4A and S4B). NR-specific interactors showed an over-
representation with more than 5-8 cysteines, and only 1%
lacked cysteines, which is 10 times fewer than expected from
the overall proteome (Figure 4D; Data S2). Thus, general Tsal-
target interaction can be independent on (particular) cysteines,
but redox-sensitive and covalent interactions are favored by
the presence of cysteines. Binding of HSP70 (Ssal or Ssa2) is
an example of a known non-covalent interaction with Tsai,
and accordingly, this interaction is found to be redox insensitive
in our Tsa1 interactome (Data S1).°

There was >73% overlap between Tsa and Tsa inter-
actors, with C171S capturing a broader range, including less-ex-
pressed proteins (Figure 4E and S4E). A PANTHER overrepresen-
tation test revealed carbohydrate metabolism, protein turnover
processes such as translation, ribosomal biogenesis, chaperone
function, and proteolysis to be overrepresented processes.*®
Additionally, metabolic processes such as amino acid biosyn-
thesis, ATP generation, and glucose metabolism were signifi-
cantly enriched (Figure 4F and S4C; Data S2). Supporting our find-
ings, proteomics studies exploring cysteine accessibility and
oxidations highlight cellular protein production and metabolism
as oxidation sensitive processes®®°" (Figure S4D). Proteins found
in those processes generally are highly expressed, and most of

1WT 101713

(G) Growth in £1 mM sodium arsenite liquid medium. Optical density was measured every 10 min (n = 5). Median values + SDs are shown.
(H) Arsenite-induced TIMDIs depends on Y78. Whole-cell extracts were prepared in NR conditions and separated by dual 10%/15% SDS-PAGE and analyzed by

western blot.

() Cell fitness under arsenite stress depends on TIMDIs. Growth in liquid media + 1 mM sodium arsenite. Optical density was measured every 10 min to follow

(n = 5). Median values + SDs are shown.

(A, C, D, E, and H) Glucose-6-phosphate dehydrogenase (G6PDH) was used as loading control.
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(B) Percentage of interactors that are found in NR and reducing conditions (common, gray) or are specific for one condition: NR (NR-specific, blue) and reducing
(RD-specific, red). Absolute numbers of interactors are indicated.

(C) The log, (area) values of Tsa1"V'-TAP and TSA1%""'S_-TAP interactors were plotted as reducing (y axis) against NR (x axis). Binders detected in NR
and reducing conditions (common) are represented. Tsa1 (hollow circles; blue = replicate 1, yellow = replicate 2), Interactors (filled circles; green = replicate 1,
red = replicate 2). Numbers next to the x axis represent NR-specific interactors. Data are found in Data S1.

(legend continued on next page)
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the interactors found belong to the 25% highest-expressed pro-
teins (Figure S4E). The dynamic nature of TIMDIs might lead to
an underestimation of Tsa1 targets. While the majority of Tsa1 tar-
gets—and Tsa1l itself—are highly expressed, the ability to form
TIMDIs is not necessarily dependent on protein abundance. A
10-fold reduction of Tsa1 does not prevent TIMDI formation, but
it does reduce the extent of TIMDIs upon oxidative stress (Fig-
ure S4F). Additionally, TDH3 having a CxxC motif and an abun-
dance similar to that of Tsal does not show an extended MDI
phenotype (Figure S4G). Thus, features of PRXs, such as high
expression, cysteine oxidation sensitivity, and dual functions as
peroxidase and chaperone, favor biological adduct formation.

In a complementary approach, we aimed to specifically enrich
covalent and peroxidatic cysteine dependent interactors by DTT
elution from a NR immunopurification of Tsa1®'"'S-HA and
Tsa1%“8S_HA strains (Figure 5A). Over two-thirds of proteins
were eluted specifically from Tsa1¢'"'S compared to Tsa1¢4%S
(Figure 5B; Data S3). Common interactors between the mutants
showed enrichment toward the resolving mutant, with 552 pro-
teins identified as Tsa1®'"'S interactors (Figures 5B and 5C). A
total of 60% of the cysteines were carbamidomethylated, indi-
cating that they were in the thiol form in their native state. Close
to 20% were N-ethylmaleimide modified (19.5%) or unmodified
(20.4%) (Figure 5C). Consistent with findings from PRX-1 and
-2 interactors, an enrichment for the CxxC motif in common
Tsa1¢"'S/Tsa1%4®S eluted interactors was found (Figure S5A).2°
In contrast, C171S-specific interaction partners did not show
this enrichment, indicating a different interaction mechanism.
The number of cysteines/protein in the DTT-eluted interactors
follow the trend observed for Tsa1VT-TAP and Tsa1®'"'S-TAP
redox-sensitive interactors, with C171S interactors showing a
slightly higher cysteine count per protein, but no correlation ex-
ists between cysteine linear distance or surrounding amino acid
motifs (Figure 5D and S5B; Data S4). Almost half of the C171S
DTT-eluted interactors were also found in the Tsa1®'"'S-TAP in-
teractome (Figure 5E). Likewise, a Gene Ontology analysis re-
vealed that oxidative sensitive cellular processes related to pro-
tein production and carbohydrate metabolism were enriched
(Figures 5F and S4). Supporting our MS approach, we found all
Tsal redox interactors identified by Irokawa et al., namely
Vma1, Cdc19/Pyk1, Ssb1/2,Frd1, and Yol057W.°? Additionally,
Hog1 and Bcy1, which have been shown to be covalently tar-
geted by Tsa1, the PRX redox regulators Trx1/2 and Srx1, and
proteins associated with Tsa1 (Ssa1/2 and Hsp104), have been
identified here.?%??5%5* Together, the complementary MS ap-
proaches uncovered an extensive redox-sensitive interaction
network of Tsal in the proteome.

Tsa1 associates with metabolic enzymes and regulates
metabolism

Gluconeogenesis and the pentose phosphate (PP) pathway are
affected in tsalAtsa24 double-deletion strains.®> HMW forms
of Tsa1l and Cdc19 were observed, but it was not known whether
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they associated covalently.®> We asked whether the C48S and
C171S point mutations in Tsa1 altered the metabolomic profile.
We introduced both mutations into a completely auxotrophic
FY4 strain and analyzed their metabolome by unbiased MS (Fig-
ure 6A, S6A, and S6B; Data S5). Changes were subtle and
consistent with the largely unaffected growth of these mutants
under standard conditions (Figure S6C). As expected from the
disturbed redox balance of the Tsal mutants, the redox pair
GSH and GSH disulfide (GSSG) were both increased. While
the GSH:GSSG ratio is not significantly affected in the
Tsa19%8S mutant, there was a clear decrease in the Tsa1171®
mutant, indicative of a more oxidizing environment.®>°® This
increased oxidative environment could contribute to the high
TIMDI levels in the Tsa1®'”'S mutant. Consistent with previous
reports, most upstream glucose metabolites increased in both
mutants, while phosphoenolpyruvate decreased.*”

Co-immunoprecipitation experiments with V5-tagged poten-
tial targets (Cdc19, Gnd1, Tdh3, Gpd1, Ugp1, and Eno2)
confirmed their physical interaction with Tsa1"T-HA and
Tsa1®""'S_HA under reducing and NR conditions (Figure 6B).
SDS-PAGE of whole-cell extracts revealed DTT-sensitive HMW
adducts of these enzymes under NR conditions (Figure 6C,
S6D, and S6E). A direct comparison of the Gnd1-V5 interaction
with WT and C171S Tsal confirmed a stronger interaction of
Tsa1®1"1S_HA with Gnd1-V5 than Tsa1"T-HA (Figure 6D). Similar
to TIMDIs, HMW enzyme adducts were low under standard con-
ditions but increased with stress (Figure S6F).

Co-immunoprecipitation (colP) of WT and C171S Tsa1-HA with
Cdc19-V5 or Gnd1-V5 confirmed that HMW adducts contained
both Tsa1l and the metabolic enzymes (Figure 6E). Notably, the
V5 tag did not affect survival or enzyme activity, and colPs with
Gnd1-V5 or untagged Cdc19 with endogenous Tsa1 yielded iden-
tical results (Figures S7A- S7F). Thus, the metabolic changes in
Tsal mutants underscore its key role in regulating metabolic net-
works, aligning with Tsa1-interactome analyses.

Cys460 is an important residue for of Gnd1 function and
is targeted by Tsa1

Gnd1 is a central enzyme of the oxidative branch of the PP
pathway that has a strong redox-sensitive interaction with Tsa1
(Figures 6B-6E). The PP pathway fuels the cell with nicotinamide
adenine dinucleotide phosphate, a key metabolite in redox reac-
tions and oxidative stress protection.®”*® Gnd1 forms more than
a single HMW species in the Tsa1®""'S-HA background, indi-
cating that more than one cysteine could be peroxiredoxinylated
(Figures 6D and 6E). In contrast, in a Tsa1l WT strain, Gnd1 forms
a single predominant HMW species induced by H,O, (Figures 7A,
7D, and S8A). Covalent attachment of target cysteines to the
peroxidatic cysteine of Tsa1 seems to prevent undirected mixed
disulfide formation, judged by increased Gnd1 adducts in the
Tsa1%8S_HA mutant (Figure 7A and S8A). To understand this co-
valent interaction, we created a series of mutants in all cysteines of
Gnd1. Some cysteine mutations reduced TIMDIs, while others

(D) Percentage of proteins (y axis) containing the indicated cysteine content/protein (x axis). NR and reducing conditions (common, gray), NR-specific (blue), and
proteome-wide distribution (black). Due to the low number, reducing-specific candidates have been omitted from the analysis. Data are found in Data S2.

(E) Tsa1VT-TAP (green) and Tsa1®'"'S-TAP (orange) interactors overlap (blue). Interactor numbers are indicated in the sections.

(F) Representative Gene Ontology (GO) terms revealed by enrichment analysis. Full list, false discovery rate (FDR), and p values are found in Data S2.
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Figure 5. Sequential cysteine labeling identifies potential covalently associated targets to Tsa1

(A) MS workflow to identify redox-sensitive Tsa1'""S-HA and Tsa1°*®S-HA interactors. Symbols are the same as were used in Figure 4A. C48S/C171S mutants
(x), iodoacetamide (IAM) (brown rhombus), N-ethylmaleimide (green rhombus).

(B) DTT-eluted candidates identified in both mutants are plotted as Tsa1%'7'S-HA versus Tsa1°*®S-HA (log, area values). Interactors identified in both Tsa1%'7'S-
HA and Tsa1%“®S-HA (common, gray) specific for Tsa1®'7'S-HA (orange). Dataset can be found in Data S3.

(C) We identified 552 interactors in Tsa1%'7'S-HA DTT-elutions in triplicate. Upper pie diagram shows the number of overall and cysteine-containing peptides. The
lower pie diagram indicates the number of cysteines that are carbamidomethylated (Cys-IAM), N-ethylmaleimide modified (Cys-NEM), or unmodified (Cys-@).
Absolute numbers are next to the pie charts.

(D) Percentage of proteins (y axis) containing the indicated cysteine content/protein (x axis). DTT-eluted interactors present both mutants (gray, C48S and
C171S), C171S-specific (blue), and the proteome-wide distribution (black). Data are found in Data S4.

(E) Overlap (brown) of interactors identified in the Tsa1°'"'S-TAP immunoprecipitations (orange, see Figure 4) and DTT-eluted Tsa1®'"'S-HA interactors in this
experiment (yellow). Numbers of the interactors are indicated within the sections.

(F) Representative GO terms revealed by enrichment analysis. Full list of enriched GO terms, FDR, and p values are found in Data S4.

caused a strong increase (Figure 7B and 7C). Al HMW adducts of  and Tsa1®"7'S-HA backgrounds abolished the prevailing Gnd1
Gnd1 variants depended on Tsal and disappeared in a tsat4 HMW adduct, making C460 the primary cysteine targeted by
deletion (Figure S8B). The Gnd1¢46%° mutation in Tsa1VWT-HA Tsal (Figures 7B-7E). Consistently, C460 has been identified to
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Figure 6. Tsa1 targets redox-sensitive metabolic enzymes
(A) Untargeted metabolomics reveals differences in glucose metabolism and the tricarboxylic acid cycle. Relative metabolite changes of C48S and C171S
compared to the WT are shown. The dataset can be found in Data S5. Statistical analysis can be found in Figures S6A and S6B.

(legend continued on next page)
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be surface exposed and thus accessible for covalent attachment
to Tsa1.°! Additionally, the loss of the predominant Gnd1-TIMDI
species Gnd1%4%% increased MDlIs of various sizes (Figures 7E
and S8C).

The C terminus of Gnd1 is indispensable for its enzymatic ac-
tivity, stabilizes the dimer, and forms a lid on the substrate-bind-
ing pocket.® Thus, C460 might be important for the catalytic ac-
tivity of Gnd1. As expected, gnd14 cells have no detectable
6-Phosphogluconate dehydrogenase (6PDGH) activity (Fig-
ure S8D). In WT cells, a significant increase in 6PGDH activity
was observed upon H,O, stress, which was absent in the
Gnd1°4€% mutant. Consistent with the role of Tsal in Gnd1
regulation, the TSA1°488 mutant did not increase 6PDGH activity
under HyO, stress (Figure 7F). Thus, Gnd1 activity correlates
with an increase in the Gnd1°4%°- and Tsa1-dependent MDls
upon H,0, stress (Figures 7D-7F, S8D, and S8E).

Analyzing growth, we found that WT cells recovered within
4-5 h upon H,0, stress exposure, while gnd14, Gnd1°46°S,
and Tsa1%®S cells are clearly delayed (Figure 7G). Similarly, un-
der arsenite stress, 6PGDH activity was induced in WT cells but
not in Gnd1°46%S and Tsa1%*®S mutants (Figure S8G). Corre-
spondingly, cell growth recovery upon arsenite stress was de-
layed in Gnd1°%€%S, gnd1A and Tsa1°%%® cells (Figure S8H)
when compared to WT. Thus, we have identified C460 of Gnd1
as an important residue for phosphogluconate dehydrogenase
activity by deciphering Gnd1 peroxiredoxinylation. This modifi-
cation may protect Gnd1 from unwanted MDI formation, regu-
lating activity during stress to ensure cell survival.

In contrast to Gnd1°4%S, the C365S mutant had strongly
increased HMW adducts in a Tsa1®""'S-HA background (Fig-
ure 7B and 7C). Located at the A/B interface in the substrate-bind-
ing groove, we speculated that misfolding or enzymatic defects
would lead to covalent attachment of Tsal as a quality control.
To test this hypothesis, we selected isoleucine 366, which is not
involved in substrate binding but resides in the binding groove
next to C365 (Figure 7H) and mutated it to arginine or methionine.
Indeed, Gnd1'*¢®R and Gnd1'%®M strongly affected 6PGDH activ-
ity (Figure 71). Consistently, these mutants have increased Gnd1
HMW adducts that were abolished in the tsa74 deletion mutant
(Figure 7J and S8F). Thus, while C460 of Gnd1 is targeted by per-
oxiredoxinylation to maintain enzymatic activity, mutations in res-
idues critical for folding or catalytic activity could trigger Tsa1l
attachment with a different outcome.

Thioredoxins regulate the extent of peroxiredoxinylation
Low basal TIMDI levels could be due to a redox environment that
limits their formation or to negative regulation. The absence of a
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(structural) vicinal cysteine to C460 and the formation of MDI
through multiple cysteine residues in Gnd1 mutants challenge
the canonical redox relay as observed, for example, in
Bcy1.%%?° Could peroxiredoxinylation act as a recruiting signal
for the protein folding machinery? In aged cells and oxidative
stress, Tsa1-SO,,3 binds to the Hsp70 chaperone and recruits
Hsp104 to disaggregate protein aggregates, and oxidized Tsa1
is subsequently recycled via the sulfiredoxin Srx1.2°

The deletion of Ssal, Ssa2, and Hsp104 did not result in an
altered TIMDI pattern (Figure S9A). In srx14, the specific Srx1-
Tsal adduct disappears upon oxidative stress, but general
TIMDIs are unaffected (Figure S10A). Deleting thioredoxins
(trx1 Atrx24) resulted in a burst of TIMDIs (Figures S9A, S10A,
and S10B). Additionally, TIMDI increases in the whole concentra-
tion range of H,O, in trx1 4trx2 4, while peroxidatic hyperoxidation
is strongly impaired, as observed in Tsa1¢'"' (Figures S10C and
S10D). We speculate that in the C171S mutant, Tsa1 oxidized di-
mers cannot form, so the sulfenic form reacts rapidly with cyste-
ines on interactors. In trx14trx24, sulfenic Tsal partly forms
TIMDIs and partly oxidizes to dimers (Figure S10A). Importantly,
introducing a plasmid with the genomic region encoding TRX1
or TRX2 do partially rescue basal as well as 0.125-mM induced
TIMDI formation (Figure S10E). Thus, both cytoplasmic thioredox-
ins resolve TIMDIs, and both genes must be functionally present.
Additionally, the absence of thioredoxins led to strong mixed di-
sulfide induction of Gnd1-V5, which was dependent on its C460
(Figure S9B).

Comparable to the C171S mutant, a more oxidizing environ-
ment likely contributes to high TIMDI levels in the trx14trx24
mutant. In support of a direct, enzymatic targeting of thioredox-
ins in TIMDI resolution, we found that recombinant Trx1-HIS
resolved general TIMDIs, as well as Gnd1-Tsa1 TIMDIs in vitro
(Figure S9C). Furthermore, in in vitro assays, we detected only
Tsa1-HA-Trx1-HIS adducts, indicating that TIMDIs are resolved
by transferring the attached Tsal to Trx1 (Figure S10F). In vivo
the Tsa1-Trx1 adduct would be subsequently resolved by an in-
tramolecular disulfide formation in the thioredoxin, resulting in a
reduced PRX and an oxidized thioredoxin, which subsequently
can be resolved by the thioredoxin reductase system.®® In
conclusion, thioredoxins, not Hsp70/Hsp104, target Tsa1-MDls
for resolution.

DISCUSSION
PRXs are bifunctional enzymes that carry H,O,-detoxifying

peroxidase and molecular chaperone functions, providing a
framework for their diverse roles such as redox signaling.'”¢'=5°

(B) V5-tagged metabolic enzymes were immunoprecipitated under reducing and NR conditions from Tsa1"/T-HA and Tsa1°'7'S-HA strains. Corresponding blots

of whole-cell extracts in (C) —(E).
(C) Western blot detection of V5-tagged enzymes from Tsa
shorter exposure in Figure S6E). GBPDH was used as loading control.

1C171S

-HA whole-cell lysates (corresponding to B). Monomeric enzymes (dashed yellow squares,

(D) Tsa1"T-HA and Tsa1""'S-HA strains + Gnd1-V5 were used to immunoprecipitate (IP) Gnd1-V5 under NR conditions. V5-IPs and inputs were probed for anti-
HA (Tsal) and anti-V5 (Gnd1). Gnd1-V5 MDIs (blue arrowhead). GBPDH was used as loading control.

(E) The 2D-SDS-PAGE western blots of Cdc19-V5 and Gnd1-V5 immunoprecipitations. After separation in first dimension (NR, right to left) gel pieces were
partially reduced and separated the second dimension (top down). Region of HMW adducts/TIMDIs was probed simultaneously with mouse anti-V5 (Gnd1-V5 or
Cdc19-V5) and rabbit anti-HA (Tsa1-HA) and secondary fluorescence labeled antibodies. Membrane parts containing monomeric enzymes and Tsal were
probed by the same primary antibodies and horseradish peroxidase secondary antibodies.
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Studying S. cerevisiae PRX Tsal, we found that it forms wide-
spread Tsal-induced MDIs, depending on the peroxidatic
cysteine. Previously discovered MDlIs in other organisms argue
for an evolutionary conserved process.”*?*®* About 20% of
the discovered Tsa1 interactors correspond to cysteine-depen-
dent interactors of human PRDX1 (Data S6).%° Similar to Tsa1 in-
teractors, human PRDX1 interactors are enriched for translation-
related proteins. Comparison of PRX-redox-interactomes of
various organisms will highlight which functions are conserved
and which ones have changed in the course of evolution.

We observed that resolving cysteine mutants enhance TIMDI
formation, showing that Cp-Cgr disulfide exchange is not required
for TIMDI formation. Upon H,0, stress, a significant pool of Tsa1
is incorporated into TIMDIs. It will be interesting to decipher
whether those targets are associated with recently discovered
dynamic, localized redox microdomains.®®

TIMDI formation does not require new protein synthesis or
Hsp70/Hsp104-mediated protein disaggregation, two pro-
cesses that Tsal has been implicated in, but rather targets
mature proteins.”**° Additionally, deletion of the thioredoxins re-
sults in an increase of up to 60% of the Tsa1 pool in TIMDIs.
While our results do not exclude that a change in the redox envi-
ronment contributes to TIMDI formation in the Tsa1'""S and thi-
oredoxin deletion mutants, in vitro assays confirm that Tsa1°'7'S
can directly form TIMDIs with mature proteins, and thioredoxins
are able to efficiently resolve TIMDIs in vitro.

In WT cells, various stresses induce TIMDIs that correlate with
cycloheximide-resistant foci. It could be possible that target pro-
teins and PRXs are concentrated in such foci, which triggers
rapid TIMDI formation. Notably, the C171S mutant has a marked
growth advantage over the WT and C48S Tsa1 in arsenite stress,
indicating a protective role for TIMDIs. Moreover, impairing
TIMDIs in the WT and the C171S Tsal renders cells sensitive
to arsenite stress, reinforcing the link between TIMDI formation
and stress protection.

Deciphering the redox-sensitive interactome of WT and Tsa1
C171S mutants revealed a redox-sensitive interactome with
numerous proteins. The peroxidatic cysteine is crucial for
many interactions, and peroxiredoxinylation appears wide-
spread, involving proteins in key cellular processes like transla-
tion and metabolism. Evidence against TIMDI formation as an
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artifact includes significant overlap between interactors of WT
and C171S mutant Tsa1 and confirmed interactions with glyco-
lytic enzymes. While the resolving cysteine-to-serine mutation
does not result in large structural changes, it exhibits a locally
unfolded state that could favor covalent thiol attachment and
hyperoxidation resistance, allowing MDI formation.®® One hy-
pothesis to be tested is that environmental conditions that
lead to an increase in TIMDIs elicit a conformational state of
WT Tsal that is at least partially equivalent to that of the
C171S mutant.

Whether TIMDI formation follows the same mechanism and
has a general stress-protective role in different stress conditions
remains to be determined. In this study, we identified C460 in
Gnd1 to associate covalently with the peroxidatic cysteine of
Tsal. This covalent association contributes to maintaining
Gnd1 activity and survival upon oxidative and arsenite stresses.

Future studies are needed to decipher whether the protective
function of TIMDIs is the sum of all covalent modification of
Tsal targets or it relies on selected candidates. Identifying
crucial cysteines like Gnd1°4®° will be key to understanding
stress-specific TIMDI mechanisms. For example, Cdc19 has
been reported to interact in a redox-sensitive fashion with
Tsal, and we showed here that it is a candidate for a covalent
disulfide link between Cdc19 and Tsal. Generally, the interac-
tion with various enzymes and the alteration of the metabolome
indicate an important role in carbohydrate metabolism. While
our metabolomics study does not allow us to draw conclusions
on changes in fluxes, using Gnd1 (6PDGH), we clearly showed
that Tsa1 targets this enzyme preferentially at a residue that is
important for catalytic activity and important for survival upon
oxidative stress.

Our model of PRX function proposes the following (the letters
refer to those in Figure S9D): (A) in their peroxidase role, PRXs
detoxify H,O, from exogenous and endogenous sources. Thio-
redoxins resolve oxidized Cp-Cgr dimers, maintaining the cata-
lytic redox cycle. (B) Severe oxidative stress induces C48-hyper-
oxidized (SO,/SO3) chaperone formation, recruiting Hsp70/
Hsp104 to refold aggregated proteins, followed by sulfire-
doxin-mediated peroxidatic cysteine recovery.'”?° (C and D)
Upon stresses that affect the redox balance and folding of
mature proteins, lead to an increased interaction of Tsal and

Figure 7. Gnd1°4%° 3 cysteine relevant for enzymatic activity and survival upon oxidative stress, is targeted by Tsa1l

(A) Relative TIMDI intensities (R/) are shown as heatmaps (n = 3). Log,-fold change and statistical analysis are in Figure S8A. Gnd1*YT-V5 MDI (arrowhead).
(B) Cysteine mutagenesis of Gnd1-V5 in the Tsal C171S_HA. Western blots of NR whole-cell extracts were probed with anti-V5 (asterisk denotes short exposure).
Western blots for the same strains in a tsa14 can be found in Figure S8B. G6PDH was used as loading control. mGnd1, monomeric Gnd1-V5.

(C) Gnd1 crystal structure (PDB: 2P4Q): N-terminal A domain (NADP* binding, green), the central B domain (substrate binding, blue), and the C-terminal extension
(lid formation, yellow). HMW adduct changes relative to the Gnd1WT-V5 in the Tsa1¢'7'S-v5 background (circles).

(D) NR western blots of whole-cell extracts of WT and C460S Gnd1-V5 in the Tsa1"/T-HA background treated with 0.125 mM H,O, for 10 min. GGPDH was used as

loading control. mGnd1, monomeric Gnd1-V5.

(E) Relative TIMDI intensities (R/) are shown as heatmaps (n = 3). Log,-fold change and statistical analysis are in Figure S8C. Gnd1-V5 MDI (arrowhead).

(F) Relative 6-gluconate dehydrogenase activity (n = 4). Median values + SDs. Two-tailed Student’s t test; ***p < 0.0005. H,O, stress (0.125 mM, 40 min) values
were normalized to the corresponding untreated sample (set to 1). gnd74 control is shown in Figure S8D.

(G) Growth curves in untreated (YPD medium, 4 h) and hydrogen peroxide conditions (YPD + 0.5 mM H,0,, 12 h).

(H) C365 (space fill red) and 1366 (space fill blue) location at the Gnd1 domain A (green) and B (cyan) interface. Citrate molecules in the substrate binding pocket
(yellow). Gnd1 crystal structure, PDB: 2P4Q. C365 (residue depicted as space filled model) and 1366 (residue depicted as blue space filled model).

(l) 18366 mutations reduce the Gnd1 6-phosphogluconate dehydrogenase (6PDGH) activity (n = 4). Median values + SDs.

(J) Western blots of NR whole-cell extract of Gnd1 1366 mutants were probed for V5 (Gnd1) and HA (Tsa1) to visualize the respective HMW adducts. Quantification
of the Gnd1-V5 MDI (arrowhead) in the right panel (n = 3). Median values + SDs. G6PDH was used as loading control.
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targets. In this condition, PRXs can form covalent adducts with
accessible cysteines (peroxiredoxinylation).?® (C and D). In ca-
nonical redox relays, a vicinal cysteine releases the PRX, leaving
an oxidized redox regulator (C).'%*° Independent of this disulfide
exchange reaction, thioredoxins resolve PRX-MDIs, regenerat-
ing non-modified target thiols and forming a PRX-thioredoxin in-
termediate (D).

Peroxiredoxinylation does not need an enzymatic ligation sys-
tem such as that seen for ubiquitin ligases or kinases (phosphor-
ylation). High PRX expression not only makes them important
H>O, detoxifiers but also increases target interaction, taking ac-
count of a local concentration increase by foci formation upon
stress. Peroxidatic cysteine properties allows the formation of
sulfenic/sulfinic Tsal and target thiol covalent modification at
low H,O, concentrations and likely other stress conditions.
Without TIMDI formation, random mixed disulfide protein cross-
link can occur that is damaging to the cell.

Thus, PRXs could act as guardians of thiol reactivity, with per-
oxiredoxinylation emerging as a bona fide post-translational
modification regulating protein MDIs. The large extent of perox-
iredoxinylation that we observed in this study is therefore an indi-
cation that new, redox-sensitive mechanisms of PRXs are likely
to be discovered in the future.

Limitations of the study

We reported a redox-sensitive interactome of the S. cerevisiae
PRX Tsa1l. Under normal conditions, Tsa1 interacts with a small
number of proteins, but approximately 20% of the Tsa1 pool
forms covalent mixed-disulfide intermediates upon stress. This
does not exclude a role for Tsal under normal conditions but
suggests a key role when protein damage increases upon stress.
Furthermore, future studies are needed to address what fraction
of the proteome is engaged in peroxiredoxinylation. We charac-
terized Cys460 in Gnd1 (6PDGH) as an important residue for
Tsal-dependent regulation of enzymatic activity and survival.
However, the detailed mechanism of the covalent interaction of
Tsal to Gnd1 remains to be determined. Future studies are
needed to define the role of Tsal in other biological processes
and to identify important target cysteine residues in this context.
Although we showed that TIMDI formation is required for proper
cell survival upon arsenite stress, arsenite toxicity is pleiotropic,
and the contribution of specific peroxiredoxinylation targets un-
der this condition remains to be determined.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse hybridoma aHA, clone 12CA5 NEB P8108S

mouse monoclonal aV5 Invitrogen R960-25; RRID: AB_2556564
anti-Peroxiredoxin-SO3 Abcam ab16830; RRID: AB_443491

anti-Peroxiredoxin-S02/3

a-mouse IgG HRP-linked whole antibody
a-rabbit IgG whole antibody HRP

Rabbit polyclonal Tsa1

Cambridge Research Biochemicals
GE Healthcare

GE Healthcare

Gift from S. Kuge

crb2005004f

NA931; RRID: AB_772206
NA934; RRID: AB_772206
N/A

Anti-6X His tag® antibody [HIS.H8] Abcam ab18184; RRID: AB_444306
Bacterial and virus strains

N/A N/A N/A
Biological samples

N/A N/A N/A
Chemicals, peptides, and recombinant proteins

BamHI-HF NEB R3136S
Notl-HF NEB R3189S
Ncol-HF NEB R3193S
PreScission Protease GE Healthcare 27-0843-01
endoproteinase LysC Sigma-Aldrich A0760
Trypsin Wako 129-02541
digested bovine serum albumin Promega V5113
pre-stained molecular weight marker AGFA CPBU-NEW
Precision Plus Protein Dual Color marker Sigma SDS7B2-5X1VL
Expand High Fidelity Polymerase Roche 11759078001
Glutathione Sepharose Roche 17-0756-01
cOmplete™ His-Tag Purification Resin Merck 5893682001
rabbit IgG-Agarose Sigma A2909
V5-Trap™ Magnetic Agarose Chromotek v5tma
L-Glutathione Sigma G4251
N-ethylmaleimide Sigma-Aldrich E3876
S-methyl methanethiosulfonate Merck 64306
lodoacetamide Sigma 11149
1,4-dithiothreitol Sigma D0632
Methanol, pure Ph Eur NF Scharlab MEO0301005P
Tris Base Sigma T1378
Cycloheximide(100 mg/ml in DMSO) Sigma 239765
L-azetidine-2-carboxylic acid Thermo Scientific C4859-1ML
30% Acrylamide:Bisacrylamide (37.5:1) BioRad 161-0394SP
dNTPs (set of JATP/dCTP/dTP/dGTP) Promega u1420

IPTG Roche 11411446001
Critical commercial assays

Clarity Western ECL substrate Bio-Rad Laboratories, S.A. 170-5061
6-Phosphogluconate Dehydrogenase Activity BioVision K540

Colorimetric Assay

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Proteomics data (PRIDE repository, EMBL-EBI) This study PXD034411
Metabolomics data (MetabolLights repository, This study MTBLS11979
EMBL-EBI)

Experimental models: Cell lines

N/A N/A N/A
Experimental models: S. cerevisiae strains

MATa his3A1 leu2A0 met15A0 ura3A0 (BY4741) ATCC 201388
BY4741 URA:pRSP5 This study YGS338
BY4741 Tsa1 3’ (URA) This study YGS347
Tsal-GFP::HIS3 Yeast GFP Collection YGS379
BY4741 TSA1-1xHA::LEU This study YGS447
BY4741 TSA1C77S_1xHA::LEU This study YGS448
BY4741 TSA1°8S_1xHA::LEU This study YGS449
BY4741 TSA1-TAP::KAN This study YGS456
BY4741 TSA1°8S_TAP::KAN This study YGS457
BY4741 TSA1CT7'S_-TAP::KAN This study YGS458
FY4 Tsal-1xHA::KanMX6 This study YGS471
FY4 Tsa1%48S-1xHA::KanMX6 This study YGS472
FY4 Tsa1®'7'S-1xHA::KanMX6 This study YGS473
HSP104-GFP::HIS3;; TSA1-1xHA::LEU This study YGS836
YGS447 GND1-1xV5:: HohNT1 This study YGS1026
YGS448 GND1-1xV5:: HohNT1 This study YGS1028
YGS449 GND1-1xV5:: HohNT1 This study YGS1030
YGS447 hsp104::HIS3 This study YGS1053
YGS448 CDC19-1xV5:: HohNT1 This study YGS1059
YGS447 srx1::NatMX4 This study YGS1203
YGS448 ENO2-1xV5:: HohNT1 This study YGS1267
YGS448 UGP2-1xV5:: HohNT1 This study YGS1257
YGS448 GPD1-1xV5:: HohNT1 This study YSG1271
YGS447 ssal::HphNT1 ssa2::NatMX4 This study YGS1275
YGS447 trx1::KanMX®6 trx2::NatMX4 This study YGS1313
YGS1026 trx1::KanMX6 trx2::NatMX4 This study YGS1316
YGS447 GND1°469S_1xV/5::HPH trx1::KanMX6 This study YGS1379
trx2::NatMX4

YGS447 GND1°495_1xV/5::HphNT1 This study YGS1541
YGS448 GND1°295-1xV5:: HohNT1 This study YGS1551
YGS448 GND1C768/1695_1x\/5:: HOhNT1 This study YGS1552
YGS448 GND1°7975-1xV/5:: HOhNT1 This study YGS1553
YGS448 GND1287S_1xV/5:: HOhNT1 This study YGS1554
YGS448 GND1°%%%5-1xV/5:: HOhNT1 This study YGS1555
YGS448 GND1469S_1xV/5:: HOhNT1 This study YGS1557
YGS448 TDH3-1xV5:: HohNT1 This study YGS1558
YGS447 URA:pRSP5>Tsal This study YGS1573
BY4741 TDH3-1xHA::HphNT1 This study YGS1733
YGS447 URA:pTDH3>Tsal This study YGS1734
BY4741 URA:pTDH3 This study YGS1735
Yeast GFP collection Thermo Fisher Scientific N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Yeast TAP-tag collection Horizon Discovery N/A
Oligonucleotides

see Table S1

Recombinant DNA

pGEX-6P-1 Sigma-Aldrich GE28-9546-48
PGEX-6P-1-Tsa1C171S-HA This study pGS396
pRS413-gTRX1 This study pGS558
pRS413-gTRX2 This study pGS558
pETM10-TRX1 This study pGS581
Software and algorithms

FlJI Fiji.sc N/A

NIS elements AR Nikon Instruments Inc. N/A
Proteome Discoverer software suite (v1.4) Thermo Fisher Scientific N/A
Mascot search engine (v2.5) Matrix Science N/A

Other

Centrifugal Filter Columns Amicon UFC901008
Transfer PVDF Immobilon-P, 0.45 pm Millipore IPVHO0010
medical X-ray films (18 x 24 cm) BioRad 1705060
LTQ-Orbitrap Velos Pro mass spectrometer Thermo Fisher Scientific N/A
EASY-nLC 1000 Thermo Fisher Scientific N/A

Nikon Eclipse Ti Nikon N/A

ORCA digital camera Hamamatsu N/A

Agilent 6550 series quadrupole TOF MS Agilent N/A
GERSTEL MPS2 autosampler Gerstel N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Standard procedures were used for the growth and genetic manipulation of Saccharomyces cerevisiae (MATa his3A1 leu2A0
met15A0 ura3A0, S288C-derivative laboratory strain). Cells were grown at 30°C in YPD or in synthetic complete medium®’ with
2% glucose (metabolomics). GFP-tagged S. cerevisiae strains were obtained from the ThermoFisher Yeast GFP Clone Collection.®®
The Tsa1-TAP strains was obtained from the Horizon Yeast TAP Tagged ORFs Collection.®® All S. cerevisiae strains generated or
used in this study are listed in the key resources table.

METHOD DETAILS

Genetic manipulation of S. cerevisiae

For yeast transformation (deletion or knock in mutants using a PCR product as template for homologues recombination) a 50mL cul-
ture was grown to ODgg = 0.6-0.8. Cells were harvested by centrifuging at 3000 rpm for 3’. Cell pellet was washed with 500pL 10mM
Tris-HCI, pH 8.0, supplemented with 1mM EDTA and 100mM Lithium acetate and centrifugation step was repeated. Pellet was re-
suspended in 1mL of the same buffer. 100uL of cell suspension was added to a microfuge tube containing a mixture of 10uL 10 mg/mi
heat denatured ssDNA with 1pg of PCR product and mixed well by flicking. 600uL of 40% PEG in 10 mM Tris-HCI, pH 8.0, with 1 mM
EDTA and 100mM lithium acetate was added, tube was inverted five times and mix was incubated at 30°C for 45’. Then 70uL of
DMSO was added, suspension was vortexed and heat shock at 45°C was applied for 15’. Cells were pelleted by centrifuging at
3000rpm for 1°. Pellet was resuspended in 400uL 10 mM Tris-HCI, pH 8.0 with 1 mM EDTA and was plated onto agar plates contain-
ing the auxotrophy selection medium. In case of antibiotic selection, cells were plated on YPD and replicated to antibiotic containing
YPD plates using velvets 12h after transformation. The single C-terminally HA-tagged strains were generated by first inserting an
auxotrophic marker 100bp 3’ of the Tsal stop codon in the endogenous locus in a BY4741 background to generate strain
YGS347. Using genomic DNA from YGS347 as template PCR cassettes for homologous integration were amplified using TSA71
mHA f01 (forward primer containing a single HA followed by a stop codon) and Ctag TSAT r03 (reverse primer) oligos. This cassette
has been transformed into BY4741 to generate an endogenously single HA-tagged strain, YGS447. To generate endogenously single
HA-tagged C171S (YGS448) and C48S (YGS449) mutants of Tsal cassettes for homologous recombination were amplified using
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oligos C171S wt f01 and C48S f02, respectively, and genomic YGS447 DNA as template. For single V5-tagging, the respective oligos
found in Table S1 were used to generate PCR cassettes for homologous recombination using the pYM16 plasmid as template. To
replace the promoter of Tsal with the promoter of Tdh3 or Rsp5 first an URA auxotrophic marker was inserted by homologous
recombination in the 5’ genomic region of TDH3 (YGS1735) or RSP5 (YGS338). Genomic DNA from YGS1735/YGS338 was used
as a template to generate a cassette to replace endogenous Tsal promoter of YGS447 strains.

Growth curves

S. cerevisiae strains were maintained in log-phase at least 12h before the experiment. For the experiment cells were diluted to
ODggo = 0.1 and grown for 3h, then diluted to ODggg = 0.01 30’ before the start of the growth curve. Yeast cells were mixed with
YPD or YPD containing stressors at 1:1 to a final volume of 200uL in 96-well plates. Plates were incubated under orbital shaking
at 30°C in a Synergy H1 (BioTek Instruments) and ODgog Wwas measured every 10°.

Recombinant protein production
TSA1°171S coding sequence was amplified from genomic YGS448 DNA (see key rescources table) and cloned into pGEX-6P-1 using
BamHI-HF and Notl-HF. The resulting plasmid was transformed into BL21 and expression was induced using IPTG for 3 h. After pu-
rification using glutathione Sepharose, GST-tagged protein was eluted with L-glutathione. To remove L-glutathione buffer was
exchanged to 50mM Tris_HCI, pH 7.0 supplemented with 150mM NaCl, 1TmM EDTA, 1mM DTT, 0.01% NP40 using centrifugal filter
columns. The GST-tag was removed by PreScission Protease. To this aim, 0.3pL of PreScission protease was added per 1puL buffer-
exchanged recombinant protein and incubated at 12-16h. To the cleavage reaction 5x the volume of 50mM Tris-HCL pH8.0, 2mM
DTT and 1.5x volume of the beads that were used for the initial GST-protein extraction was added and rotated for 1h at 4°C. Beads
were removed by centrifugation and supernatant was concentrated using centrifugal filter columns.

TRX1 coding sequence was PCR-amplified from genomic BY4741 DNA and cloned into pETM10 using Ncol and Notl-HF. The re-
sulting plasmid was transformed into BL21 and expression was induced using IPTG for 3 h. His-tagged Trx1 was purified on an Ni2+
Sepharose resin following the manufacturer’s instructions (cOmplete His-Tag Purification Resin, Merck).

In vitro TIMDI resolution by thioredoxins

Gnd1-V5 or TSA1-HA were immunopurified from a 4trx1 Atrx2 mutant background using 10 mL culture of ODgqg = 0.8 per condition
under non-reducing conditions. All subsequent steps were conducted in an N, atmosphere: 2 pug of His-tagged Trx1 was added to
beads suspended in reaction buffer (50 mM Tris-HCI, 1 mM EDTA, 150 mM NacCl, pH 7.5) and incubated at 30°C under shaking at
600 rpm. The reaction was stopped by adding the same volume of reaction buffer supplemented with 20 mM N-ethylmaleimide. Non-
reducing sample buffer was added to a final concentration of 50mM Tris-HCI, 2% SDS, 10% glycerol, and 0.05% bromophenol blue.
After samples were heated to 95°C for 2’ they were separated by SDS-PAGE and transferred to PVDF membranes.

In vitro peroxiredoxinylation

tsal4 cells were harvested at an ODggg = 0.5 and washed once in ice-cold 1xPBS, and whole-cell extracts were obtained by glass
bead lysis in 50 mM Tris-HCI pH 8.0 and 2 mM DTT. For cysteine-blocked whole-cell extracts, 20mM N-ethylmaleimide was added to
the buffer during extraction, followed by incubation for 30 min on ice, and buffer exchange to 50mM Tris-HCI pH 8.0 containing 2mM
DTT was done using centrifugal filter columns. For the peroxiredoxinylation reaction, 400ng of whole cell extracts and 200ng of re-
combinant Tsa1¢""' was mixed and dialyzed 3x against a 10kDa centrifugal filter column. After incubating the mix for 15 min at 30°C,
the reaction was stopped by adding a double volume of 20mM iodoacetamide and dialyzing it two-times against a 10kDa centrifugal
filter column at room temperature. Non-reducing sample loading buffer (final concentration of 50mM Tris-HCI, 2% SDS, 10% glyc-
erol, and 0.05% bromophenol blue) was added to the samples, which were analyzed by immunoblotting.

Immunoprecipitations

Cells were harvested at OD600 = 0.6-0.8 and rapidly frozen in liquid N». Proteins were extracted by glass bead lysis in Buffer A (50mM
Tris-HCI, 15mM EDTA, 15mM EGTA, 150mM NaCl, 0.1% Triton X-100 complemented with TmM benzamidine, 1mM PMSF, 100ug
leupeptin and 100ug pepstatin). N-ethylmaleimide, S-methyl methanethiosulfonate or iodoacetamide were used as thiol blocking
agents at a concentration of 20mM during the lysis for non-reducing extraction. For reducing extraction 20 mM DTT was used. Ly-
sates were diluted 1:10 with Buffer A and immunoprecipitation resin (beads) was added for 1 h on a rotating wheel at 4°C. After in-
cubation with the sample, beads were washed by sequentially increasing the NaCl concentration (0.15/0.3/0.6/0.8 M) in Buffer A. For
western blot analysis, beads were resuspended in sample loading buffer, boiled at 95°C for 2’ and loaded. Immunoprecipitation resin
(beads) used in this study: rabbit IgG-Agarose (0.12uL slurry/ml of extract), V5-Trap Magnetic Agarose (0.24 pL/mL of extract), and
HA-magnetic beads PierceTM (0.4 uL/mL of extract). All beads were blocked in BSA (5uL of 2 mg/ml stock in 1mL) supplemented
1XTBST for 30’ at 4°C. Before use, beads were equilibrated by washing 3x the beads with 500uL extraction buffer.

Tandem affinity purification

Strains for the tandem affinity purification are based on the Yeast TAP Tagged ORFs Collection.®® 1000 mL of yeast culture (ODgg0 = 0.8)
was harvested per replicate and frozen in liquid No. Subsequently, the pellet was resuspended in 24 mL of Buffer A and 4 mL of
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resuspension was transferred to a 50-mL vial containing 2 mL of glass beads. Cells were lysed by vortexing 10 x 1 min with 1 minrest on
ice between vortexing steps. Samples were cleared by centrifuging at 5000 rpm for 15 min (Allegra X-15R, Beckman-Coulter). Cleared
lysates were pooled and 150uL of rabbit IgG-Agarose was added and incubated for 1h. Samples were further processed following the
TAP purification protocol of the Gingras laboratory.”®

Mass spectrometry
Sample preparation. Samples were digested with endoproteinase LysC (1:10 w:w, 37°C, ON), and trypsin (1:10 w:w, 37°C, 8h). After
digestion, peptide mix was acidified with formic acid and desalted with a MicroSpin C18 column (The Nest Group, Inc) prior to LC-
MS/MS analysis.

Chromatographic and mass spectrometric analysis. i) TSAT"T and TSA experiments. Samples were analyzed using an LTQ-
Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an EASY-nLC 1000 (Thermo Fisher
Scientific (Proxeon), Odense, Denmark). Peptides were loaded onto the 2-cm Nano Trap column with an inner diameter of 100 um
packed with C18 particles of 5 um particle size (Thermo Fisher Scientific) and were separated by reversed-phase chromatography
using a 25-cm column with an inner diameter of 75 pm, packed with 1.9 um C18 particles (Nikkyo Technos Co., Ltd. Japan). Chro-
matographic gradients started at 93% buffer A and 7% buffer B with a flow rate of 250 nL/min for 5 min and gradually increased 65%
buffer A and 35% buffer B in 60 min. After each analysis, the column was washed for 15 min with 10% buffer A and 90% buffer B.
Buffer A: 0.1% formic acid in water. Buffer B: 0.1% formic acid in acetonitrile.

The mass spectrometer was operated in positive ionization mode with nanospray voltage set at 2.1 kV and source temperature at
300°C. Ultramark 1621 for the was used for external calibration of the FT mass analyzer prior the analyses, and an internal calibration
was performed using the background polysiloxane ion signal at m/z 445.1200. The instrument was operated in data-dependent
acquisition (DDA) mode and full MS scans with 1 micro scans at resolution of 60,000 were used over a mass range of m/z 350-
2000 with detection in the Orbitrap. Auto gain control (AGC) was set to 1E6, dynamic exclusion (60 s) and charge state filtering dis-
qualifying singly charged peptides was activated. In each cycle of DDA analysis, following each survey scan, the top twenty most
intense ions with multiple charged ions above a threshold ion count of 5000 were selected for fragmentation. Fragment ion spectra
were produced via collision-induced dissociation (CID) at normalized collision energy of 35% and they were acquired in the ion trap
mass analyzer. AGC was set to 1E4, isolation window of 2.0 m/z, an activation time of 10 ms and a maximum injection time of 100 ms
were used. All data were acquired with Xcalibur software. Digested bovine serum albumin was analyzed between each sample to
avoid sample carryover and to assure stability of the instrument.

Acquired spectra were analyzed using the Proteome Discoverer software suite (v1.4, Thermo Fisher Scientific) and the Mascot
search engine (v2.5, Matrix Science).”’ The data were searched against a Swiss-Prot yeast database plus a list of common contam-
inants and all the corresponding decoy entries. For peptide identification the precursor ion mass tolerance was set to 7 ppm, trypsin
was chosen as enzyme and up to three missed cleavages were allowed. The fragment ion mass tolerance was set to 0.5 Da. Oxida-
tion of methionine and N-terminal protein acetylation were used as variable modifications whereas dithiomethane was set as variable
modification on cysteines. False discovery rate (FDR) in peptide identification was set to a maximum of 5%.

i) Dual IAM-NEM experiments. Samples were analyzed using a Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific, San
Jose, CA, USA) coupled to an EASY-nLC 1200 (Thermo Fisher Scientific (Proxeon), Odense, Denmark). Peptides were loaded directly
onto the analytical column and were separated by reversed-phase chromatography using a 50-cm column with an inner diameter of
75 um, packed with 2 um C18 particles spectrometer (Thermo Scientific, San Jose, CA, USA).

Chromatographic gradients started at 95% buffer A and 5% buffer B with a flow rate of 300 nL/min and gradually increased to 25%
buffer B and 75% A in 79 min and then to 40% buffer B and 60% A in 11 min. After each analysis, the column was washed for 10 min
with 100% buffer B. Buffer A: 0.1% formic acid in water. Buffer B: 0.1% formic acid in 80% acetonitrile.

The mass spectrometer was operated in positive ionization mode with nanospray voltage set at 2.4 kV and source temperature at
305°C. The acquisition was performed in data-dependent adquisition (DDA) mode and full MS scans with 1 micro scans at resolution
of 120,000 were used over a mass range of m/z 350-1400 with detection in the Orbitrap mass analyzer. Auto gain control (AGC) was
set to 4E5 and injection time to 50ms. In each cycle of data-dependent acquisition analysis, following each survey scan, the most
intense ions above a threshold ion count of 10000 were selected for fragmentation. The number of selected precursor ions for frag-
mentation was determined by the “Top Speed” acquisition algorithm and a dynamic exclusion of 60 s. Fragment ion spectra were
produced via high-energy collision dissociation (HCD) at normalized collision energy of 28% and they were acquired in the ion trap
mass analyzer. AGC was set to 1E5, and an isolation window of 1.4 m/z and a maximum injection time of 200 ms were used.

Digested bovine serum albumin was analyzed between each sample to avoid sample carryover and to assure stability of the in-
strument. Acquired spectra were analyzed using the Proteome Discoverer software suite (v2.0, Thermo Fisher Scientific) and the
Mascot search engine (v2.6, Matrix Science). The data were searched against a Swiss-Prot Yeast database plus a list of common
contaminants and all the corresponding decoy entries. For peptide identification a precursor ion mass tolerance of 7 ppm was
used for MS1 level, trypsin was chosen as enzyme, and up to three missed cleavages were allowed. The fragment ion mass tolerance
was set to 0.5 Da for MS2 spectra. Oxidation of methionine and N-terminal protein acetylation were used as variable modifications
whereas carbamidomethylation and N-ethyl maleimide on cysteines was set as a fixed modification. False discovery rate (FDR) in
peptide identification was set to a maximum of 5%.

The raw proteomics data have been deposited to the PRIDE repository with the dataset identifier PXD03441

1C171S

1.72
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Immunoblotting
Protein lysates for the evaluation of TIMDIs were prepared in lysis buffer (50 mM Tris-HCI, 2% SDS, 10% glycerol, and 0.05% bro-
mophenol blue) containing 2 mM S-Methyl methanethiosulfonate or 2 mM 1,4-dithiothreitol. Proteins were separated by dual Tris-
glycine SDS-PAGE (lower quarter 15%, upper %, 10% acrylamide gel and transferred to a P-type PVDF membrane using the
BioRad wet transfer system. The following primary antibodies were used for western blotting: anti-HA (1:100), anti-V5 (1:2000),
anti-G6PDH (1:10'000), and anti-Peroxiredoxin-SO,/3 (1:2000). Since the polyclonal anti-Tsal antibody gives a more prominent
background pattern and strains with untagged Tsa1 show a comparable TIMDI and peroxidatic hyperoxidation dynamics, we chose
the tagged Tsa1 for western blot analysis (Figures S1C, S2C and S2D). Anti-mouse IgG HRP-linked whole antibody (1:10’000) and
anti-rabbit IgG from donkey whole antibody HRP (1:10'000) were used as secondary antibodies. Membranes were imaged using the
Clarity Western ECL substrate on medical X-ray films using an automated developing machine (Hyperprocessor, Amersham
Pharmacia).

For infrared fluorescence detection using the LI-COR Odyssey Infrared Imaging System SDS-PAGE gel was transferred to an LF-
type PVDF membrane and blocked with Intercept blocking buffer. Primary antibodies and secondary antibodies were also diluted in
the same blocking buffer.

2D SDS-PAGE

For the 15" dimension, samples were separated on a 1-mm SDS-PAGE. The cut gel piece was incubated in 50 mM Tris-HCI 2% SDS
with or without 5 mM DTT at 45°C for 10 min and rinsed in stacking gel mix before being placed horizontally on a 1.5-mm SDS-PAGE.
The gel piece was overlaid with a stacking gel mix and electrophoresis was performed.

Image analysis
Films were scanned in TIF format at a resolution of 300 dpi using a (EPSON PERFECTION 4990 PHOTO, EPSON). Quantification for
the TIMDI heatmap was done using the FlJI software.”®

Metabolomics studies
Metabolite extraction, sample measurement and data processing for untargeted metabolomics was done according to.”* In brief,
strains were grown as quadruplicates in Verduyn media supplemented with 2 g/L glucose as carbon source in deep well plates.
At OD595 0.60 + 0.08, metabolites were extracted using a hot extraction protocol.

lons within a mass/charge ratio range of 50-1000 were measured by direct flow double injection of extracts on an Agilent 6550
series quadrupole TOF MS with the aid of a GERSTEL MPS2 autosampler. lon annotation was performed using the S. cerevisiae re-
actants defined in the KEGG database. All further analysis with ions corresponding to deprotonated metabolites was conducted us-
ing MATLAB (The Mathworks, Natick).

6-Phosphogluconate dehydrogenase activity measurements

Cells were grown to an OD600 = 0.5, and 1 mL/condition was harvested, washed once in 1XPBS and then frozen in liquid N, until
processing. Sample extraction and 6-PGDH activity measurements were performed using the 6-Phosphogluconate Dehydrogenase
Activity Colorimetric Assay Kit (BioVision, K540), following the manufacturer’s protocol.

Time lapse microscopy
Cells were grown for 12h to reach an ODggg = 0.4 in low fluorescence media (YNB, CSM-URA supplemented with 2% glucose and
20 pg/ml uracil). 400uL of cells were seeded into 8 well microcopy chamber slide, previously coated with concanavalin A (1 mg/ml in
dH,0, wells were incubated with 300uL for 30’, washed twice with dH,O and air dried). Cells were allowed to settle for 30’, super-
natant was removed and 250ul low fluorescence media was added. Cycloheximide and/or AZC were added in 100uL media to
achieve a final concentration of 100 pg/ml and 5mM, respectively.

Images were acquired at 60x magnification (Plan Apo VC 60x Oil objective) using a Nikon Eclipse Ti inverted microscope and an
ORCA digital camera (Hamamatsu) using the NIS elements AR software. CoolLED pE excitation system was used and GFP wide field
fluorescence and bright field channels were used.

Reagents and materials
ssDNA oligos, reagents and materials used in this study can be found in the STAR Methods (key resource tables).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as means with SD of at least three independent experiments. The number (n) of independent experiments is indicated
in the figures.

Growth curves and enzyme kinetics were performed at least in triplicates (number of replicates is indicated in the figure, where n
represents the number of biological replicates) and curves are depicted as median values +standard deviation as indicated in the
figure legends. In graphs of experiments with a replicate number of three, all data points are depicted in the figure.
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Heatmap for relative TIMDI intensities was generated from western blots. To this aim, a linear selection starting at the highest mo-
lecular weight to the monomeric (in case of Gnd1) and dimeric (in case of Tsa1) protein form was used. Magnitude of intensity of pixels
along this line was recorded. Experiments were performed in triplicates. From the same selection differential intensity analysis be-
tween stress conditions and the basal conditions was performed. Data was log normalized before fitting a linear model for each row,
considering the experimental condition in the model. The “ImFit” function from the limma package was used to estimate the model
coefficients, followed by the “contrasts.fit” function to consider the comparisons of interest and the “eBayes” function to estimate
statistical significance.”® P-value adjustment was done with the Benjamini-Hochberg method. Adjusted p-value lower than 0.05 was
considered to for significant differences.

Growth curve parameters were estimated by fitting a logistic curve to the observed data of independent experiments using the
function “SummarizeGrowth” of the growthcurver R package.’® In order to compare conditions, a linear model was fitted to the pa-
rameters of the curves considering the experimental condition in the model. The “glht” function from the multcomp R package and
confint function were used to estimate the coefficients and significance of the contrasts of interest.””

For enzyme activity curves comparison, background levels were subtracted from observed activity levels sample wise. Resulting
values were further normalized by dividing by total protein levels. A linear model was fit to the normalized values including the com-
bination of time and condition as covariate. The “glht” function was used to compare conditions at each time point. Furthermore, the
slopes of the linear regime were estimated through a linear model including the interaction between the condition and the time var-
iable. The experimental batch was also included to consider observed technical biases. An ANOVA analysis was performed to
compare conditions. Finally, the “Istrends” function from the Ismeans R package was used to estimate the significance of the differ-
ences in slopes.’® When applicable, batch adjusted values were computed by subtracting the corresponding coefficient estimated
by the model.

In the metabolomics experiment, the ion-wise fold change was determined for each mutant against the wild type and a cutoff on the
fold change was applied for removal of very small changes. For this purpose, the absolute log2 fold changes retrieved from replicate
permutation of all wild-type ions were pooled, and the 99% quantile was determined to be at 0.3616. Accordingly, corresponding to a
30% change, the log2 fold change cutoff was defined at 0.3785. P-values were calculated by a two-sided 2-sample t test assuming
unequal variance and corrected for multiple testing as previously described.”* lons with an absolute log2 fold change >0.3785 and a
corrected p-value <102 were considered significantly changing.

Cell Reports 44, 115224, February 25, 2025 23




	CELREP115224_proof_v44i2.pdf
	Redox proteomics reveal a role for peroxiredoxinylation in stress protection
	Introduction
	Results
	Tsa1 forms widespread MDIs
	TIMDIs are induced upon H2O2 stress
	TIMDIs protect against protein damage upon stress
	Identification of the redox-sensitive Tsa1 interactome in S. cerevisiae
	Tsa1 associates with metabolic enzymes and regulates metabolism
	Cys460 is an important residue for of Gnd1 function and is targeted by Tsa1
	Thioredoxins regulate the extent of peroxiredoxinylation

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Declaration of generative AI and AI-assisted technologies in the writing process
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Method details
	Genetic manipulation of S. cerevisiae
	Growth curves
	Recombinant protein production
	In vitro TIMDI resolution by thioredoxins
	In vitro peroxiredoxinylation
	Immunoprecipitations
	Tandem affinity purification
	Mass spectrometry
	Immunoblotting
	2D SDS-PAGE
	Image analysis
	Metabolomics studies
	6-Phosphogluconate dehydrogenase activity measurements
	Time lapse microscopy
	Reagents and materials

	Quantification and statistical analysis




