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Peroxiredoxins are thiol peroxidases, which detoxify peroxides, relay redox
signals and act as chaperones. In eukaryotes, multiple peroxiredoxin-1
(Prx1)/AhpC-typeisoforms frequently co-exist in the same subcellular
compartment, yet have been assumed to assemble only as homo-oligomeric
complexes. Here we show that hetero-oligomerizationis a conserved and
functionally relevant property of Prx1/AhpC-type peroxiredoxins. Using
biochemical reconstitution, native mass photometry, electron microscopy
and live-cell assays, we demonstrate formation of heterodimers and
heterodecamers, with diverse subunit stoichiometries, in peroxiredoxin
pairs from different eukaryotic kingdoms. In Saccharomyces cerevisiae,
oxidative challenge induces Tsal-Tsa2 heterodecamerization with sub-
stoichiometric Tsa2 incorporation sufficing to stabilize the decameric state.
Functional hetero-oligomers are also observed forming among human,
plantand Leishmania peroxiredoxins. Our findings provide new insights
into peroxiredoxin structural plasticity with broad implications for redox
biology, stress responses and cellular adaptation, and also challenge the
long-held paradigm of peroxiredoxin homo-oligomerization.

Peroxiredoxins are highly efficient enzymes found in nearly all living
organisms. As some of the most abundant cellular proteins, they have
key roles in peroxide scavenging, redox signaling and as molecular
chaperones'” (Extended DataFig.1). These versatile enzymes are clas-
sified into various groups based on their enzymatic mechanisms or
structural features.

Peroxiredoxin-1 (Prx1)/AhpC-type peroxiredoxins are typi-
cally found in a dynamic equilibrium between homodimers and
homodecamers®®’. Homodimers interact across the B-interface,
whereashomodecamers are of the (a,); type, in which five dimers asso-
ciate throughtheir A-type dimer interfaces®(Extended DataFig.1). The
dimer-decamer equilibriumisinfluenced by factorsincluding protein
concentration, theredox state of the catalytic cysteine residues, pHand

various post-translational modifications®’°. All characterized Prx1/
AhpC-type peroxiredoxins are mechanistically typical 2-Cys peroxire-
doxins, containing a peroxidatic cysteine (C;) and aresolving cysteine
(Cp) on eachsubunit, both of which are essential for catalysis®"”. Dimers
arise from a ‘head-to-tail’ arrangement of subunits, which enables
intermolecular disulfide bond formation between the C, and C; of
opposing monomers atbothends of the dimer (Extended DataFig.1).

Many organisms harbor two or more Prx1/AhpC-type peroxire-
doxins, often with two highly homologous isoforms located in the
same subcellular compartment. In the budding yeast Saccharomyces
cerevisiae, Tsal and Tsa2 share 86% sequence identity and are both
cytosolic'®?°, Likewise, human PRDX1 and PRDX2 and Leishmania
infantum LiPRX1and LiPRX2 co-existin the cytosol and share 78% and
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87% sequence identity, respectively” . Finally, in Arabidopsis thaliana,
AtBASIA and AtBASIB, sharing 96% sequence identity (excluding the
chloroplast-targeting transit peptides), bothreside in the chloroplast
stroma. Nonetheless, these isoforms frequently exhibit marked dif-
ferences in biophysical and biochemical properties, including their
dimer-decamer equilibria, isoelectric points, enzyme kinetics and
susceptibility to various post-translational modifications'®** %,

Despite their high sequence identity and very similar quater-
nary structures, Prx1/AhpC-type peroxiredoxins have traditionally
been considered to assemble exclusively into homo-oligomeric com-
plexes. The first challenge to this view emerged from the characteri-
zation of peroxiredoxin-based H,0, sensors**°. We showed that the
genetically encoded roGFP2-Tsa2AC, probe forms enzymatically
active hetero-oligomeric complexes with endogenous Tsal in yeast®.
More recently, human PRDX1 and PRDX2 were also shown to form
hetero-oligomersin vitro, although functionality, activity and in vivo
relevance were not assessed”’. These observations prompted us to
investigate whether peroxiredoxin hetero-oligomerization is limited
to specialized experimental contexts or represents abroader, biologi-
cally relevant feature of eukaryotic Prx1/AhpC-type peroxiredoxins.

Inthis study, we demonstrate that eukaryotic peroxiredoxins can
assemble into hetero-oligomers with a broad range of subunit stoi-
chiometries, with hetero-oligomer formation typically modulating the
dimer-decamer equilibrium. Inyeast, hetero-oligomerization between
Tsal and Tsa2 is inducible upon oxidative challenge, coincident with
the upregulation of TSA2 expression. Even substoichiometric incor-
poration of Tsa2 strongly stabilizes the decameric state. We detect
human PRDX1-PRDX2 hetero-oligomers in HEK293T cells and show
thatArabidopsis and Leishmania peroxiredoxins likewise assembleinto
functional hetero-oligomers. Given the link between peroxiredoxin
oligomericstate and function, hetero-oligomerizationlikely represents
awidespread and conserved regulatory mechanism that fine-tunes
peroxiredoxin activity across different compartments, cell types and
species throughout the domain Eukaryota.

Results

Tsal and Tsa2 form hetero-oligomers in Escherichia coli

We first asked whether Tsaland Tsa2 can form hetero-oligomers when
purified from E. coli (Fig. 1 and Supplementary Fig. 1). Recombinant
N-terminally His¢-tagged or Strep-tagged Tsal and His.-tagged Tsa2
were produced and purified individually (Supplementary Fig. 1a)
and then mixed at a 1:1 molar ratio. After a tandem-affinity purifica-
tion using Ni-NTA agarose followed by StrepTactin agarose beads,
no interaction between Strep-Tsal and His¢-Tsa2 was detected. This
suggests that individually purified recombinant Tsal and Tsa2 form
stable homo-oligomeric complexes and do not exchange subunits
under these conditions.

We then coexpressed genes encoding Strep-Tsal and His-Tsa2
froma single plasmid in E. coli and performed tandem-affinity purifi-
cations with Ni-NTA agarose followed by StrepTactin agarose, or vice
versa.Under these conditions, Strep-Tsal and His,-Tsa2 were success-
fully copurifiedirrespective of the order of the tandem-affinity purifi-
cation, supporting aninteraction between recombinant Tsaland Tsa2
inE. coli (Fig. 1aand Supplementary Fig. 1b,c). Semiquantitative western
blotting calibrated with individually purified proteins revealed similar
levels of copurified Tsal and Tsa2, suggesting a ~1:1ratio of Strep-Tsal
and His,-Tsa2 (Supplementary Fig. 1d).

To rule out other possibilities for copurification, for example,
the formation of heterogenous stacks of homodecameric com-
plexes, we performed tandem-affinity purification with the resolving
cysteinyl mutant Strep-TsalACg, which cannot form disulfide-linked
TsalACi-TsalAC, homodimers, and His,-Tsa2, which can form
either Tsa2-Tsa2 homodimers or disulfide-linked TsalACy-Tsa2 het-
erodimers (Fig. 1b). Nonreducing SDS-PAGE and western blotting
detected two disulfide-linked dimer species for His,-Tsa2, whereas a

single disulfide-linked dimer species was detected for Strep-TsalACg,
indicating that the proteins form heterodimers through the B-type
interface (Fig. 1b). The formation of Tsal-Tsa2 heterodimers was also
supportedby insilico analysis using HADDOCK-based molecular dock-
ing (Supplementary Fig. 2). Inconclusion, recombinant yeast Tsaland
Tsa2readilyinteract through their B-type interface, and probably also
through their A-type interface, forming hetero-oligomeric complexes.

Tsal and Tsa2 form decamers with varied stoichiometries

We then sought to visualize Tsal-Tsa2 hetero-oligomers by
negative-stain electron microscopy (EM). To this end, we coexpressed
Strep-Tsal and His,-Tsa2-EPEA, in which Tsa2 additionally contains
a C-terminal EPEA epitope that binds with high affinity to the nano-
body Nbsyn2.20 (refs.32,33). Recombinant Strep-Tsal-His,-Tsa2-EPEA
hetero-oligomers were produced and purified using tandem Ni-NTA
and StrepTactin affinity chromatography, and three different frac-
tions were collected for analysis. Strep-Tsal homo-oligomers and
His,-Tsa2-EPEA homo-oligomers were purified separately as controls
(Supplementary Fig. 3a-d). Native PAGE analysis showed that the
Tsal-Tsa2 hetero-oligomers run at a mass consistent with a decamer,
between the bands observed for the Tsal and Tsa2 homo-oligomers
(Supplementary Fig. 3e). Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (MS) analysis revealed
that all Tsal-Tsa2 hetero-oligomers contain disulfide-linked dimers,
consistent with the lack of a reducing agent in the purification pro-
tocol (Fig. 2a). Notably, all three hetero-oligomer populations con-
tained disulfide-linked Tsal-Tsa2 heterodimers as well as Tsa2-Tsa2
homodimers. One of the hetero-oligomer fractions also contained
disulfide-linked Tsal-Tsal homodimers (Fig. 2a). Alldimers were reduc-
ible with dithiothreitol (DTT), and no contamination with E. coli AhpC
was detected (Supplementary Fig. 4 and Supplementary Table 1). Liquid
chromatography (LC)-MS/MS analysis of the three hetero-oligomer
populations revealed distinct Tsal:Tsa2 molar ratios; 0.25 mol mol™
(most Tsa2), 0.42 mol mol™ and 0.88 mol mol™ (least Tsa2; PRIDE
accession PXD060819), indicating hetero-oligomer populations
with different subunit stoichiometries. Finally, negative-stain EM
imaging of Tsal and Tsa2 homo-oligomers and the 0.88 mol mol™
Tsal-Tsa2 hetero-oligomer fraction revealed donut-shaped parti-
cles in all samples, consistent with decamers of similar diameter
(Supplementary Fig. 5).

We thenused the Nbsyn2.20 nanobody to visualize the position of
Tsa2 within the hetero-oligomers. We first assessed the specificity of
Nbsyn2.20 binding to the EPEA tag. Biolayer interferometry (BLI) and
mass photometry confirmed specific interaction with EPEA-tagged
proteins, with no binding observed to Tsal homo-oligomers
(Supplementary Fig. 6a). Mass photometry further revealed that at
least two Nbsyn2.20 molecules bind to a Tsal-Tsa2 heterodecamer.
Multiple populations of Tsal-Tsa2 heterodecamers were detected, as
reflected by an asymmetric molecular-weight peak with atail. The Tsa2
homo-oligomer control showed various populations with different
numbers of Nbsyn2.20 molecules bound, likely due to the dynamic
nature of theinteraction (Supplementary Fig. 6b). Tsal homodecamers
did not bind Nbsyn2.20, confirming the specificity of the nanobody-
EPEAinteraction.

Finally, negative-stain EM imaging of Tsal-Tsa2 heterodecamers
inthe presence of Nbsyn2.20 showed adiverse population with differ-
entnumbers of nanobodies binding to different particles. This s likely
explained by the existence of different stoichiometries of Tsal and Tsa2
in solution (Fig. 2b). In agreement with the BLI and mass photometry
analyses, nointeraction was observed between Tsal homo-oligomers
and Nbsyn2.20, whereas Tsa2 homo-oligomers displayed up to ten
Nbsyn2.20 molecules bound at distinct positions (Fig. 2b). In summary,
our structural analysis of recombinant Tsal-Tsa2 hetero-oligomers
reveals a donut-shaped organization in which Tsal and Tsa2 likely
assemble into multiple, distinct, heterodecameric species.

Nature Chemical Biology | Volume 22 | April 2026 | 580-592

581


http://www.nature.com/naturechemicalbiology
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD060819

Article

https://doi.org/10.1038/s41589-026-02157-6

a E. col
. coli
=il Er
-l
~Hisg-Tsa2 (pCOLADuet)
w“é & q,’\\b & Expression v
& & & (y“b & & N ‘LQE}
& N4 4 \s <& &2 AN S
& &K S & [ ]
& N N W ]
[
(_) =y ] o
kDa kDa =
72 - 72 - Lysis
55 - 55 -
43 - 43
or
aq 34 -
26 =] [}
26 - i w W His;-Tsa2
RS e il -
17 | D D
17 or
10 - 10 v
o-Strep &-Hisg SDS-PAGE and WB analysis
b Strep-TsalAC,-Hisy-Tsa2 (PCOLADuUet)
Q> Q> Q>
& & & & o
< < < < < N <
& é@‘} & & & & & é\a‘} Strep-TsalAC,
N S N OH
NIRRT IR AR R IR SH
kDa kDa
- - one
72 - - 72 - .
55 | o 55 | J 0 Hisg-Tsa2
43 - = -8 43 - pe— - B
34 - 9 34 - e
26 26 Hisg-Tsa2
S
17 - 17 - s
| S
10 - 10 - S :
Ponceau a-Hisg Ponceau a-Strep Hisg-Tsa2

Fig.1|Strep-Tsal and His,-Tsa2 form hetero-oligomersin E. coli. a, Purification
scheme and WB analysis of the eluates from tandem-affinity copurifications of
Strep-Tsal and His,-Tsa2 with Ni-NTA agarose, followed by StrepTactin agarose or
vice versa. Eluate samples were separated by reducing SDS-PAGE. The calculated
molecular masses of Strep-Tsal and His,-Tsa2 are 22.9 kDaand 23.8 kDa,
respectively. Uncropped blots are shown in Supplementary Fig. 1.

b, Tandem-affinity copurification of Strep-TsalACg and His,-Tsa2. Protein samples
were treated with NEM to block free thiols and separated by nonreducing SDS-
PAGE to preserve intersubunit disulfide bonds, as showninb.Inaandb, gels
arerepresentative of those obtained during three experimental repeats, each
yielding similar results. M, marker; FT, flow through; W, wash; E, eluate.

Tsa2 stabilizes the decameric state of the hetero-oligomers
Wethenevaluated the decamer stability and dimer-decamer equilibrium
of Tsal-Tsa2 hetero-oligomers in comparison to their homo-oligomeric
counterparts, focusing here on the disulfide-linked oxidation form. Nan-
oDSF analysis of the Tsal homo-oligomer revealed two inflection points
at39.5°Cand 71.2 °C (Fig. 2c). In contrast, Tsa2 homo-oligomers dis-
played only oneinflection point at 78.5 °C. The three purified Tsal-Tsa2
hetero-oligomer populations also presented only oneinflection point at
76.4°C (0.25 mol mol™ population), 74.6 °C (0.42 mol mol™ population)
and 70.7 °C (0.88 mol mol™ population; Fig. 2c). These data indicate
that increasing Tsa2 content enhances oligomer stability, as reflected
by progressively higher inflection temperatures. We then performed
circular dichroism (CD) measurements for the Tsal homo-oligomer,
Tsa2 homo-oligomer and the 0.88 mol mol™ Tsal-Tsa2 hetero-oligomer
sample at temperatures of 25 °C, 39.5 °C, the respective inflection point
temperature for each sample and 95 °C (Fig. 2d). The CD data showed
no changeinsecondary structure at 39.5 °Cinany sample. For all three
proteins, the second inflection point near 75 °Cin Fig. 2c corresponds
to aloss of some secondary structural features; however, none of the
proteinsamples fully denatured at any temperature tested, suggesting
that the Tmvalues lie above 95 °C (Fig. 2d).

To gain further insight into the molecular basis of the inflection
points observed by nanoDSF, we again used mass photometry (Fig. 2e
and Supplementary Table 2). Measurements were performed at 20 °C,
30°C,40°Cand45 °Cforthe Tsal homo-oligomer, Tsa2 homo-oligomer
and the 0.88 mol mol™ Tsal-Tsa2 hetero-oligomer samples, respec-
tively. Therelative abundance (%) of low-molecular-weight (LMW) spe-
cies and decamers was quantified under each condition. Tsal showed
a clear loss of the decameric state and dissociation to dimers with
increasing temperature, withapronouncedshiftat40 °C. Thissupports
the interpretation that the 39.5 °C inflection point observed by nan-
oDSF reflects dissociation of Tsal homodecamers into homodimers.
In contrast, the Tsa2 homo-oligomer and 0.88 mol mol™ Tsal-Tsa2
hetero-oligomer samples displayed far less dissociation into LMW
oligomers (Fig. 2e).

To examine potential effects of peptide tags on oligomer stability,
we used mass photometry to monitor the temperature-dependent
dimer-decamer ratios of Tsal, Tsa2 and Tsal-Tsa2 hetero-oligomers
with N-terminal and C-terminal green fluorescent protein (GFP) tags
(Supplementary Fig. 7 and Supplementary Table 2). An N-terminal GFP
tag destabilized the decameric state, particularly for Tsal. Nonetheless,
the increased decamer stability of the hetero-oligomeric complexes,
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Fig. 2| Tsal-Tsa2 hetero-oligomer formation stabilizes the decameric state.
a, MALDI-TOF MS analysis of Strep-Tsal and His,-Tsa2-EPEA homo-oligomers and
Strep-Tsal-His,-Tsa2-EPEA hetero-oligomers. The Tsal:Tsa2 molar ratio of each
hetero-oligomer sample is displayed above each panel. The signal intensity (a.u.)
is plotted against different m/zratios (n = 2independent experimental repeats).
Expected masses are listed in Supplementary Table 1. b, Negative staining EM
analysis of Nbsyn2.20 binding to the 0.88 mol mol™ Strep-Tsal-His,-Tsa2-EPEA
heterodecamer at multiple positions. Protein particles appear bright against
the 2% uranyl-acetate stain, revealing a characteristic decameric ‘donut-like’
structure. Nbsyn2.20 positions are marked with white arrows. Scale bars, 200 A.
Images are representative of those obtained during three experimental repeats,

T(°C)

T(°C)

eachyielding similar results. ¢, NanoDSF analysis of Strep-Tsal and His,-Tsa2-
EPEA homo-oligomers and Strep-Tsal-His-Tsa2-EPEA hetero-oligomers.
Temperature was increased to 100 °C (2 °C min’; n =3 technical replicates). Tm,
melting temperature. d, CD analysis of Strep-Tsal and His,-Tsa2-EPEA homo-
oligomers, and Strep-Tsal-His,-Tsa2-EPEA hetero-oligomer samples (n =5
technical replicates). e, Mass photometry analysis of Strep-Tsal, His,-Tsa2-EPEA
and the 0.88 mol mol™ Strep-Tsal-His,-Tsa2-EPEA sample at 20 °C, 30 °C, 40 °C
and 45 °C, respectively. Data were acquired for 60 s, and counts of individual
molecules were plotted against their molecular weight (n = 3 technical replicates
with separate aliquots of proteins obtained from 1 purification). Data are
presented asmean +s.d.
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and especially for Tsa2, was consistently observed regardless of tagiden-
tity or tag position. Notably, in the His,-GFP-TEV-Tsa2 homo-oligomer
and in the Tsal-Tsa2-TEV-GFP-His, hetero-oligomer samples, we
detected some AhpC contamination (Supplementary Figs. 8 and 9;
LC-MS data—PRIDE accession PXD060819).

Insummary, our data support that the Tsal homodecamer is less
stable than the Tsa2 homodecamer, consistent with previous reports?.
Intriguingly, the incorporation of substoichiometricamounts of Tsa2
strongly stabilizes the decameric state of the resultant Tsal-Tsa2 het-
erodecamers, suggesting that hetero-oligomerization may serve asa
mechanism for regulating peroxiredoxin oligomeric state dynamics.

H,0,-induced Tsal-Tsa2 assembly stabilizes decamers in yeast
Under standard growth conditions, Tsal is highly abundant in yeast
cells, whereas Tsa2 levels are much lower**. However, TSA2 expression
is known to be inducible under oxidative challenge®?*. To investigate
whether Tsal and Tsa2 hetero-oligomers form when expressed from
their native promoters, we replaced either TSA1 or TSA2 at their endog-
enous genomic loci with roGFP2-tagged versions, thatis, RoOGFP2-TSA1
and RoGFP2-TSA2, while maintaining the native promoter and 3’
untranslated regions. Fluorescence measurements confirmed that
the roGFP2-Tsal level was approximately tenfold higher than that of
roGFP2-Tsa2 (Fig. 3a). Upon exposure to 1 mM H,0,, the roGFP2-Tsal
fluorescence remained unchanged, whereas the roGFP2-Tsa2 fluores-
cence increased approximately fivefold within 90 min, confirming
induction of TSA2 expression but not TSAI upon oxidative challenge
(Fig. 3a).

To further explore whether TSA2 induction promotes
hetero-oligomer formation, we performed clear native gel electropho-
resis. Under standard conditions, roGFP2-Tsal migrated predominantly
as a dimer. Within 30 min after H,0, addition to Atsal::RoGFP2-TSA1
cells, we observed additional bands at amolecular mass consistent with
roGFP2-Tsal-Tsa2 heterodecamers, and these bands intensified during
the time-course of the experiment (Fig. 3b and Supplementary Fig.10).
We observed a ladder pattern of decamer bands, consistent with the
formation of roGFP2-Tsal-Tsa2 heterodecamers containing different
subunit stoichiometries (Fig. 3b). No decameric bands were observed
in Atsal::RoGFP2-TSA1 Atsa2 cellsinwhich TSA2is deleted (Fig.3b). As
an additional control, we monitored the hyperoxidation status of the
peroxidatic cysteines, which could potentially stabilize the decameric
state (Supplementary Fig.11a). No hyperoxidation was detected under
our experimental conditions.

In Atsa2::RoGFP2-TSA2cells, the predominant species were decam-
ers and a band that we interpret as unassembled monomers. Upon
H,0, treatment and the resultinginduction of roGFP2-Tsa2 expression,
a series of higher-molecular-mass bands appeared above the origi-
nal decamer band. This suggests that as roGFP2-Tsa2 levels increase,
hetero-oligomers containing increasing proportions of roGFP2-Tsa2
subunits are formed (Fig. 3b). Consistent with our previous results,
we found no evidence of hyperoxidation in these cells during the
time-course of this experiment (Supplementary Fig. 11b).

In conclusion, our findings demonstrate that Tsal-Tsa2
hetero-oligomerization is inducible upon oxidative challenge and
that incorporation of only one or two Tsa2 subunits is sufficient to
stabilize a heterodecameric complex.

Hetero-oligomerization allows high structural plasticity

Our data support the existence of Tsal-Tsa2 interactions across both
the A-type and B-type interfaces, prompting us to calculate the theo-
retical maximum number of possible different hetero-oligomeric con-
figurations. This analysis revealed that two distinct monomer types can
assemble into 120 unique decamers. These are defined as structures
that are not rotations of the same decamer around the fivefold sym-
metry axis perpendicular to the plane of the decamer or across the five
twofold symmetry axes parallel to this plane (Extended Data Fig.2 and

Supplementary Note). These 120 distinct heterodecamers include 2
distinct homodecameric structures, 2 decamers with a 1:9 or 9:1 stoi-
chiometricratio, 14 decamers with 2:8 or 8:2 ratios, 24 decamers with
3:7 or 7:3 ratios, 52 decamers with 4:6 or 6:4 ratios and 26 decamers
with 5:5ratio.

The potential number of distinct hetero-oligomers increases
dramatically when the multiple structural states of each monomer
are considered. Eachmonomer switches among at least three distinct
structural states during the catalytic cycle, and these states multiply
several-fold when known post-translational modifications are also
considered”. Consequently, the number of possible unique hetero-
decamer configurations scales with the 10th power of the number of
monomer states (Extended Data Fig. 2b and Supplementary Note).
Thisnumber would far exceed the number of peroxiredoxin decamers
presentina cell, even if each monomer type had only four states. The
potential configurations increase substantially when more realistic
state counts are considered. Therefore, only a very small fraction of
the possible peroxiredoxin hetero-oligomer configurations can exist
inacell atany given moment.

Tsal-Tsa2 hetero-oligomers show homo-oligomer-like
kinetics

Werecently analyzed the catalytic cycle of recombinant His,-Tsal using
stopped-flow kinetic measurements, revealing three distinct reac-
tion phases for the H,0,-dependent oxidation of reduced Tsal, that
is, Tsal(SH),, and three phases for the yeast Trx1-dependent reduction
of Tsaldisulfide, that s, Tsal(S,)**. To compare the catalytic activity of
Tsal-Tsa2 hetero-oligomers to that of their homo-oligomeric coun-
terparts, we analyzed individually purified His¢-Tsal and His,-Tsa2,
and Tsal-Tsa2 hetero-oligomers (Fig. 4, Supplementary Fig. 1 and
Supplementary Table 3).

As previously reported for Tsal (refs. 27,38,39), three distinct
phases were observed during the oxidation of individually purified
His¢-Tsal(SH), and His¢-Tsa2(SH),. First, a decrease in tryptophan
fluorescence reflects the rapid formation of the sulfenic acid species
at higher H,0, concentrations. Second, an increase in fluorescence
indicates a conformational change from the fully folded to the locally
unfoldedstate. Third, fluorescence decreases again due to the forma-
tionof anintermolecular disulfide bond at the B-type dimer interface
(Fig. 4a,b). The second-order rate constant k,, of 1.3 x10’M™ s for
thesulfenic acid formationin His,-Tsa2 was tenfold lower than that for
His,-Tsal, whereas the first-order rate constants (k,,, and k,,,) for the
H,0,-independent phases were similar for both enzymes (Fig. 4c and
Supplementary Table 3). Control experiments with Strep-Tsalrevealed
that the Strep-tag had no major effect on the oxidation kinetics com-
pared to His,-Tsal (Supplementary Table 3).

For the yeast Trx1-dependent reduction, three phases were
observed for His¢-Tsal(S,) and two phases for His,-Tsa2(S,) (Fig. 4a,d).
The second-order rate constant k.4 of 3.9 x 10 M's™! for the for-
mation of the mixed disulfide between His,-Tsa2 and yeast Trx1 was
slightly higher than that for the mixed disulfide of His,-Tsal (Fig. 4e and
Supplementary Table 3). Similar y-axis intercepts, 8.7 s for His,-Tsal
and 10.8 s for His¢-Tsa2, suggest either a reverse reaction or a confor-
mational change. At higher Trx1 concentrations, the second and third
phases exhibited pseudo-first-order reactionkinetics, with k,,.4 values
around 10 s for both enzymes (Fig. 4e and Supplementary Table 3).
The second phase likely corresponds to the formation of reduced
peroxiredoxins and Trx1(S,). The third phase with k.4 (0.6 s™) for
Hiss-Tsalmay indicate a Trxl-induced decamer dissociation, aprocess
not observed for His,-Tsa2.

The oxidation kinetics of copurified recombinant
Strep-Tsal-His,-Tsa2 hetero-oligomers were broadly similar to those
of the individual enzymes (Fig. 4f) but characterization of the first
oxidation phase required a quadruple exponential fit. The rate con-
stants, ki, and k., had intermediate values of 6.1x10’ M*s and
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Fig. 3| Hetero-oligomerization is inducible in yeast and promotes decamer
stabilization. a, Graph showing the GFP fluorescence intensity of roGFP2-Tsal
and roGFP2-Tsa2 constructsin yeast cells at the indicated time points after the
treatment with1 mM exogenous H,0,. The constructs were expressed from genes
integrated into the TSAIand TSA2 genomicloci, respectively, remaining under
the control of the native promoters and 3’ untranslated regions. Experiments
were repeated thrice with independent yeast cultures. Data represent mean +s.d.
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b, Clear native PAGE gels, monitored for GFP fluorescence, of lysates taken from
the cultures of the indicated yeast strains at the indicated time points following
the addition of 1 mM exogenous H,0,. Wedges indicate hetero-oligomers
containing an increasing number of Tsa2 subunits (first panel from the left) and
anincreasing number of roGFP2-Tsa2 subunits (third panel from the left). Two
further experimental repeats are shown in Supplementary Fig. 10.

2.8 x10” M's™ compared to the k,,, values of the individual enzymes
(Fig. 4f and Supplementary Table 3). The second and third phases
displayed similar kinetics to those observed for the homo-oligomeric
enzymes, yielding k,., and ki, values of 45 and 3.6 s, respectively.
Premixed 1:1 mixtures of recombinant His,-Tsal and His,-Tsa2, which do
notexchange subunits and thus do not assemble into hetero-oligomers,
showed similar oxidation kinetics as the individual enzymes, with k.,
and k,,; values from a double exponential fit of 9.8 x 10’ M™ s and
1.2x10”M*s! (Supplementary Table 3). Thus, the oxidation kinet-
ics of Strep-Tsal and His¢-Tsa2 mixtures reflect the superposition
of the individual enzyme activities, whereas Strep-Tsal-His,-Tsa2
hetero-oligomers exhibit intermediate macroscopic rate constants
(k;o,) for the reaction with H,0,.

Thereductionkinetics of Strep-Tsal-His,-Tsa2 hetero-oligomers
resembled those of Hiss-Tsal but required a quadruple exponential fit
withtwo preset rate constants (Fig. 4g). The best fit was obtained using
ks values for the first reduction phase from the individually purified
enzymes at the corresponding Trx1 concentration. The remaining &,
values were consistent with those observed for His¢-Tsal. This suggests
that the reduction kinetics of Strep-Tsal-His,-Tsa2 hetero-oligomers
can be approximated by superimposing the reduction profiles of the
individually purified enzymes.

To examine potential concentration-dependent effects on the
rate constants, we also established a coupled steady-state peroxidase
assay containing NADPH, TrxR, Trx1, H,0, and nanomolar peroxidase
concentrations (Extended DataFig.3a,b). The assays displayed a high
degree of variability and required exact mixing routines as well as fixed
volumes and dilutions of stock solutions, consistent with sensitive
temperature-dependent and concentration-dependent effects onthe
oligomericstate. Variability was highest for His-Tsal, consistent with
the results shown in Fig. 2. However, in contrast to previous reports
that suggested rate constants around 10*M s based onapparent k,,
andK,, values for recombinant Tsaland Tsa2 (ref. 27), our steady-state
assays gave approximate rate oxidation constants in the range of
10’ - 108 M s! (Extended Data Fig. 3c-e and Supplementary Table 4),
differing from the stopped-flow values by less than one order of mag-
nitude (Supplementary Table 3). Approximate rate constants for
the Trx1-dependent reduction were around 10°-10’ M s and also
agreed within one order of magnitude (Extended Data Fig. 3f and
Supplementary Tables 3 and 5).

One notable difference between the second-order rate con-
stants from the stopped-flow and steady-state measurements was
observed for His,-Tsal, which showed a tenfold lower k_,***/K,,**" value
in the steady-state assays (Supplementary Tables 3 and 4). A likely

Nature Chemical Biology | Volume 22 | April 2026 | 580-592

585


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-026-02157-6

a _SH _SH _SH S, _SSTrx1(SH) SH
T§71 i +H,0, A ff lu 5 SOH W 5S  *Trxi(SH), W BSH -Trxi(s,) W =sH
anver s k SOHJ K k 7k
Tsa2 Tox 20X 3ox Tred ¢ R2red
b 0.5 uM Tsal 5.0 uM Tsal i 0.5 uM Tsa2 5.0 uM Tsa2 c 600 Kiox o Koox 0 Ksox
+ H202 + HZOZ - + H202 + H202 4 B
~ 10 1uM 10 pM 12 1uM 10 pM 500 | 120 O Tsal
E] i 2 uM 50 pM 4 — 2uM --- 50 uM i 7 15 @ Tsa2
= — 3pM - 125 uM M 3 --- 125 uM 400 4 100 +
8 1 -== 500 uM 1 ——-s00pM 80
c 10 L
g N =, 300 - 1
g 81 i [ ~ 200 | ]
<] B 1 40 |
=) N L=ZZ25SS 0 e 8 o 1 i
= 7 ,/7/ o 7 :_:‘_‘::::: ---------- 100 i ©) 20 4 b
o T T T T T 04 0 L 0 A
0.01 0.1 1 0.01 0.1 1 012345 0o 500 1,000 0o 500 1,000
Time (s) Time (s) H,0, (UM) H,0, (UM) H,0, (UM)
d 1.0 uM Tsal e k1red ered k3red
- +TFX(SH)2 n~ 125 4 12 4 0.8
. | 5 uM | b 1 4 [ Tsal
5 10 uM 100 + ] 06 4 M Tsa2
T — 15 uM 10 4 1.0 pM Tsa2 ] 8 |
§ —20uM +Trx(SH), Y %1 1 1
g 1 —25uM B 5puM "3 B B 0.4 +
2 . 10 pM ~° 50 i J “
S °7 : 15 uM i ] 0.2 -
o E i 20 llM 25 o i -
— 25uM 4 | 4
8 T 8 T O +—rrrrrrr O +rrrrrrrrr 0 frrrrrrrrr
0.01 0.1 1 10 0.01 0.1 1 10 0] 10 20 0] 10 20 0o 10 20
Time (s) Time (s) Trx(SH), (uM) Trx(SH), (uM) Trx(SH), (uM)
f 0.5 pM Tsal-Tsa2 + H,0, 5.0 UM Tsal-Tsa2 Kiox 9 1.0 pM Tsal-Tsa2 1.0 pM Tsal-Tsa2
T 1M +H,0, 00 7 109 +Trx1(SH), 109 +Trxi(SH),
10 4 oM o 14 @ kgpen Tsal-Tsa2 i 50uM 1 —15uM
- H 125 uM _ n m
3 1 — 3uM -—- 250 pM 400 4 @ kg Tsal-Tsa2 5 94 —10uM 94 — 20uM
S — 4pM - 500 pM 1 s | i
g 94 £ 300 3
c L c 84 8
I 3 900 | g 7
173 o - @
g 8 4 X | A g 7 7
=1 =1 i 4
= 100 - =z
i 6 6 — 6 -
e masay T T 0+ T T
0.01 0.1 1 012345 0.01 0.1 1 0.01 0.1 1
Time (s) H,0, (UM) Time (s) Time (s)

Fig. 4 |Hetero-oligomers of recombinant Tsal and Tsa2 have similar enzyme
kinetics as compared with their homo-oligomers. a, Reaction scheme

for the oxidation and reduction of recombinant Tsal and/or Tsa2. Only the
dimeric enzyme species are shown for simplicity. b, Representative changes of
tryptophan fluorescence during the H,0,-dependent oxidation of individually
purified Hiss-Tsal(SH), (left) or His¢-Tsa2(SH), (right). ¢, Secondary plots of

the observed rate constants (k,,,) from exponential fits of the three reaction
phases at variable H,0, concentrations fromb. d, Representative changes
oftryptophan fluorescence during the yeast Trx1-dependent reduction of
individually purified His,-Tsal(S,) (left) or His,-Tsa2(S,) (right). e, Secondary
plots of the k,,,, values from exponential fits of the two or three reaction phases
atvariable Trx1 concentrations fromd. f, Representative changes of tryptophan
fluorescence during the H,0,-dependent oxidation of copurified His,-Tsal(SH),

and His¢-Tsa2(SH), (left) and secondary plot of the k,, values from exponential
fits of the first reaction phase (right). g, Representative changes of tryptophan
fluorescence during the yeast Trx1-dependent reduction of copurified His,-
Tsal(S,) and His¢-Tsa2(S,) (Supplementary Fig.1). Quadruple exponential fits
(black lines) were calculated using the k,,, values of the first phase of individually
purified His,-Tsal and His,-Tsa2 at the corresponding Trx1 concentration as
input. All stopped-flow measurements were performed at pH 7.4 and 25 °C. Ten
times higher enzyme concentrations were used to highlight the second and third
oxidation phases (dashed lines). Data from ¢ and e were from technical triplicates
ofindependentbiological triplicate protein purifications and measurements.
Data from fand fitsin g were from technical triplicates of a single measurement.
Error barsinall panels represent the s.d. Rate constants are summarized in
Supplementary Table 3.

explanationisthe higher sensitivity of the threonine-containingactive
site of Tsalto hyperoxidation compared to the serine-containing active
site of Tsa2 (ref. 40). The inactivation became relevant and detect-
able at micromolar-to-nanomolar peroxide-to-Tsal ratios but was
reduced or even absent for Strep-Tsal-His,-Tsa2 hetero-oligomers
(Extended DataFig.3c,e).

Another notable difference between the stopped-flow
and steady-state measurements was that the ks, Or kjq in
Supplementary Table 3 were smaller than the v/(E) values shown in
Extended Data Fig. 3b-f. One explanation is that nanomolar enzyme

concentrations in the steady-state assay favor substantial popula-
tions of homodimeric or heterodimeric species with distinct kinetic
properties compared with the predominantly decameric species
present at micromolar concentrations in the stopped-flow measure-
ments. Different dimer concentrations also explain the v/(E) values
for 10 nM Strep-Tsal-His,-Tsa2 hetero-oligomers, which were about
four times higher than for 50 nM His,-Tsal and also 1.5 times higher
than for 10 nM His,-Tsa2 (Extended Data Fig. 3c-e). Overall, His,-Tsal,
His,-Tsa2 and Strep-Tsal-His,-Tsa2 hetero-oligomers exhibit similar
second-order rate constants for H,0, and Trx1 at both micromolar
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Fig. 5|Native human PRDX1and PRDX2 form hetero-oligomers in HEK293
cells. a,b, WB analysis (a) and quantification of AEC fractions (b) from HEK293
WT and PRDX1-KO and PRDX2-KO cell lysates (n = 3 experimental repeats, the 2
further experimental repeats are shown in Supplementary Fig.13). Proteins from
the three cell lines were separated by AEC and fractions subsequently analyzed
by WB for the presence of PRDX1and PRDX2. Lysates from the three cell lines
were prepared and fractionated independently, with no mixing of lysates at any
stage. WBs (a) and quantification (b) show thatin the PRDX-KO cell lines, the

PRDX1and PRDX2 signals show no overlap in the middle fractions, whereasin
the WT lysate, there is a clear overlap in the middle fractions, indicating a shiftin
theisoelectric point of the protein complex species, suggesting the presence of
hetero-oligomers. ¢, Graphs showing change in OxD of the indicated roGFP2-
PRDX fusion constructs in AtsalAtsa2 yeast cells treated with the indicated
concentrations of H,0,. Experiments were repeated thrice with independent
yeast cultures. Data are presented as mean + s.d. AEC, anion exchange
chromatography; pl, isoelectric point; OxD, degree of oxidation.

and nanomolar peroxiredoxin concentrations. However, nanomolar
enzyme concentrationsresultedin higher v/(E) values, likely reflecting
anincreased dimer abundance. In the steady-state assays, very high
peroxide-to-enzyme ratios caused hyperoxidation of His,-Tsal but not
of His¢-Tsa2 or Strep-Tsal-His,-Tsa2 hetero-oligomers.

In summary, analyses of oxidation and reduction kinetics of
homo-oligomers, mixtures of Tsal and Tsa2 homo-oligomers, and
Tsal-Tsa2 hetero-oligomersrevealed that the hetero-oligomers exhibit
enzymekinetics largely comparable to those of their homo-oligomeric
counterparts. Although the formation of the sulfenic acid species in
His,-Tsal was approximately tenfold faster thanin His,-Tsa2, copurified
Tsal-Tsa2 hetero-oligomers displayed intermediate macroscopicrate
constants for the reaction with H,0, in the stopped-flow experiments.
Our findings suggest that hetero-oligomerization and/or heterodi-
merization might protect Tsal from hyperoxidation at low enzyme

concentrations at the cost of aslightly reduced reactivity with H,0, at
high enzyme concentrations.

Tsal-Tsa2 hetero-oligomers are enzymatically active in yeast

We previously demonstrated that a roGFP2-Tsa2AC, probe can form
enzymatically active hetero-oligomers withendogenous Tsal in the yeast
cytosol®. To further investigate the assembly and enzymatic activity of
Tsal-Tsa2 hetero-oligomersin yeast, we expressed roGFP2-Tsal variants
in AtsalAtsa2yeast cells together with either wild-type (WT) or catalyti-
cally inactive Tsa2. Specifically, cells were transformed with plasmids
encoding roGFP2-TsalAC,ACg, in whichboth catalytic cysteine residues
were mutated to serine, and either Tsa2wt or Tsa2AC,AC;. Cells were
then exposed to increasing concentrations of H,0, (0-500 uM), and
roGFP2 oxidation was quantified using a fluorescence plate-reader assay
(Supplementary Fig.12).In this assay, roGFP2 oxidation in response to
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H,0,is efficiently catalyzedin trans, thatis, by a partner peroxiredoxin
inthe dimer or decamer. Notably, in trans oxidation is only possible if
the two peroxiredoxins are physically associated ina complex.

In AtsalAtsa2 cells coexpressing roGFP2-TSAIAC,AC, and
TSA2wt, roGFP2 oxidation was detected at exogenous H,0, concen-
trations as low as 10 pM, indicating a highly sensitive response. In
contrast, no roGFP2 oxidation was observed in cells coexpressing
roGFP2-TSAIAC,AC, and TSA2AC,AC,, even at the highest H,0, con-
centration. Because roGFP2 is only very poorly oxidized directly by
H,0,, these results confirm that Tsal and Tsa2 assembles into func-
tional hetero-oligomers in the yeast cytosol*>****2, In a complemen-
tary experiment, roGFP2-TSA2AC,AC, was coexpressed with either
TSAIwt or TSAIAC,AC,, resulting in robust roGFP2 oxidation only in
the presence of Tsalwt, with almost no oxidation with TsalAC,ACy
(Supplementary Fig.12).

In summary, our findings confirm that Tsal and Tsa2 can form
catalytically active hetero-oligomersinthe yeast cytosol and function
cooperatively to mediate roGFP2 oxidation.

Native PRDX1and PRDX2 form hetero-oligomers in HEK293 cells
To determine whether peroxiredoxin hetero-oligomerization extends
beyond yeast, we investigated human PRDX1 and PRDX2, which were
recently shown to form hetero-oligomers in vitro®. Despite sharing 78%
sequence identity, PRDX1 and PRDX2 have distinct isoelectric points
(7.80 and 5.71, respectively), allowing to use ion-exchange chroma-
tography to separate them in Flp-In T-Rex HEK293 cell lysates (Fig. 5
and Supplementary Fig. 13). Western blot (WB) analysis of collected
fractions revealed that, although PRDX1and PRDX2 primarily eluted
at different positions along the NaCl gradient, they also eluted across
abroad range of partially overlapping fractions (Fig. 5a,b).

To further explore this interaction, we repeated the experiment
using lysates from CRISPR-Cas9 knockout (KO) cells lacking either
PRDX1 or PRDX2 (ref.43).In PRDX1 KO and PRDX2 KO cells, the remaining
PRDXisoform eluted in anarrower range of fractions, with no overlap
observed (Fig. 5a,b). This shiftin elution pattern suggests that PRDX1
and PRDX2influence each other’s chromatographic behavior and pro-
vides strong evidence for their interaction as native hetero-oligomers.

To assess whether PRDX1-PRDX2 hetero-oligomers are enzy-
matically active, we used a yeast-based roGFP2 assay. Heterologous
roGFP2-PRDX1AC,AC,was expressed in AtsalAtsa2yeast cells together
with either PRDX2 or PRDX2AC,AC; and roGFP2 oxidation was meas-
ured upon H,0, exposure (Fig. 5¢). Consistent with our observation
with yeast Tsal and Tsa2, roGFP2 oxidation was observed only when
PRDX2 was present, indicating that PRDX1 requires an active PRDX2
partner to mediate roGFP oxidation. Likewise, roGFP2-PRDX2AC,ACy
only supported roGFP2 oxidation in the presence of PRDX1, but not
PRDX1AC,AC (Fig. 5¢).

In summary, these findings demonstrate that PRDX1 and
PRDX2 form enzymatically active hetero-oligomers in both
HEK293T cells and yeast and support the presence of peroxiredoxin
hetero-oligomerization across species.

Diverse eukaryotic peroxiredoxins form hetero-oligomers

To further assess whether hetero-oligomerization is a conserved fea-
ture of peroxiredoxins across eukaryotes, we extended our analysis to
peroxiredoxins from non-opisthokont species using the yeast-based

roGFP2 system. We generated roGFP2 fusion constructs with LiPRX1and
LiPRX2 from the cytosol of the kinetoplastid parasite L. infantum®, as
wellas AtBAS1A and AtBAS1B from the chloroplast stroma of the plant
A.thaliana***. Each construct was expressed in AtsalAtsa2yeast cells
together with either the WT or double cysteine mutant of the corre-
sponding partner peroxiredoxinisoform (Fig. 6a). Inall cases, roGFP2
oxidation was observed exclusively in the presence of the WT partner
and not with the cysteine mutant, consistent with our observations for
yeast and human peroxiredoxins.

To explore the oligomeric state of these hetero-oligomers, we
coexpressed roGFP2-AtBASIA and roGFP2-AtBAS1B with either an empty
vector, AtBAS1A or AtBASIB (Fig. 6b and Supplementary Fig. 14). While
roGFP2-AtBASIB predominantly formed adecamer, roGFP2-AtBAS1A
was almost exclusively dimeric. Coexpression of AtBASIA with
roGFP2-AtBAS1B induced a shift from a decamer to a heterodimeric
form, whereas coexpression of AtBAS1B with roGFP2-AtBAS1B main-
tained decamer stability, producing a series of heterodecamers with
varying stoichiometries and a minor heterodimer band. Conversely,
coexpression of AtBAS1B with roGFP2-AtBAS1A led to partial decamer
formation, butonly when AtBAS1A subunits were aminority, indicating
that AtBASIA destabilizes decamers. Coexpression of roGFP2-AtBASIA
and AtBAS1Aresulted exclusively in heterodimers.

Similar results were obtained for L. infantum peroxiredoxins
(Fig. 6b). In yeast lysates, roGFP2-LiPrx1 primarily assembled into
decamers, whereas roGFP2-LiPrx2 showed little to no oligomeriza-
tion. Coexpression of LiPRX2 with roGFP2-LiPRX1 disrupted decamer
formation and promoted a shift toward putative heterodimeric spe-
cies, whereas coexpression with LiPRX1 had no effect on decamer
stability. Consistent with the apparent differencesin decamer stability,
coexpression of roGFP2-LiPRX2 with LiPRX1 induced a shift to deca-
meric species, while coexpression with LiPRX2 did not.

In summary, our experiments suggest that strong differences
in dimer-decamer equilibria are widespread among eukaryotic per-
oxiredoxins. Even limited incorporation of a second peroxiredoxin
isoform can markedly shift the prevailing oligomeric state, highlight-
ing the functional significance of hetero-oligomerization across
diverse organisms.

Pairs of Prx1-type peroxiredoxins occur in most eukaryotes
Finally, we sought to determine the percentage of eukaryotes in
which two or more Prx1/AhpC-type peroxiredoxin proteoforms are
predicted to be present in the same subcellular compartment. An
extensive sequence search identified 11,415 peroxiredoxin candidate
sequences across 1,525 eukaryotic species representing the kingdoms
Viridiplantae, Metazoa and Fungi. Of these species, 1,471 were predicted
to containatleast one Prx1-type peroxiredoxininthe cytosol, and two
or more Prx1-type cytosolic peroxiredoxins were predicted in 1,326
species (Fig. 6¢c and Supplementary Fig. 15). Mitochondria-targeted
Prx1-type peroxiredoxins were predicted in1,236 species, with 771 spe-
cies predicted to contain two or more mitochondrial peroxiredoxins.
Withinthekingdom Viridiplantae, plastid-localized Prx1-type peroxire-
doxins were predictedin 347 species, with two or more plastid-localized
peroxiredoxins in 314 species.

Overall, ourdataindicate that peroxiredoxin hetero-oligomerization
is likely toberelevantinmore than 80% of sequenced eukaryotic species
and probably occurs in several different subcellular compartments.

Fig. 6 | Hetero-oligomerization is acommon feature of eukaryotic
peroxiredoxins. a, Graphs showing the change in the OxD in response to1 mM
H,0, of roGFP2-AtBASIBAC,AC, and roGFP2-AtBASIAAC,AC, constructs (left)

or roGFP2-LiPrx1AC,AC, and roGFP2-LiPrx2AC,AC, constructs (right) expressed
in AtsalAtsa2 yeast together with either a WT or cysteine-less (AC,ACg) variant
ofthe corresponding partner peroxiredoxin. Experiments were repeated thrice
withindependent yeast cultures. Data are presented as mean * s.d. b, Clear native
PAGE analysis of lysates from AtsalAtsa2 yeast strains expressing the indicated

combination of constructs. Gels were imaged for GFP fluorescence. Two further
experimental repeats are shown in Supplementary Fig. 14. ¢, Graph showing the
percentage of sequenced eukaryotic genomes in which there are predicted to be
two or more Prx1/AhpC-type peroxiredoxins present in the indicated subcellular
compartments. d, Modelillustrating the impact of peroxiredoxin hetero-
oligomerization on oligomeric state. Substoichiometric subunit incorporationis
capable of strongly shifting the dimer-decamer equilibrium. HD, homodecamer
and heterodecamer.
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Discussion

Peroxiredoxins have been intensively studied since their dis-
covery more than 30 years ago"*>"***_ Nonetheless, Prx1/
AhpC-type peroxiredoxins have until now been examined almost
exclusively as homo-oligomeric complexes. Here we show that
hetero-oligomerizationisacommon feature of Prx1/AhpC-type per-
oxiredoxins throughout the domain Eukaryota. Our findings therefore
call for a careful re-evaluation of peroxiredoxin structural dynamics
and functional diversity (Fig. 6d).

Regulation of the oligomeric state of peroxiredoxins appears to
be closely linked to their functions. For example, the decameric state
of Prx1/AhpC-type peroxiredoxins has been associated with protein
chaperone activity**~?, whereas both dimers and decamers retain
enzymatic activity®*>. In a possible example of functional speciali-
zation through structural adaptation, differences in dimer-decamer
equilibriaare common among Prx1/AhpC-type peroxiredoxins within
an organism. For example, human PRDX1 is more stable as a decamer
than PRDX2 (refs. 10,24). Likewise, yeast Tsa2 is more stable in the
decameric form than Tsal (ref. 27). We observe similar differences in
the dimer-decamer equilibria of A. thaliana chloroplast and L. infan-
tum cytosolic peroxiredoxins. However, this simplistic binary view of
peroxiredoxins aseither ‘type-A’or ‘type-B’becomes difficult to sustain
in light of hetero-oligomerization. In the absence of mechanisms to
actively prevent hetero-oligomerization, of which we have found no
evidence, cells are likely to contain a complex mixture of peroxiredoxin
hetero-oligomers with diverse subunit stoichiometries, potentially
each havingits own dimer-decamer equilibrium (Fig. 6d). Onthe other
hand, the observation that even substoichiometric incorporation of
Tsa2 canimpart Tsa2-like properties onto a Tsal decamer may reduce
the complexity somewhat, at leastin yeast. Finally, the possible role of
hetero-oligomerization in the formation of higher-order assemblies,
including stacked decamers and 12-decamer-containing dodecahe-
drons, remains largely unexplored, and the biological functions of
these structures are still unclear™**,

Hyperoxidation has been shown to be animportant factor leading
todecamer stabilization in several peroxiredoxins. However, the hyper-
oxidation sensitivity of Tsal is found to be approximately ~9x and ~100x
lower thanhuman PRDX1and PRDX2, respectively***°. Consistent with
these findings and the lack of astrong signal for hyperoxidationin our
WBs, we consider it unlikely that hyperoxidation is substantially affect-
ing the stability of the hetero-oligomers formedin our yeastinduction
assays. However, given that changes in just one or two subunits can
influence the properties of the entire decamer, hyperoxidation may still
become relevant under other experimental conditions. For example,
cellgrowth stage, carbonsource and cell density are allimportant fac-
tors influencing hyperoxidation sensitivity in our hands.

Hetero-oligomerization not only influences oligomer stability
but also brings together isoform-specific biochemical properties,
including differences in isoelectric point, catalytic rates and sus-
ceptibility to hyperoxidation'®**¥, as well as modifications includ-
ing limited proteolysis®, tyrosine nitration>®, S-nitrosylation*,
S-glutathionylation* and phosphorylation®, By allowing for a gradu-
ated blending of properties, peroxiredoxin hetero-oligomerization
may broaden functional outputs, for example, by modulating target
proteinspecificity in redox signaling relays or altering the spectrum of
potential chaperone clients. The structural plasticity of peroxiredox-
ins may therefore underpin functional plasticity, positioning them as
potential hubs forintegrating and transmitting signals within specific
signaling pathways (Fig. 6d). This conceptual shift also raises new ques-
tions. If cells predominantly contain diverse hetero-oligomeric assem-
blies instead of pure homo-oligomeric complexes, how do individual
isoforms maintain selective interactions with specific target proteins
such as STAT3 (refs. 58-60) or ASK1 (ref. 61)? How signaling fidelity
is preserved in the context of hetero-oligomeric mixtures remains
unknown and should now be explored.

The extent to which cells can regulate the formation and subunit
composition of hetero-oligomers remains unclear. One obvious point
of controlistranscription. As shown here, thismechanismis prominent
inyeast—under oxidative challenge, TSA2, normally expressed at much
lower levels than TSA1, is strongly induced, leading to hetero-oligomers
withamuch broader range of subunit stoichiometries than those found
in unstressed cells. Post-translational modifications may also modu-
late hetero-oligomer composition by altering interactions between
different peroxiredoxinisoforms. Whether subunits can dynamically
exchange between oligomersis unclear and may differ amongisoforms
depending on the stability of their dimeric and decameric states.

Are hetero-oligomers unique to Prx1-type enzymes? In principle,
Prx1-type enzymes share a higher degree of structural similarity with
Prx6-type enzymes in contrast to other peroxiredoxin subfamilies®.
To explore this possibility, we recently analyzed the cytosolic Prx1-type
and Prxé6-type enzymes from the malaria parasite Plasmodium falcipa-
rumbut found no evidence of interaction®. In summary, while further
studies are needed to investigate potential interactions among other
peroxiredoxin subfamilies, current evidence suggests that heterodimer
and hetero-oligomer formation is likely restricted to members of the
Prx1/AhpC-type subfamily.

Future work should clarify how hetero-oligomerization influ-
ences peroxiredoxin-mediated signaling and whether it contributes to
diseases where redox homeostasis is disrupted. Given the increasing
recognition of peroxiredoxins in aging, cancer and neurodegenera-
tive diseases, understanding how hetero-oligomerization influences
their function may reveal new principles of redox regulation and
uncover therapeutic opportunities. Defining the structural basis of
hetero-oligomerization will be essential: cryo-EM and crystallography
canresolve theinteractioninterfaces governing stability, while targeted
mutagenesis can identify critical residues that drive hetero-oligomer
assembly and link these to functional consequences.

In summary, peroxiredoxin hetero-oligomerization remains a
largely underexplored phenomenon that likely holds broad signifi-
cance for cellular function and disease.
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Methods

Materials

N,N,N',N’-tetramethylazodicarboxamide (diamide), DTT, ethylen-
ediaminetetraacetic acid (EDTA) and N-ethylmaleimide (NEM) were
purchased from Sigma-Aldrich; diethylenetriaminepentaacetic acid
(DTPA) was from Carl Roth; isopropyl-f-D-1-thiogalactopyranoside
was from Serva; H,0, was from VWR and desthiobiotin was from IBA
Lifesciences. PCR primers were purchased from Metabion. All restric-
tion enzymes, DNA polymerase and T4 DNA ligase were purchased
from New England Biolabs.

Cloning and mutagenesis
The detailed information on the primers/constructs is presented in
Supplementary Table 6.

TSA1was PCR-amplified (Phusion HF) from pET15b/His-TSAI
and subcloned into pET45b/Strep (Kpnl/Avrll), then into pCO-
LADuet MCS2 (Ndel/Xhol). TSA2 from pET15b/Hiss-TSA2
was inserted into pCOLADuet MCS1 (Ncol/BamHI) to yield
pCOLADuet/His,-TSA2/Strep-TSAI. TSAIACR (resolving Cys
mutant) was generated by site-directed mutagenesis and cloned
analogously. An EPEA tag was introduced into TSA2 to generate
pCOLADuet/His,-TSA2-EPEA/Strep-TSA1 and pET15b/His,-TSA2-EPEA.
All plasmids were verified by Sanger sequencing.

Protein expression and purification

Homo-oligomers Strep-TSA1 (pET45b plasmid), His,-TSA1 (pET15b
plasmid), His,-TSA2 (pET15b plasmid) and His,-TSA2-EPEA (pET15b plas-
mid), aswell as hetero-oligomers Strep-TSA1-His,-TSA2 (pCOLADuet-1
plasmid) and Strep-TSA1-His,-Tsa2-EPEA (pCOLADuet-1plasmid), were
expressed in E. coli strain SHuffle T7 Express in Luria Broth (LB) and
induced with 0.5 mM IPTG. Eluted proteins were buffer-exchanged,
assessed by SDS-PAGE, Clear/Blue Native gel and WB, and quanti-
fied at A,g,. Extinction coefficients: Strep-Tsal 29,575M™* cm™,
His¢-Tsa2-EPEA 24,075 M cm™, hetero-oligomer 26,825M"cm™,
Nbsyn220 27,180 M cm™ and reduced Trx 9,970 M cm™—were cal-
culated in the EXPASY webserver based on the sequence.

Tsal and Tsa2-EPEA homo-oligomers. pET45b plasmid, containing
Strep-TSA1, and pET15b, containing His,-TSA2-EPEA, were indepen-
dently expressed in E. coli strain SHuffle T7 Express in LB (100 pg ml™
ampicillin) at 30 °C. Cellswere induced with 0.5 mMIPTG, grown over-
night at 30 °C and collected by centrifugation. Cells were lysed in
100 mM HEPES/NaOH pH 7.9, 300 mM NacCl, 20 mM MgCl,, 1 ug ml™
DNasel, 50 pg ml™ leupeptin and 0.1 mg ml™ AEBSF by sonication at
4 °C, and centrifuged at 39,846g for 25 minat 4 °C.

For His,-Tsa2-EPEA, supernatant was incubated with previously
equilibrated Ni**-Sepharose High Performance beads for1 hat4 °Cin
equilibration buffer (100 mM HEPES/NaOH pH 7.9, and 300 mM NaCl).
Proteins were eluted using a stepwise gradient of 100 mM HEPES/NaOH
pH 7.9,300 mM NaCl and 1 M imidazole. For Strep-Tsal, supernatant
wasloaded onto aStrepTactin column (IBA Lifesciences) equilibrated
with 100 mM Tris-HCI, pH 8, 150 mM NaCl and 1 mM EDTA, and then
eluted with the same buffer with 1 mM desthiobiotin in a one-step
gradient. Fractions containing His-Tsa2-EPEA or Strep-Tsal were dia-
lyzed against 100 mM Tris-HCI, pH 8,150 mM NaCl and 1 mM EDTA,
andstored at-80 °C.

Tsal-Tsa2-EPEA hetero-oligomer. Strep-TSA1and His,-TSA2-EPEA were
expressed in pCOLADuet-1 plasmid and purified by tandem chroma-
tography (Ni>Strep). Fractions fromthe Ni-NTA containing Strep-Tsal
and His,-Tsa2-EPEA were dialyzed overnight at 4 °C against 100 mM
Tris-HCI, pH 8,150 mM NaCl and 1 mM EDTA with two buffer changes.
The dialyzed sample was loaded onto aStrepTactin column. Fractions
containing the hetero-oligomer were dialyzed against 100 mM Tris—
HCI, pH 8,150 mM NaCland 1 mM EDTA, and stored at —80 °C.

Homo-oligomers and hetero-oligomers for kinetics. Cells were
induced with 0.5 mM IPTG, grown for 4 h at 37 °C, and collected by
centrifugation. Cell pellets were resuspended in 100 mM Na,H,PO,,
pH 8.0, 20 mM imidazole, 300 mM NacCl at 4 °C and stirred on ice for
45 minwith DNasel and 10 mg I lysozyme before sonication and clari-
fied by centrifugation. Supernatants containing His-tagged Tsal or Tsa2
were loaded onto Ni-NTA agarose columns. The columns were eluted
with100 mM Na,H,PO,, pH 8.0,200 mM imidazole and 300 mM NacCl
at 4 °C. Supernatants containing Strep-tagged Tsal were loaded onto
StrepTactin Superflow columns. The columns were eluted with 100 mM
Tris-HCI, pH8.0,150 mM NaCl,1 mM EDTA and 1 mM desthiobiotin at
4 °C.Forthetandem purification using pPCOLADuet constructs, super-
natants were first purified by Ni-NTA and fractions were separately
purified by StrepTactin as described above. For the reverse tandem
purification, supernatants were purified by StrepTactin and fractions
were then purified by Ni-NTA.

Thioredoxin and thioredoxin reductase for kinetics. His-ScTrx1
was produced in E. coli strain XL1-Blue at 37 °C in LB*®. Cells were
induced with 0.5 mM IPTG at an optical density of 0.5, grown for
4 hat37°C, collected by centrifugation and purified by Ni-NTA.
His-ScTrrl was produced in E. coli strain SHuffle T7 Express in LB
containing 40 uM FAD. Cells were first grown at 30 °C until an opti-
cal density of 0.8, cooled in anice-water bath, induced with 0.1 mM
IPTG, grown overnight at 16 °C, collected by centrifugation and
purified by Ni-NTA.

Nanobody (Nbsyn2.20). His,-Nbsyn2.20 was expressed and purified as
described®, withafinal Superdex75 step (PBS pH7.4). Purified protein
was stored at—20 °C.

Stopped-flow kinetics

Proteins were reduced with 5 mM DTT for 30 min on ice and desalted
into assay buffer (100 mM Na,H POy, pH 7.4, 0.1 mM DTPA at 25 °C).
Oxidized enzymes were generated with equimolar H,0, for 30 min
on ice. Reactions were recorded at 25 °C on a thermostated SX-20
spectrofluorometer (Ex =295 nm, slit width =2 mm, total emission).
For oxidation, 1 or 10 pM reduced Tsal and/or Tsa2 was mixed with
H,0,. For reduction, 2 pM oxidized peroxiredoxins were mixed with
reduced ScTrx1. Traces (=3 technical replicates) were fit (double/triple
exponential) inSigmaPlot 13.0 to obtain k. three biological replicates
were fit (linear/hyperbolic) to derive rate constants.

Steady-state kinetics

Coupled steady-state kinetic assays with recombinant His-tagged
ScTrrl, ScTrx1, Tsal, Tsa2 or copurified Strep-Tsal-His-Tsa2 were
carried out in assay buffer (100 mM Na,H,PO,, 0.1 mM DTPA, pH 7.4
at25°C) at 25 °Cusing athermostated Jasco V-650 UV-visual spectro-
photometer. The consumption of NADPH was monitored at 340 nm
(e=6.22mM*cm™). Stock solutions of 4 mM NADPH, 0.98 mM H,0,
and all enzymes were freshly prepared in assay buffer before each
experiment. The activity of ScTrrlin U ml™ was determined with
100 uM NADPH and 20 pM ScTrx1. Briefly, NADPH and ScTrrl were
mixed in assay buffer, abaseline was recorded for 30 s and the ScTrxR
assay was started by the addition of ScTrx1. Peroxidase assays were
optimized for AAbs/min values of 0.02-0.2 and contained 150 uM
NADPH, 1 pM ScTrrl (corresponding to 0.4 mU ml~), 5,10 or 15 pM
ScTrx1, 0.5-100 pM H,0,, and 50 nM Tsal, 10 nM Tsa2 or 10 nM
Strep-Tsal-His-Tsa2. After a baseline was recorded for 30 s, peroxi-
dase assays were started by the simultaneous addition of peroxide
and peroxidase. For the determination of apparent k. and K, values,
initial activities were corrected by subtracting the final slope of the
baseline using the Spectra Analysis program (Spectra Manager (v2),
Jasco). Negative controls included the omission of each of the assay
components. Controls with variable ScTrrl concentrations confirmed
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that the detection system was not rate-limiting at all substrate con-
centrations tested. Kinetic data from triplicate measurements
from independent protein purifications were analyzed according
to Michaelis—Menten theory and by linear regression according to
Lineweaver-Burk, Eadie-Hofstee and Hanes theory in SigmaPlot
(v11.0, Systat) to identify outliers and deviations from Michaelis-
Menten kinetics.

Westernblotting

Samples (treducing/nonreducing) were denatured in Laemmli
buffer (95 °C, 5 min), separated by SDS-PAGE or clear native PAGE,
transferred to PVDF, stained and probed with anti-His, anti-EPEA
or anti-Strep, as well as secondary antibody. For tandem-purified
His,-Tsa2/Strep-TsalACR, 10 mM NEM (1 h, ice) prevented artificial
disulfides. Band intensities were analyzed or quantified in ImageJ
against calibrated standards.

BLI

For the BLI assay on Octet R8 system (Sartorius), biotinylated ligands
(Strep-Tsaland His,-Tsa2-EPEA, homo-oligomer and hetero-oligomer,
positive-control anti-EPEA nanobody, negative-control BSA) were
loaded on Streptavidin (SA) Biosensors (10 pg ml™, 100 s, 25°C). The
concentration of Nbsyn2.20 (analyte) was fixed (50 nM) in 10 mM
HEPES/NaOH pH 8,137 mM NaCl and 2 mM KCI with 1% BSA/0.05%
Tween 20. Association and dissociation phases were recorded (600 s
eachat25 °C). Datawere reference-subtracted, filtered and fit (1:11ocal)
to extractkinetics (n=3).

Nanodifferential scanning fluorimetry

Dialyzed proteins (5 pM) in 10 mM HEPES/NaOH pH 8, 137 mM NaCl
and 2 mM KCl were heated to 100 °C (2 °C min™). Fluorescence ratio
was measured at 350/330 nm in a Prometheus spectrophotometer
(NanoTemper) and the inflection point values gave T, (n = 3).

CDh

Proteins were buffer-exchanged into 10 mM sodium phosphate pH 8,
140 mM NaF, diluted to 0.35-0.40 mg ml™ and measured from 190 to
260 nm (1-mm path, 50 nm min™, 1-nm bandwidth) in a BioLogic MOS-
500 CD spectropolarimeter (BioLogic). Five spectrawere averaged at
temperatures selected from nanoDSF inflection points.

Mass photometry

Dialyzed samples (5 uM) were incubated 15 min at 20 °C, 30 °C, 40 °C
or 45 °C, diluted 25x into 10 mM HEPES/NaOH pH 8,137 mM NaCl and
2 mM KCl, and measured on a Refeyn OneMP (6,000 frames, 60 s).
Contrast-to-mass was calibrated (MassFerence P1,88-344 kDa). Counts
were binned and plotted versus mass; mean molecular weight + s.d.
were calculated from triplicates. Relative abundance (%) of LMW spe-
cies and decameric oligomers was calculated.

Negative-stain EM

Formvar/Carbon 400 Mesh, Cu grids were glow discharged at4-5 mA
and 0.3 mbar vacuum for 30 s. Three microliters of freshly diluted
sample (0.02 mg mI™) in 10 mM HEPES/NaOH pH 8,137 mM NaCl and
2 mM KCl were incubated on the grids for 30 s, followed by staining
with 2% uranyl-acetate. A total of 20 micrographs were collected on a
JEOL 1400+ microscope, equipped with a LaB6 filament operating at
120 kV. Micrographs were recorded using a TVIPS F416 CCD camera
using a nominal magnification of 60,000, corresponding to a magni-
fied pixel size of 1.94 A px ' and a defocus range of 0 to -1.5 pm. The
micrographs were processed using CryoSparc (v4.6.0). After running
patch contrast transfer function estimation, particles were picked by
blob-picker and extracted using a box size of 256 px. These particles
were subjected to two-dimensional classification. Particle diameters
were measured by TVIPS imaging software.

Hetero-oligomer-nanobody complex
Strep-Tsal/His,-Tsa2-EPEA (5 pM) and Nbsyn2.20 (6 uM) were incu-
bated for 20 min at room temperature in 10 mM HEPES/NaOH pH 8,
137 mM NaCl and 2 mM KClI, and analyzed by mass photometry and
negative-stain EM.

MALDI-TOF MS

Samples were exchanged into 0.1% TFA; monomers were obtained
by reduction with DTT (1:20 molar ratio) and rebuffering
(TFA +1 mM DTT). Furthermore, 1:1:1 mixture of protein sample,
2,5-dihydroxyacetophenone (DHAP) matrix (Bruker) and 2% vol/vol
TFA were spotted in duplicate on an MTP ground steel plate. Spectra
were acquired on an Ultraflextreme enhanced MALDI-TOF/TOF MS
system (Bruker) in linear positive mode (range = 5,000-50,000 m/z)
and processed using FlexAnalysis, with two replicates per sample. All
acquisition methods were provided by the manufacturer and optimized
and calibrated with an in-house calibration standard (15-122 kDa,
five calibrants).

LC-MS/MS

Samples were digested using S-Trap minispin columns according to the
manufacturer’sinstructions (Protifi). Intact peptides were detected in
the Orbitrap Fusion Lumos at a resolution of 120,000. Peptides were
selected for MS/MS using HCD setting at 30, and ion fragments were
detectedinthelonTrap. A data-dependent procedure that alternated
between1MSscan followed by MS/MS scans was applied for 3sforions
aboveathresholdion count of 1.0 x10*in the MS survey scan with 30.0
s dynamic exclusion. MS1 spectra were obtained with an automatic
gain control target of 4 x 10°ions and amaximum injection time set to
auto, and MS2 spectra were acquired with an automatic gain control
target of 1x10*ions and amaximum njection set to auto. Oxidation of
methionine was set as a variable modification, and the thiomethylation
of cysteine was fixed. Trypsin specificity with semispecific cleavage
was applied, allowing up to two missed cleavages.

Yeast strains and induction

The detailed information on strains is presented in Supplementary
Table 7. The TSAI::ROGFP2-TSA1, TSAI::ROGFP2-TSA1 Atsa2,
TSA2::ROGFP2-TSA2 and TSA2::ROGFP2-TSA2 Atsal strains were gen-
erated by standard homologous recombination approaches®. TSAI
and TSA2genes were first replaced with a URA3 cassette, selecting for
uracil auxotrophy on Hartwell’s Complete (HC) agar plates lacking ura-
cil. The URA3 cassette was replaced by ROGFP2-TSAI or ROGFP2-TSA2
with selection on HC plates containing 0.1% wt/vol 5-fluoroorotic acid
(5-FOA). Plates were incubated at 30 °C for 48 h. Colonies were picked
and screened by PCR.

Yeast peroxiredoxin hetero-oligomer induction

Yeast strains were grown at 30 °C in HC medium for 24 h, diluted to
an Dy, =1in fresh medium and grown for 1 h. Cultures were treated
for the indicated time points with1 mM H,0,. At these time points, 25
Dqoo Units were collected by centrifugation at 800g for 3 min at room
temperature. Cells were resuspendedin 50 mM Tris-HCI, pH7.7,50 mM
NacCl, 10% (vol/vol) glycerol, 20 mM NEM, 100 pM DTPA, 1x protease
inhibitor cocktail and lysed by glass-bead homogenization. Lysates
were cleared by centrifugation at 10,000g for 1 min at 5 °C. Protein
concentration was determined by Bradford assays and 20 pg protein
was loaded onto a 3-12% Clear-Native gel. Gels were imaged for GFP
fluorescence. Cell lysates were also analyzed for total GFP fluorescence
using a BMG Labtech CLARIOstar plate-reader.

roGFP2 activity assays (yeast)

BY4742 AtsalAtsa2 cells were transformed with p415TEF and
p416TEF plasmids for the expression of roGFP2-peroxiredoxin
fusion constructs and unfused peroxiredoxin variants, respectively
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(Supplementary Table 7). Cells were grown to late-logarithmic phase
(Dgoo =3-4) in HC medium lacking the appropriate amino acids for
plasmid selection. Cells were collected at room temperature and resus-
pendedtoafinal concentration of 7.5 D4, U ml™. Cells were transferred
to a flat-bottomed 96-well imaging plate (BD Falcon, 353219), with
200 pl cell suspension per well. Fully oxidized and fully reduced con-
trols were established by the addition of 20 mM diamide and 100 mM
DTT, respectively®*. Fluorescence was monitored in a BMG Labtech
CLARIOstar plate-reader at 400 nm and 488 nm, and emission at
510 nm. The experiment was initiated by H,0, at the indicated con-
centration. Degree of oxidation (OxD) roGFP2 was calculated according
toequation (1).

(I40053rnple X I480red) - (I4OOred X I48053mp|e)

OXDyocrp2 =
(Is00sample X 14gored — 1200sample X 14800x) 1)

+(I4000x X I4SOSampIe - I400red X I48053mple)

Mammalian PRDX1/PRDX2 hetero-oligomers

HEK293 FLP-In/T-REx WT, PRDX1 KO and PRDX2 KO cells were gener-
ated previously in Jan Riemer’s lab*, Cell lysates (20 mM Tris-HClI,
pH 9.2, 20 mM NaCl) were fractionated on a HiTrap Q column with
a 0-250 mM NaCl gradient. Fractions (0.5 ml) were trichloroacetic
acid-precipitated, washed with acetone, resolubilized in reducing
Laemmli buffer and analyzed by SDS-PAGE/WB.

Bioinformatics

Peroxiredoxin candidates were identified using iterative BLASTp
(NCBI; v2.16.0) with BLOSUM45 on the nonredundant protein database
(GenPept, Swiss-Prot, PIR, PDF, PDB, RefSeq; 9 Jan 2025), restricted to
genomes at assembly level ‘chromosome’ or ‘complete’. New queries
were generated from top-scoring hitsin phylogeneticadjacent eukary-
otictaxatobroadenandensure coverage. Sequences containing char-
acteristic peroxiredoxin PFAM domains (PFO0578, PF08534, PF10417),
identified through HMMER, were retained, and highly similar entries
(>99% identity) within the same species were collapsed. Subcellular
localization was predicted using DeepLoc 2.1 with default parameters.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Allexperimental datagenerated in this study are presented within the
main text and Supplementary Information. Raw datarelating to LC-MS
experiments have been deposited in the PRIDE database, accession
PXD060819, and can be accessed with the following login: reviewer_
pxd060819@ebi.ac.uk and password: CK9xDcVBX9pU. Source data
for all main and supplementary figures are provided. Source data are
provided with this paper.

References

63. Janke, C. et al. A versatile toolbox for PCR-based tagging of yeast
genes: new fluorescent proteins, more markers and promoter
substitution cassettes. Yeast 21, 947-962 (2004).

64. Morgan, B., Sobotta, M. C. & Dick, T. P. Measuring E(GSH) and
H,O, with roGFP2-based redox probes. Free Radic. Biol. Med. 51,
1943-1951 (2011).

Acknowledgements

B.M. and M.D. gratefully acknowledge funding from the Deutsche
Forschungsgemeinschaft (German Research Foundation; grants
MO 2774/6-1 project 505680640, MO 2774/7-1 and DE 1431/19-1
project 508372800). J.M. was supported by a VIB grant. J.M.P.
was supported by an FWO fellowship (1193524N). The Deutsche

Forschungsgemeinschaft funds research in the Laboratory of J.R.
through the grants RI2150/5-1 project 435235019, RTG2550/2

project 411422114, SPP2453 project 541742459, CRC1218 project
269925409 and CRC1678 project 520471345. A.S. acknowledges
funding from COMPETE 2020—Operational Programme for
Competitiveness and Internationalisation—and from Portuguese
national funds through Fundacgéo para a Ciéncia e a Tecnologia (FCT;
projects UIDB/04539/2020, UIDP/04539/2020, LA/P/0058/2020,
UIDB/00313/2020 and UIDP/00313/2020). We thank E. Pardon
(Steyaert Lab, VIB-VUB Center for Structural Biology) for providing the
Nbsyn2.20 nanobody. We thank J. Dechenne (Louvain Drug Research
Institute, The Medicinal Chemistry Group, UCL) for his help with
nanoDSF experiments. We also thank the BECM VIB-VUB cryo-EM
imaging facility in Brussels and M. Fislage for the support during
negative staining EM imaging and processing. The BLI work was
supported by a research infrastructure grant from the VUB (OZR4292).
A.MT. acknowledges support from national funds through FCT, I.P.
(project UIDB/04293/2020).

Author contributions

J.Z. performed initial yeast construct construction, yeast
hetero-oligomer induction assays and native-PAGE analyses. L.

Lang performed, evaluated and supervised the stopped-flow

kinetic measurements. J.M.P. expressed and purified Tsal and

Tsa2 recombinant proteins, performed nanodifferential scanning
fluorimetry and CD measurements, mass photometry analyses,
negative-stain EM imaging, and WBs and native-PAGE analyses, and
wrote the paper. M.R. cloned and (co)purified recombinant Tsa1, Tsa2
and Tsal-Tsa2, and performed and evaluated the stopped-flow kinetic
measurements. K.W. expressed and purified Tsal, Tsa2 and Nbsyn2.20
recombinant proteins, and performed BLI, nanodifferential scanning
fluorimetry and CD experiments, and WBs and native-PAGE analyses.
D.S. performed the ion-exchange and WB analyses on HEK293T cell
lysates. L. Leiskau (co)purified recombinant Tsal, Tsa2 and Tsal-Tsa2,
and performed and evaluated the steady-state kinetic measurements.
E.A. performed WBs to assess hyperoxidation in yeast induction
assays. C.L. performed the bioinformatics analyses. S.J. performed
MALDI-TOF MS and LC-MS/MS measurements and data analysis.

DV. performed LC-MS/MS measurements and data analysis. S.L.
optimized roGFP2 assays to test for enzymatic activity of peroxiredoxin
pairs heterologously expressed in yeast. F.H. designed and cloned E.
coli and yeast expression constructs, and optimized conditions for
recombinant protein purification. ST. performed HADDOCK-based
analyses of peroxiredoxin heterodimers. H.C. established the roGFP
assay to monitor Leishmania peroxiredoxin activity and performed
initial experiments. V.H. supervised in silico HADDOCK-based
analyses. A.M.T. and J.M.H. supervised experiments and analyzed
data. A.S. performed the mathematical determination for number

of possible distinct hetero-oligomers. T.M. designed and supervised
the bioinformatics analyses. J.R. conceived and supervised the
ion-exchange experiments in HEK293T cell lysates and assisted with
data analysis. M.D. and B.M. conceived and developed the concept of
peroxiredoxin hetero-oligomerization. J.M., M.D. and B.M. designed
and supervised experiments, assisted with data analysis, and wrote
and revised the paper. All authors read and approved the final paper.

Funding

Open access funding provided by Universitat des Saarlandes.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s41589-026-02157-6.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD060819
https://doi.org/10.1038/s41589-026-02157-6
https://doi.org/10.1038/s41589-026-02157-6

Article https://doi.org/10.1038/s41589-026-02157-6

Supplementary information The online version Peer review information Nature Chemical Biology thanks Gerardo
contains supplementary material available at Ferrer-Sueta and the other, anonymous reviewers for their contribution
https://doi.org/10.1038/s41589-026-02157-6. to the peer review of this work.

Correspondence and requests for materials should be addressed to Reprints and permissions information is available at

Joris Messens, Marcel Deponte or Bruce Morgan. www.nature.com/reprints.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://doi.org/10.1038/s41589-026-02157-6
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41589-026-02157-6

Prx1-type (a,); homodecamer

(=]

Detoxification

Reduced:
Prx(SH),

HS-R

P-S
Hs- P |
R-S

Oxidized:
Prx(SS)Prx

H0, +

Prx1-type a, homodimer

Extended Data Fig. 1| The oligomeric state of peroxiredoxins is closely

linked to their functions and is affected by numerous factors. Prx1/AhpC-

type peroxiredoxins (Prx) exist in a dynamic equilibrium between dimeric and
decameric forms of the (a,)s-type depicted as a ribbon diagram (top left), space-
filling model (top middle), and space-filling side-view (top right). The oligomeric
assembly is formed through A-type (dimer-dimer) and B-type (intradimer)
interfaces. Prx dimers (bottom left) transition between reduced (Prx(SH),) and

H,0,
“ Trx or
Grx/GSH <
Protein oy Proteingy

Prx(SS)Protein

A-type dimer interface
e B-type dimer interface

A N-terminus

o Peroxidatic cysteine P

Redox states |
¢ Reduced: Prx(SH), ﬂ
(5] « Oxidized: Prx(S,)

2x

Protein
binding

Sulfiredoxin
H;0, +ATP it
2

Prx(SO,")

* Hyperoxidized: Prx(SO,™)

Chaperone
Misfolded
client protein

Redox signaling

oxidized (Prx(SS)) forms via reaction with H,0,, followed by reduction facilitated
by thioredoxins (Trx) or glutaredoxins (Grx). Hyperoxidation leads to Prx(SO,)
formation, reversible via sulfiredoxin (Srx) in an ATP-dependent reaction.

The function of Prx1-AhpC-type peroxiredoxins is intricately coupled to their
oligomeric state and includes peroxide detoxification, redox signaling, and
chaperone activity.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article https://doi.org/10.1038/s41589-026-02157-6

A #A#B « A monomer

10:0
<& B monomer

DDDDDDE
DDDDBDDODDDD

DDDDDDDDDDDEE)
DRDDLDDDDDDDE

DDDDDDDDDEIEID
DRDRDDDRDDDDDD

DDRDDODRDDDDDD
QDDRRLDDLDDDD

DRODDODODDDDDD
RODDRDODD

9:1

8:

N

7.

w

6:

N

5:

[6)]

4:

»

3:

]

2:

[e3)

1:9

0:10

N

o
©
.

-
o

~
.

-

o
3]
.

# unique decamers

N
o
w

1 2 3 4 5 6
# monomer states
Extended Data Fig. 2| Enumeration of the distinct decamers that can be monomer type can adopt. The horizontal dashed line indicates the estimated
formed from two types of monomers. a, Distinct decamers as a function of the number of peroxiredoxin decamers in a typical mammalian cell. Please note
stoichiometric ratio between monomer types. b, Number of unique hetero- the logarithmic scale on the vertical axis. Calculations are explained in the
decamer configurations as a function of the number of possible states each Supplementary Note.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-026-02157-6

>

0.25 - %8
c 020 |
£
£ 0.15 -
S
3” 0.10 -
<
< 0.05 -
0.00
TUMTrxR + - +
B5uM Trx1 + + -
50nMTsal + + +
10 uM H,O0, + + +
B
60 -
50 +
@
o 30
S 20 4 Tsa2
10 4 O/O*O
0 T T 1
0 1 2 3
F [TrxR] (uM)
0.20 -
__ 0.15
K2
& . 0.10 -
X Tsa2
005 —/r./@/
/./.ﬁil)_/z
0.00 . .

AAbs,,, /min

+ TUM TrxR  +
+ 1I5uM Trx1 +
+ 10nM Tsa2 +
- 50 HM H202 +
C
14
12 i
‘TU) 10 3
= 8
@
g oy T e
> 4 15 UM Trx1
2
o T T T T T 1
0 20 40 60 80 100
[H,0,] (uM)
0.5
0.4 1
o /
> 0.3 /
© 0.2
£
0.1
0.0 1T T T T

0.0 0.1 0.2 43210123

1/[Trx1] (uM™)

1/[H,0,] (uM™)

Extended Data Fig. 3| Coupled steady-state peroxidase assays for His-Tsal,
His-Tsa2, or copurified Strep-Tsal and His-Tsa2. a, Controls to estimate the
component-dependent background-consumption of NADPH. b, Control to
exclude that the TrxR detection system was rate-limiting. c—e, Direct Michaelis-
Menten (top) and linearized Lineweaver-Burk (bottom) plots at variable H,0,
concentrations for 50 nM Tsal, 10 nM Tsa2, or 10 nM copurified

Tsaland Tsa2, respectively. Squares were omitted for regression analysis.

+ + +

0.25
= 0.20
g
\g 0.15
3
8 0.10
S
0.05 oai®
)
0.00 -
+ + o+ 1 UM TrxR + - + + +
-+ 4+ 15 uM Trx1 + + - + 4+
+ -+ 10nMTsal-2 + + + - +
+ + - 25uyMH,0 + + + + -
40 60
__ 50
—~ 30 <
"% L 40
\(\I';|/ 20 $
4 30
3 ©
£ 2 20
> 10 B 15 uM Trx1
10 10 uM Trx1
0 O+—F——T——T—7
0 20 40 60 80 100 0 20 40 60 80 100
[H,0,] (M) [H,0,] (uM)
0.14 ~ Tsa2 0.08 Tsal-2
0.12
~ 0.10 1 @ 0.06 1
< 0.08 =
> . 1 I~
= A 0.04 -
~ 0.06 - -
2 3
— 0.04 1 E 0.02 1
0.02
OOO T T T T T T 1 000 T T T T T T 1

4-3-2-1012 3
1/[H,0,] (uM™)

4-3-2-1012 3
1/[H,0,] (uM™)

All data were obtained from three (Tsal) or four (Tsa2 and copurified Tsal

and Tsa2) independent biological protein purifications and measurements.
f,Secondary plot for the Trx1-dependent rate constants from c—e. The k.,**®
values for the oxidation by H,0, and the rate constants for the Trx1-dependent
reduction of oxidized Tsal, Tsa2, or copurified Tsal and Tsa2 are listed in
Supplementary Tables 4 and 5and were estimated from the slopesinc-eandf,
respectively.
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Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
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