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Abstract

Peroxiredoxins (Prx) are ubiquitous, highly conserved peroxidases whose activity depends on catalytic cysteine residues.
The Prx1-class of the peroxiredoxin family, also called typical 2-Cys Prx, organize as head-to-tail homodimers containing
two active sites. The peroxidatic cysteine Cp of one monomer reacts with the peroxide substrate to form sulfenic acid that
reacts with the resolving cysteine (Cy) of the adjacent subunit to form an intermolecular disulfide, that is reduced back by the
thioredoxin/thioredoxin reductase/NADPH system. Although the minimal catalytic unit is the dimer, these Prx oligomerize
into (do)decamers. In addition, these ring-shaped decamers can pile-up into high molecular weight structures. Prx not only
display peroxidase activity reducing H,O,, peroxynitrous acid and lipid hydroperoxides (antioxidant enzymes), but also
exhibit holdase activity protecting other proteins from unfolding (molecular chaperones). Highly relevant is their participation
in redox cellular signaling that is currently under active investigation. The different activities attributed to Prx are strongly
ligated to their quaternary structure. In this review, we will describe different biophysical approaches used to characterize
the oligomerization dynamics of Prx that include the classical size-exclusion chromatography, analytical ultracentrifugation,

calorimetry, and also fluorescence anisotropy and lifetime measurements, as well as mass photometry.
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Introduction

Peroxiredoxins (Prx, EC 1.11.1.15) are ubiquitous, highly
conserved thiol-dependent peroxidases (Wood et al. 2003a,
b). A specialized Cys residue, called peroxidatic cysteine
(Cp), is responsible for the reduction of the peroxide sub-
strate (H,0,, peroxynitrous acid, organic hydroperoxides).
The reaction of Cp with peroxides is 100 to a million times
faster than the reaction of the thiol of cysteine amino acid.
The topology of the active site of the Prx is essential to
achieve such an increase in rate constant (Ferrer-Sueta et al.
2011). Prx are not only relevant as detoxifiers of hydrop-
eroxides (antioxidant enzymes), but also as key players in
redox signaling and modulation of cellular function, and
they have been associated with several pathologies (Randall
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et al. 2013; Park et al. 2016; Sies 2017). For instance, Prx2
has been identified as the main antioxidant in red blood cells,
keeping the concentration of H,0, at subnanomolar levels
(Low et al. 2007; Orrico et al. 2018). The deletion of Prx2
in model mice leads to anemia, indicating an important role
in erythropoiesis (Johnson et al. 2010).

Based on the number of Cys residues participating in
catalysis, Prx were classified as 2-Cys Prx (typical and
atypical, forming an inter or intramolecular disulfide, respec-
tively), and 1-Cys Prx. Based on sequence and structure
around the active site, Prx are classified in six subfamilies
(AhpC/Prx1, BCP/PrxQ, Tpx, Prx5, Prx6, AhpE) with dif-
ferent substrate and ligand specificity, sensitivity to hyper-
oxidation, as well as oligomeric structure (Nelson et al.
2011). There are six isoforms in humans, cytosolic Prx1,
Prx2, Prx6, mitochondrial Prx3, Prx5, and Prx4 in the endo-
plasmic reticulum.

The catalytic cycle of Prx can be summarized in three
steps: oxidation (1), resolution (2 and 3), and reduction (4)
as shown in Fig. 1 for the Prx1-class. The Cp reacts with
peroxide and gets oxidized to sulfenic acid (Cp-SOH) that
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Fig. 1 Catalytic cycle of Prx1-
class peroxiredoxins. Steps 1

to 4 represent the peroxidase
cycle. Step 1, oxidation of Cp
by the peroxide substrate. Step
2 represents the fully-folded
FF to locally unfolded LU
conformational transition. Step
3, intermolecular disulfide
formation. Step 4, reduction by
the thioredoxin Trx, thioredoxin
reductase TR, NADPH system.
H and H’ depict the two steps
of Cp hyperoxidation, while R
indicates the rescue of Cp-SO,™
by sulfiredoxin (Srx), back to
the peroxidase cycle

= NADPH
NADP+

suffers a conformational change (from a fully folded FF to
a locally-unfolded LU state) to get closer to the resolving
Cys (Cy) of the neighboring monomer to form an intermo-
lecular disulfide. The disulfide is reduced by thioredoxin,
that is reduced by thioredoxin reductase and NADPH (Trx/
TR/NADPH system). The Cp-SOH can also react with per-
oxide to form sulfinic (Cp-SO,") and then sulfonic acid
(Cp-SO57), that inactivates the peroxidase activity. Only the
Cp-SO,™ form can be rescued by sulfiredoxin (Srx) at the
expense of ATP (Forshaw et al. 2021).

pH,u, T

HMW

Fig.2 Oligomerization equilibria of Prx1-class peroxiredoxins. The
redox state of the active site cysteines is represented above each oli-
gomeric form. For the hyperoxidized high-molecular-weight HMW,
only the redox state of the Cp, was represented. Besides the redox state
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Quaternary structure and oligomerization dynamics
of peroxiredoxins

All Prx are ~ 22 kDa globular proteins with a common Trx-
fold, and display quaternary structure (Fig. 2). The minimal
unit of 2-Cys Prx is a head to tail homodimer containing
2 active sites, in equilibrium with decamer (Prx1, Prx2,
Prx4) or dodecamer (Prx3). Prx5 is an atypical 2-Cys Prx
forming an intramolecular disulfide when oxidized, never-
theless, the reduced as well as the oxidized form arranged

pH,u, T

Dimers

of the reactive cysteines, the oligomeric state can be affected by pH,
ionic strength (u) and temperature (T), among other factors that are
discussed in the text. The representations were built using PDB:7KIZ
as the starting structure
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as homodimers. Prx6 is a 1-Cys Prx containing only the
peroxidatic Cys, but also it is present as a dimer (Table 1).
Structures of related peroxiredoxins have been summarized
in recent reviews (Bolduc et al. 2021; Troussicot et al. 2021).

The studies of Prx by crystallography and X-ray diffrac-
tion provided the basis for our understanding of their struc-
ture, and also information on their oligomerization states,
because identifies dimers, decamers, and even dodecamers.
However, it does not allow the determination of thermody-
namic parameters such as the dissociation constant of those
oligomers.

In the oxidized state and low protein concentration, 2-Cys
Prx are mainly found as covalently disulfide-linked homodi-
mers. At higher concentrations or when the cysteines are
reduced or hyperoxidized, dimers associate into doughnut-
shaped decamers (Wood et al. 2003a, b). In addition, the
formation of Prx HMW aggregates has been associated with
a holdase, chaperone-like activity of these enzymes that still
needs deeper studies (Jang et al. 2004, Rhee et al. 2011, Veal
et al. 2018, Troussicot et al. 2021).

The decamer-dimer transition is a reversible process that
depends on protein concentration and other factors that has
only been characterized thermodynamically (K, determina-
tion) in a few cases. The main reason is probably that the
biophysical methods used to analyze quaternary structure of
proteins have different limitations that complicate the deter-
mination of the precise oligomer distribution at equilibrium
(Manta et al. 2011). Different biophysical approaches used to
assess Prx1-class oligomerization will be discussed below.

Size-exclusion chromatography (SEC) separates proteins
according to their hydrodynamic radii. The stationary phase
consists of a porous material, such that very large molecules
will be sterically impeded from diffusing into the porous
stationary phase and will exit the chromatography column
very rapidly. Very small molecules can freely diffuse into the
stationary phase and will access a larger volume and elute
later. Intermediate size molecules will partially enter the

stationary phase and will elute at intermediate times, accord-
ing to their size. Using stationary phase with an appropriate
pore size, there is an inverse linear relation between the loga-
rithm of the molecular mass of the proteins and the retention
time. This is true for globular proteins, whereas elongated
proteins will appear larger because of the larger hydrody-
namic radius. This confounding factor may be avoided by
coupling SEC to a MALS detector, which can determine the
molecular mass of the eluting compound independent of the
hydrodynamic radius. One of the main advantages of SEC is
that it allows rapid estimation of the molecular mass of pro-
teins in solution, thus allowing the estimation of oligomeri-
zation state. When the oligomers are very stable, the SEC
shows a single peak that allows the estimation of number
of subunits in the native quaternary structure of the protein
in solution. When oligomers have medium to low stability,
the dissociation of the oligomer can be observed as a tailing
of the main peak in the chromatogram, or by the presence
of a low-molecular-weight peak, and a “bridge” connecting
both peaks (Villar et al. 2022). The “bridge” indicates that
the oligomer is dissociating as the chromatography is occur-
ring, complicating the calculation of dissociation constants.

Using a small column (Superdex 200 5/150 GL column,
Cytiva) at 25 °C and a fluorescence detector, it was found
that reduced human Prx1 appears mostly as a decamer at
total protein concentrations above 2 uM, and as dimer below
2 uM. The concentration of monomer at which subunits are
equally distributed between dimers and decamers (C, 5) was
estimated as 1.3 +0.7 uM, with K= (8.6 +£4.6)x 107 M*
(Villar et al. 2022). Some sequence changes were observed
that modified the quaternary structure of Prx1. For instance,
phosphorylation of Thr 90, or its replacement by phospho-
rylation mimic Asp, led to the formation of HMW aggre-
gates (higher than 700 kDa, lower than 2000 kDa according
to SEC)(Jang et al. 2006).

Using a Superdex 200 10/300 column at 25 °C, it was
found that reduced human Prx2 was mostly present as a

Table 1 Crystallographic

Isoform Redox state PDB ID Oligomeric state Reference
structures of human Prx

Prx1 C83S Disulfide Cp-Cy 4XCS dimer (Cho et al. 2015)

Prx2 Cp-SO,H 1QMV decamer (Schroder et al. 2000)
Disulfide Cp-Cy SUT decamer (Bolduc et al. 2018)
Cp-SH 7KIZ decamer (Peskin et al. 2021)

Prx3 Cp-SH 5]CG dodecamer (Yewdall et al. 2016)

Prx4 Cp-SH 3TKP decamer (Wang et al. 2012)
Disulfide Cp-Cy 3TIB decamer (Caoetal. 2011)
Cp-SO,H 3TKQ decamer (Wang et al. 2012)

Prx5 Cp-SH 1H40 dimer (Evrard et al. 2001)
Disulfide Cp-Cy 10C3 dimer (Evrard et al. 2004)

Prx6 Cp-SH 5B6M dimer (Kim et al. 2016)
Cp-SOH 5B6N dimer (Kim et al. 2016)
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decamer at concentrations above 10 uM, but dissociation
to dimers appeared at lower concentrations. Because of
absorbance detection limitations, the lower concentration
of protein used was 5 pM monomer. The results were used
to estimate K =1072* M*, C,5s~2 uM (Manta et al. 2009).
A recent report also shows that reduced Prx2 eluted as a
decamer, while oxidized Prx2 showed both decamers and
dimers (Peskin et al. 2021) similar to porcine Prx2 (Schroder
et al. 1998). Reduced mutants in resolving cysteine C172S,
C172D, C172W resulted in higher dissociation to dimers
than the wild-type (Peskin et al. 2021). Hyperoxidized
human Prx2 crystallographic structure showed a similar
active site to reduced Prx2 (Schroder et al. 2000), that stabi-
lizes the dimer-dimer interface and promotes decamerization
and HMW aggregate formation.

Human Prx3 forms a dodecamer in the reduced state (by
X-Ray diffraction) that dissociates to dimers when oxidized
(by SEC) (Cao et al. 2011). Human Prx4 was found to be a
decamer, both in the reduced and the oxidized state (by SEC
and X-Ray diffraction (Cao et al. 2011).

Therefore, SEC is very useful at providing information on
the oligomeric state of Prx, and to study factors that affect
it. However, from the model fitting, it is evident that SEC
is not the most precise method to measure the K, because
intrinsic dilution during the chromatography leads to dis-
sociation in the column (Villar et al. 2022). This problem is
further aggravated in larger columns.

Analytical ultracentrifugation (AUC) is one of the power-
ful techniques available for the quantitative characterization
of macromolecular associations in solution. There are two
approaches, sedimentation velocity (SV), and sedimentation
equilibrium (SE). In SV, the transport of the macromolecule
at high centrifugal force is followed and components sepa-
rated on the basis of differences in mass, density, and shape.
Free software is available for the analysis of the experimen-
tal time-dependent concentration gradients that allows the
estimation of the molar mass and sedimentation coefficient
of each sedimenting species. If the dynamics of the asso-
ciation/dissociation is fast and it is not possible to separate
different oligomeric states on the time scale of the experi-
ment, the SE approach could help. In SE, lower centrifugal
forces are used until the equilibrium between sedimentation
and diffusion is reached, thus, there is no net transport of
the macromolecule. Analysis of the concentration gradi-
ent achieved at equilibrium provides information about the
molar mass, stoichiometry/thermodynamics of the associa-
tion. A review by P. Schuck in Biophysical Reviews (Schuck
2013) describes the fundamentals of SE, SV, and applica-
tions to study protein—protein interactions, not only protein
self-association but also multi-protein complex formation.

AUC has been used to study structure/activity relation-
ship and find a link between Prx oligomeric states and
peroxidase activity. Early on, it was shown by AUC that
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Salmonella typhimurium AhpC was mainly in decameric
form when reduced, and dissociated to dimers when oxi-
dized (Wood et al. 2002). This was supported by dynamic
light scattering, DLS, measurements. However, crystals
of the oxidized protein showed decamers instead of the
expected dimers, likely because the high concentration
needed to crystallize the protein shifted the equilibrium
to decamers. In this work, the authors were the first to sug-
gest that Prx antioxidant and signaling activities could be
regulated by the oxidation of the Prx and by the dissocia-
tion of the decamer to dimers (Wood et al. 2002).

Using AUC, reduced human Prx2 in solution was found
to be mainly a decamer, although no dissociation constant
could be calculated because free dimer concentration was
too low to measure (Schroder et al. 2000). A 2-3 S sedi-
mentation coefficient for the dimer, and around 8 S value
for the decamer of Prx2 were reported (Randall et al. 2016;
Peskin et al. 2021). Mutations on the dimer-dimer interface
(C83S of hPrx1) or at the C-terminal, like the resolving
C172 of Prx2, as well as post- translational modifications
like glutathionylation of C83 of Prx1 or nitration of Y193
of Prx2, provoke a disruption of the decamer as evidenced
by SV-AUC, with concomitant decrease on H,O, reactivity
(Park et al. 2011; Randall et al. 2016; Peskin et al. 2021).

Thus, AUC is very useful to study the oligomeriza-
tion status of Prx. However, because these experiments
have to be performed at high protein concentrations, the
dissociation into dimers that occurs at very low protein
concentration may not be observed and thus preclude the
calculation of Kp,.

Isothermal titration calorimetry (ITC) directly measures
the energy associated with a biochemical reaction or a
molecular interaction at constant temperature, and it has
been widely used in biosciences to study thermodynamics
of protein-ligand, and protein—protein interactions (Leavitt
et al. 2001). A particular case is protein self-association,
where the strength of the interaction can be measured
in ITC dilution experiments. The stepwise addition of a
concentrated solution of the protein (50-100 uM) to the
calorimetric cell containing buffer, with the subsequent
dilution of the macromolecule, triggers the dissociation,
leading the system through a sequence of equilibrium
states. The heat associated with each injection is propor-
tional to the increment in the concentration of monomer
in the calorimetric cell. As the protein concentration in
the calorimetric cell progressively increases, the dissocia-
tion process is less favored, and the sequence of injections
proceeds until no significant heat is detected. The total
concentration of the protein needs to be precisely deter-
mined (known independent variable). Nonlinear regression
analysis of the dependent variable (heat associated with
each injection) allows the estimation of the thermody-
namic parameters, not only the equilibrium dissociation
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constant K, but also the enthalpic and entropic compo-
nents AHp, ASp.

Barranco-Medina et al. (Barranco-Medina et al. 2008)
studied by ITC the dimer-decamer equilibrium of 2-Cys
Prx (human and plants) obtaining values of CTC (critical
transition concentration) in the very low micromolar range,
observing a sharp transition above this concentration that
suggests a cooperative effect. Their results indicate that oli-
gomerization of reduced 2-Cys Prx takes place at total pro-
tein concentrations lower than 2 uM. The measured positive
solvation enthalpy due to the release of very ordered water
molecules from dimer-decamer interface, confirmed the
endothermic nature of Prx oligomerization. The oligomeri-
zation of Prx is then driven by entropy, most likely a hydro-
phobic effect where the release of highly ordered water in
hydrophobic dimer-dimer surfaces compensates for the loss
of dimer freedom and the positive enthalpy. Interestingly, no
heterocomplexes with subunits from different Prx species
were observed.

Mass photometry is based on interferometric scattering
microscopy (Young et al. 2018), where the amount of scat-
tered light is directly related to the mass of the molecule. It
allows the determination of proteins in their native state in
solution and because it is based on single molecule measure-
ments, it can determine the mass and amounts of different
molecules in a mixture, similar to DLS (dynamic light scat-
tering), but with a higher sensitivity and resolution, thus, a
much lower volume requirement. The method is limited to
protein concentration below 3 uM, and to proteins larger
than 40 kDa (Young et al. 2018).

Using mass photometry, it was shown that human Prx1
had a C; ;=500 nM at pH 8.0, whereas A. thaliana 2CPA
had a Cj5~20 nM (Liebthal et al. 2021). In the case of A.
thaliana 2CPA, different mutants were used to study the sub-
stitution of amino acid residues of interest in the quaternary
structure. Neutral substitutions in the active site (C54S) had
no effect on the quaternary structure, whereas substituting
cysteine 54 for aspartate (C54D) that mimics hyperoxidation
of the cysteine to sulfinic acid, led to stabilization of the
decamer and the formation of HMW aggregates. Disturb-
ing the dimer-dimer interface by replacing a phenylalanine
with a charged arginine (F84R), led to stabilizing the dimers
instead. Thus, mass photometry has the potential to be a
powerful tool to study the factors affecting Prx oligomeriza-
tion. The only concern is that the adsorption on the glass,
necessary to see the scattering by this method, changes the
dissociation equilibria of the species involved.

Fluorescence techniques can be extremely helpful to
study the oligomerization dynamics of proteins. Forster
resonance energy transfer (FRET) has been widely used to
study protein—protein interactions in this context, as it is
used to assess the proximity between molecules. It consists
of the nonradiative transfer of the emission energy from a

donor fluorophore to an acceptor, that has an excitation spec-
trum overlapping the donor’s emission spectrum. A two-step
FRET approach was used to detect the decamer formation of
plant 2-Cys Prx1 in protoplasts (Seidel et al. 2010). Herein,
three GFP (green-fluorescent protein) derivatives (CFP,
YFP and mCherry) where fused to the A. thaliana 2-Cys
Prx1 and expressed at the same time to detect the two-step
FRET (energy transfer from CFP to mCherry through YFP)
from the different fusions localized in the same decamer. An
increase in mCherry fluorescence was found, proving the
formation of decamers of 2-Cys Prx1 in vivo.

Additionally, fluorescence polarization (or anisotropy) is
often a helpful method since it increases as the mobility
of the fluorophore decreases. Thus, oligomer formation can
be assessed by following an increase in the polarization,
since there is a decrease in the mobility from the free subu-
nits to the assembled oligomer (Jameson et al. 2010). This
approach has been applied to the study of the oligomeriza-
tion dynamics of human Prx2 in living human cells through-
out oxidation/reduction cycles (Pastor-Flores et al. 2020).
Herein they transfected the cells with a fusion between Prx2
and mCerulean (hPrx2-mCer) and followed the changes in
the polarization of fluorescence emission of the latter. The
addition of H,O, was followed by an increase in the polar-
ization of Prx2-mCer, which later decreased to the basal
state after the probe was reduced. Here, the oxidized dimers
polarized the emission while the emission of the reduced
decamers was depolarized. This unexpected behavior was
caused by the homoFRET between neighboring mCer in the
Prx2 decamer. Using this construct, a C; =1 uM can be
estimated (Pastor-Flores et al. 2020).

The use of genetically encoded fluorophores is helpful
to follow the oligomerization dynamics in living cells as
exemplified above; however, the chemical or genetic attach-
ment of fluorophores to a protein could potentially disturb
its quaternary structure and produce oligomerization arti-
facts. A less intrusive approach is the study of the intrinsic
fluorescence of proteins, governed by the tryptophan, Trp
residue. Trp emission demonstrated to be a reliable reporter
of protein structural changes since it is easily affected by
physicochemical variations in its molecular environment.
Figure 3A shows the change of Prx1 spectral center of mass
upon a 40-fold dilution. Dilution affects the dynamics of pro-
tein oligomerization tilting the equilibrium towards dimers,
noticed as a subtle red shift in the emission of Prx1. Nev-
ertheless, the lifetime of fluorescence emission (t) shows a
larger change after dilution (Fig. 3B). The lorentzian distri-
butions used to fit fluorescence lifetime data indicate that
an important change is occurring, but it is still difficult to
make use of it.

The phasor analysis of 7, is a suitable approach to study
protein oligomerization, because it can be used to calculate
the fraction of distinct fluorophores within a mixture. After
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Fig. 3 Intrinsic fluorescence of hPrx1. A Normalized emission spec-
tra of 20 uM (blue, mostly decamer) and 0.5 uM (orange, mostly
dimer) reduced hPrx1 (Aex 295 nm). The spectral center of mass (Cy,)
of each spectrum is indicated. B Lorentzian distributions obtained

the phasor transform is applied to T data, two values named
G and S are obtained. The latter are the equivalent of x and
y in a Cartesian coordinate axis. The phasor plot is delimited
by a semicircle (called “universal circle”) that represents
the position of all the fluorophores with monoexponential
decays, whereas multiexponential decays will fall inside (red
line in Fig. 4A). Hence, in the case of proteins, their pha-
sors will most likely fall inside the universal circle given
the complex nature of protein Trp emission. The phasor
analysis allowed the calculation of the fraction of reduced
Prx1 dimers and decamers at different protein concentrations

A

0.5

0.4 1

0.3
(72}

0.21

0.1

0.0+ T T T T f

0.0 0.2 0.4 0.6 0.8 1.0
G

Fig.4 Study of hPrx1 decamer-dimer equilibrium using the fluores-
cence lifetime phasor analysis. A Phasor plot for three concentra-
tion points (0.5, 1, 80 uM) of reduced hPrx1. The universal circle is
delimited in red, the line segment between the dimer and decamer
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from the fitting of the emission lifetimes of hPrx1 20 puM (blue,
decamer) and 0.5 pM (orange, dimer) obtained by frequency-domain
fluorometry (LED 295 nm) (Villar et al. 2022)

(Villar et al. 2022). Prx1 dimers and decamer had distinct
and spatially separated phasors that fell inside the univer-
sal circle (0.5 and 80 uM points in Fig. 4A). Mixtures of
dimers and decamers had their phasors aligned on the line
segment that separated dimers from decamers (1 uM point in
Fig. 4A), meaning that each mixture is a linear combination
of the dimer and decamer phasors. Using phasor algebra,
the fraction of each oligomeric species was calculated at the
assayed Prx1 concentrations, and a dissociation curve was
built to obtain a Kp of 1.1x 102* M* and a C, 5 of 1.36 uM
(Fig. 4B).
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regions at 0.5 and 80 uM hPrx1 (confirmed by SEC) is represented in
black. B Dissociation curve plotted as the fraction of hPrx1 decamer
vs. total protein concentration. Both figures are adapted from (Villar
et al. 2022)
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The phasor approach is relatively simple when the system
has a binary behavior, i.e., when there are only two fluoro-
phores in the mixture (in this case, decamer and dimer). The
complexity of data analysis and interpretation increases with
the number of T components.

Factors affecting oligomerization

Several factors have been reported to affect Prx oligomeri-
zation (Fig. 2), including ionic strength (Kitano et al. 1999,
Chauhan et al. 2001), pH (Kristensen et al. 1999), calcium
(Allen et al. 1979, Plishker et al. 1992), as well as the redox
state of the active cysteines (Schroder et al. 1998, 2000;
Wood et al. 2002). Reduction of the active-site disulfide is
emerging as the primary factor in the stabilization of the
decamer (Wood et al. 2003a, b). Total concentration of pro-
tein is a key factor that governs the oligomeric equilibria.
Intracellular concentration of Prx is generally high but var-
ies depending on the isoform present on each tissue and
subcellular organelle. An extreme case is the concentration
of hPrx2 in erythrocytes reported in the 250-410 uM range
(Moore et al. 1991; Cho et al. 2010).

Concluding remarks

In recent years, new and exciting advances have been made
regarding the role of Prx in keeping the redox status of the
cell. The quaternary structure of Prx, and moreover, the tran-
sition between oligomers, is determinant on defining pro-
tein—protein interactions that are essential to achieve their
biological functions. It is very likely that different proteins
interact with Prx in its dimeric, decameric or HMW forms.
Multiple factors can modulate the oligomeric transitions of
Prx1-class Prx such as redox state, post-translational modifi-
cations, ionic strength, pH, as well as total monomer concen-
tration. Besides the classical methods for analyzing oligom-
ers distribution like SEC, new more precise approaches have
emerged like mass photometry and fluorescence lifetime
phasors that are promising to understand the dynamics of
Prx oligomerization. These thermodynamic data will allow
in silico simulation of the different cellular processes and
contribute to understanding the biological functions of Prx.
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