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ARTICLE INFO ABSTRACT

Keywords: Hydrogen peroxide (H203) acts as a signalling molecule by oxidising cysteine thiols in proteins. Recent evidence

PerOXire_d"X”{ has established a role for cytosolic peroxiredoxins in transmitting HyO-based oxidation to a multitude of target

E-Ed;f)x signalling proteins. Moreover, it is becoming clear that peroxiredoxins fulfil their function in organised microdomains,
10.

. . where not all interactors are covalently bound. However, most studies aimed at identifying peroxiredoxin
Proximity labelling . . A .
Protei . . interactors were based on methods that only detect covalently linked partners. Here, we explore the applicability

rotein-protein interactions ) A o 3 N ) ) . A

Prdx2 of two thiol-disulphide independent in-cell trapping methodological approaches in combination with mass
spectrometry for the identification of interaction partners of peroxiredoxin 2 (Prdx2). The first is biotin-
dependent proximity-labelling (BioID) with a biotin ligase A (BirA*)-fused Prdx2, which has never been
applied on redox-active proteins. The second is crosslinker co-immunoprecipitation with an N-terminally His-
tagged Prdx2. During the initial characterisation of the tagged Prdx2 constructs, we found that the His-tag,
but not BirA*, compromises the peroxidase and signalling activities of Prdx2. Further, the Prdx2 interactors
identified with each approach showed little overlap. We therefore concluded that BiolD is a more reliable method
than crosslinker co-immunoprecipitation. After a stringent mass spec data filtering, BioID identified 13 inter-
actors under elevated Hy0, conditions, including subunit five of the COP9 signalosome complex (CSN5). The
Prdx2:CSN5 interaction was further confirmed in a proximity ligation assay. Taken together, our results
demonstrate that BioID can be used as a method for the identification of interactors of Prdxs, and that caution
should be exercised when interpreting protein-protein interaction results using tagged Prdxs.

1. Introduction redox-sensitive proteins via a redox relay mechanism [12,13]. Accord-

ing to this mechanism, first the peroxidatic cysteine (Cysp) of Prdx reacts

Hy0, is a key redox signalling molecule that reversibly oxidises
redox sensitive cysteines in proteins [1], resulting in an altered protein
structure [2-4], function [3,5,6], or cellular location [7,8]. However,
given the low reactivity of most thiols with HyO2 [9] and the presence of
highly abundant and extremely efficient HyO5 scavenging peroxir-
edoxins (Prdx) [10,11], it is surprising to observe that HyO, can oxidise
the cysteine thiols of its target proteins. The most likely explanation is
that it is the Prdxs that transfer oxidative equivalents from H,O5 to

with Hy0s, forming a sulphenic acid (Cysp-OH). Then, the thiol of the
partner protein reacts with Cysp-OH, followed by thiol-disulphide ex-
change with a vicinal thiol in the partner, if available. In a different
scenario, the Prdx Cysp-OH forms a disulphide bond with the resolving
Cys (Cysgr) and the thiol of the partner protein then reacts with the
disulphide within Prdx using a typical thiol-disulphide exchange
mechanism.

In the cytosol of mammalian cells, the global existence of Prdx1-and
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Prdx2-mediated redox relays has been demonstrated [14], and espe-
cially the interaction between Prdx2 and the transcription factor STAT3
has been studied in detail in terms of its redox relay [15]. For a long
time, the question of how Prdxs and their target proteins recognise each
other and position themselves for the transfer of oxidative equivalents
remained unclear. Recently, the membrane chaperone annexin A2
(AnxA2) was found to template the Prdx2:STAT3 interaction for a pro-
ductive redox relay [16].

Most cytosolic Prdx interactors, including STAT3 and ASK1, have
been found using methods such as conventional affinity pull-down
methods or immunoprecipitation (IP), ‘diagonal’ non-reducing vs
reducing gel electrophoresis, or kinetic trapping with thioredoxin (Trx)
mutants [14,15,17,18]. These methods have several limitations. Diag-
onal gels only identify interactors which form mixed disulphide bonds
with peroxiredoxins. While this might be the prevailing mechanism by
which peroxiredoxins transfer oxidative equivalents to target proteins, a
two-step redox relay mediated by glutaredoxins cannot be excluded.
Indeed, the sulphenic acid formed on the peroxidatic cysteine of Prdx2
has been demonstrated to form mixed disulphides with glutathione with
subsequent reduction by glutaredoxins. In turn, glutaredoxins are
known to be able to oxidise proteins [19-21]. Thioredoxins could also
oxidise proteins by a similar two-step redox relay mechanism [22],
though it has been demonstrated that, at least in the specific context of
cytosolic 2-Cys peroxiredoxins (Prdx1 and Prdx2) in HEK293T cells, this
is not the case [14]. Methods based on Trx-trapping mutants only detect
Prdx interactors forming disulphide bonds that are reduced by thio-
redoxin, but not other oxidative modifications, such as S-gluta-
thionylation. Finally, non-covalent interactors are also excluded from
hits generated this way. In light of the discovery that peroxiredoxins
form redox relays as part of organised membrane-associated complexes
[16], having a method that allows the capture of thiol-independent
interactors is becoming especially important.

Another source of potential caveats from these methods arises from
the fact that the trapping of interaction partners occurs post cell lysis.
Even though most studies take caution to prevent this by using thiol-
blocking reagents, e.g., iodoacetamide (IAM), methyl meth-
anethiosulphonate (MMTS), N-ethylmaleimide (NEM) [23], or antioxi-
dant enzymes like catalase [24], the probability of generating false
positive disulphide bonds due to oxidation during cell lysis still remains
[25], with reports of MMTS actually promoting intra- and intermolec-
ular disulphide bond formation [26]. Moreover, common immunopre-
cipitation protocols include the use of harsh buffer solution conditions
(i.e. containing high salt and detergent concentrations) during washing
steps, which renders it difficult to maintain intact protein complexes.
Hence, complex components including potential scaffolding proteins
that form non-covalent interactions could be easily disrupted, and
therefore lost.

To overcome these limitations, a thiol-disulphide independent
method that labels interacting proteins in cells pre-lysis is needed. Such
a method can simply be a modified immunoprecipitation protocol that
includes the crosslinking of interacting proteins with a chemical cross-
linker added to the cells before lysis. This approach has been successfully
implemented in numerous interactor studies, and chemical crosslinkers
with different properties are available, such as DSSO [27], DSP [28],
DSBU [27], and EDC [29].

The proximity-dependent labelling method BioID also fulfils these
criteria and can therefore serve as an additional approach to investigate
peroxiredoxin interactomes. BiolD, as a protein-protein interaction (PPI)
identification method, utilises the mutant of the promiscuous biotin
ligase (BirA*) from E. coli fused to the protein of interest (the “bait™)
[30]. Upon expression in cells, the fusion protein constantly activates
free biotin in the presence of ATP, which then biotinylates the proteins
in its vicinity (estimated radius ~10-15 nm [31]). These biotinylated
proteins can be considered as interaction partners of the bait protein and
include weak and transient interactors. Another advantage of this
technique lies in its dependency on the biotin-avidin interaction. As this
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is the interaction with the highest affinity known in nature (Kp = 10~
M [32]), it can withstand stringent washing conditions necessary to
dissociate unlabeled proteins during the immunoprecipitation and mass
spec sample preparation better and hence yield more specific results
than other methods. What makes this method especially suitable for
redox biology is that, unlike some other alternative proximity-labelling
techniques based on engineered ascorbate peroxidase tagging [33], it
does not require the addition of external HyO» to induce biotinylation
and can therefore be used to identify Prdx interactors specifically
occurring under elevated H,O5 conditions that, due to the nature of
BioID, would still be independent of the redox state of thiols. BioID has
been successfully implemented in numerous studies to identify novel
PPIs, such as peptidyl-prolyl cis-trans isomerase FKBP4, a novel
PI3K-Akt-mTOR interactor [34]; several prohibitin-2 associated mito-
chondrial intermembrane space proteins [35], and multiple human
centriolar satellite interactors [36], yet never in the field of redox
biology.

In this study we examined the suitability of immunoprecipitation
using a His-tagged Prdx2 in the presence of a crosslinker (we chose the
DTT-cleavable crosslinker dithiobis-succinimidyl propionate (DSP) [37,
38]), which we called “DSP-IP”, and BioID as methods for the identifi-
cation of Prdx2 interactors induced by HyO, in mammalian cells. Based
on the results of the characterisation of the constructs utilised for both
methods to assess the influence of the tags on the properties of Prdx2 and
the comparison of the interactor lists obtained with both approaches
with other databases, we conclude that BioID is a more reliable method
than DSP-IP with His-Prdx2. With BioID we identified 13 proteins that
Prdx2 interacts with under elevated HoO5 conditions. Among those, the
CSN5 subunit of the COP9 signalosome complex (CSN) warranted
further investigation, as CSN5 plays an important role in tumorigenesis
and has been shown to interact with STAT3 [39].

In summary, we demonstrate the applicability of BioID for thiol-
disulphide unbiased trapping of Prdx interactors in live cells, establish
a protocol for its usage, and present new potential interactors of Prdx2.
Our results also reveal the importance of Prdx tagged construct char-
acterisation prior to their usage in PPI studies.

2. Materials and methods
2.1. DNA cloning

The expression vector backbone pASIET for BioID constructs was a
gift from the lab of Karine Breckpot (VUB) and the genes of BirA*-Flag-
Prdx2 and BirA*-Flag-GFP were a gift from the lab of Sebastian Tanco
(VIB). The cloning was performed using Gibson assembly. In brief, the
PASIET vector was linearised using the BamHI restriction enzyme
(Thermo Scientific™ Cat. ER0055) and dephosphorylated by Shrimp
Alkaline Phosphatase (Thermo Scientific™ Cat. 783905000UN). The
linearised vector was purified by agarose gel electrophoresis using the
Wizard® SV Gel and PCR Clean-Up System (Promega Cat. A9281) for
extracting the DNA from the gel. The genes of interest were amplified
with primers having 20 bp overhangs overlapping the linearised pASIET
vector at the 3’ and 5 ends. The linearised pASIET vector and the
overlapping insert genes were assembled using the NEBuilder® HiFi
DNA Assembly Master Mix (NEB Cat. E2621) following the manufac-
turer’s protocol and transformed into Stbl3 chemically competent cells
(Invitrogen™ Cat. C737303). Positive colonies were selected based on
the results of colony PCR. The DNA was prepped using QIAGEN Plasmid
Plus Midi Kits (QIAGEN Cat. No./ID: 12943) and confirmed by
sequencing. The pCI-His-Prdx2 construct was purchased from the VIB
Protein core facility (UGent).

2.2. Cell culture

Human embryonic kidney cell lines (ATCC® CRL-3216™) were
cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco™
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Cat.11965092) supplemented with 10 % Fetal Calf Serum (Gibco™,
Cat.10270106) and 1 % Penicillin-Streptomycin (10,000 U/mL)
(Gibco™ Cat.15140122). Cell lines were authenticated by Eurofins and
routinely checked for the absence of mycoplasma using the PCR Myco-
plasma Test Kit (PromoCell Cat.PK-CA91-1024).

2.3. PEI transfection

Plasmids containing the BioID constructs were introduced into
HEK293T by linear Polyethylenimine (PEI 25K, Polysciences Cat.23966-
1)-mediated transfection as described previously [40] with minor
modifications. Briefly, cells were seeded at 70-80 % confluency in either
T75 flasks (CELLSTAR® Cat.658175) or 6-well plates (COSTAR®
Cat.3516). Cells were transfected the next day with PEI-complexed
plasmids in Opti-MEM™ I Reduced Serum Medium (DNA: PEI ratio
1:2) pre-incubated for 30 min at room temperature. After 4 h of incu-
bation, the medium was replaced with fresh complete growth medium
and the cells were allowed to grow overnight.

2.4. Biotinylation of HEK293T cell line

Cells were seeded in 6-well plates and transfected with BioID con-
structs the next day using PEI as discribed above. After 24 h, the medium
was replaced with fresh complete growth medium containing 0 pM, 0.1
pM, 1 pM, 10 pM, 50 pM, or 100 pM biotin. The cells were harvested and
lysed for western blot after 24 h of biotinylation.

2.5. CellTiter-Fluor™ Cell viability assay

All experiments were performed in triplicates. Prior to carrying out
the cell viability assay using CellTiter-Fluor™ (CTF), a standard curve
was built by making a serial dilution of cell numbers in a 96-well plate.
HEK293T cells were incubated with 50 pL complete DMEM growth
medium and 50 pL 2X CTF solution for 30 min and measured at Aex =
380 nm, Aem = 505 nm. As a background control, only medium with CTF
solution was measured.

2.6. Elevation and quantification of intracellular HyO3 levels

HEK293T cells were seeded at 30 % confluency in a 96-well plate.
The next day, the medium was refreshed and the cells were treated with
pre-mixed growth medium containing either 1 mU/mL xanthine oxidase
dissolved in 50 mM potassium phosphate buffer with increasing
amounts of xanthine dissolved in 1 M NaOH (stock concentration 164
mM) (0-10 pM) or increasing concentrations of auranofin dissolved in
DMSO (stock concentration 1 mM) (0-0.8 pM), and incubated for 24 h.
Then, the medium was discarded, growth medium containing 5 pM of
the Peroxy Orange 1 (PO1) HyO, probe (R&D Systems, Cat. 4944/10)
was added to the cells and the cells were incubated at 37 °C for 40 min.
Afterwards, the medium was refreshed with 50 pL growth medium and
the signal from the probe was measured at Aex = 543 nm, Aeyy = 583 nm
using a microplate reader (ID5, Molecular Devices). To assess how HoO2
elevation influences cell viability, the CTF assay was used as described
above. The normalised PO1 values were calculated using the equation:
l:)Olnormalised = POlsample/ (CTFsample'CTFbackground)-

2.7. Measuring the HyPer7 probe response in cells

HEK293T cells were transiently transfected with pCI-HyPer7 by PEI
transfection (as described above) in a 10 cm TPP® tissue culture dish
(Sigma-Aldrich, Cat. Z707686). The next day, transfected cells were
trypsinised and re-seeded in 6-well plates. After cells had attached, they
were treated with either 8 pM xanthine and 1 mU/mL xanthine oxidase
or 0.8 pM auranofin for 24 h. Cells treated with PBS (vehicle) were used
as a negative control. The next day, cell images were captured using an
Eclipse Ti2 Inverted Microscope (Nikon) with Aex = 490 nm, which
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corresponds to the peak of the HyPer7 excitation spectrum which in-
creases upon oxidation by HyO9 [41]. The area with enhanced fluores-
cence at Aexy = 490 nm (%) was calculated by ImageJ using the
“analyze—measure” function on 8-bit converted images, which allows
the quantification of the area where the signal intensity is in the range
6-60 a.u., where 6 a.u. is the minimum signal value above the back-
ground signal and 60 a.u. is the threshold to avoid artificial signals from
dead cells. All experiments were performed in triplicates.

2.8. Cell harvesting and lysis

Cells were harvested and lysed following a published protocol with
minor modifications [42]. Briefly, cells were washed with PBS and
harvested by scraping them off plates with cell scrapers in PBS. The cell
suspension was collected and centrifuged at 1,000xg for 5 min. The
supernatant was discarded and the weight of cell pellets was deter-
mined. The cell pellets were lysed by repeatedly pipetting in complete
BioID lysis buffer (50 mM Tris/HCI pH 7.5, 150 mM NacCl, 0.1 % SDS,
0.2 % Nonidet P-40 substitute, 1.5 mM MgCl,, 1 mM EGTA) containing
the cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche
Cat.04693132001) or Protease Inhibitor Cocktail (Sigma-Aldrich Cat.
P8340) and Benzonase® Nuclease (Millipore Cat.E1014) at a 4:1 v:w
ratio. The lysate samples were snap-frozen in liquid nitrogen, and then
thawed at 37 °C. The lysate samples were further incubated at 4 °C on an
end-over-end rotator for 30 min and centrifuged at 16,000 xg for 20 min
at 4 °C. The supernatant was then transferred to a new eppendorf tube
and the concentration of the proteins in the lysate was determined by a
Bradford assay using the Bio-Rad Protein Assay Dye Reagent Concen-
trate (Bio-Rad Cat.5000006).

2.9. Western blot analysis

Proteins were separated by SDS-PAGE and transferred onto PVDF
membranes (Thermofisher Cat.88518) via the Trans-Blot®Turbo™
System (Bio-Rad). The membranes were blocked in PBS containing 5 %
bovine serum albumin (Sigma-Aldrich Cat.A7906) and 1 % Tween20 for
1 h at room temperature. Blots were probed with primary antibodies
against beta-actin (mouse host; Sigma-Aldrich Cat.A2228) and biotin
using the streptavidin-HRP conjugate (Sigma-Aldrich Cat. 18-152) in
PBS containing 3 % bovine serum albumin and 1 % Tween20 at 4 °C
overnight. The PVDF membranes were then washed three times with
PBS containing 1 % Tween20 and probed with the secondary antibody
anti-mouse IgG-HRP conjugate (Invitrogen™ Cat.62-6520) in PBS con-
taining 3 % serum bovine albumin and 1 % Tween20 for 1 h at room
temperature. The membranes were again washed three times with PBS 1
% Tween20 and kept in distilled water. Detection of the proteins on the
membranes was performed with a chemiluminescence camera using the
Pierce™ ECL Western Blotting Substrate (Thermo Scientific™ Cat.
32106). Quantification of signals on the membranes was done by
densitometric scanning using the ImageJ software.

2.10. BirA*-Flag-Prdx2 and His-Prdx2 oligomerization assessment

8.8 x 10° HEK293T cells were transfected with pASIET-BirA*-Flag-
Prdx2 or pCI-His-Prdx2 using PEI as described above. Cells transfected
with pASIET-BirA*-Flag-Prdx2 were treated with 50 pM biotin for 24 h.
Cells were treated with DMEM containing either no or 100 pM H203, for
15 s. Then the medium was removed and replaced by PBS containing 50
mM NEM for 5 min to block free thiols after which cells were harvested
and lysed with Pierce™ IP Lysis Buffer (Thermo Scientific™,
Cat.87787), containing protease inhibitors and benzonase. Non-reduced
cell lysates and lysates reduced with 50 mM DTT were then analysed by
non-reducing SDS-PAGE and native PAGE (Biorad, Cat.4561084) fol-
lowed by western blot against Prdx2 (mouse host; Sigma-Aldrich Cat.
WHO0007001M1 or anti-Prdx2 antiserum [43] kindly provided by Ber-
nard Knoops).
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2.11. Endogenous Prdx2 immunoprecipitation

50 pL Dynabeads™ Protein G (Invitrogen™, Cat. 10003D) were
equilibrated with 50 pL solution of 1 mg/mL BSA in PBS on a rotator for
10 min at 4 °C and then the supernatant was separated using a magnet.
1.5 pg Prdx2 antibody (mouse host; Sigma-Aldrich Cat. WH0007001M1)
diluted in 50 pL of a 1 mg/mL solution of BSA in PBS was added to the
Dynabeads™ Protein G on a rotator for 1 h at 4 °C. Afterwards the su-
pernatant was separated using a magnet and the Dynabeads™ Protein G
were washed twice with 50 pL PBS. The Prdx2 antibody coupled
Dynabeads™ Protein G were incubated with untransfected HEK293T
cell lysate on a rotator at 4 °C overnight. Then the supernatant was
separated using a magnet and the beads were washed 3 times with 200
pL of 10 mM Tris-HCI pH 7.5, 50 mM KCI and eluted in 20 pL of 1 M
glycine pH 3. The eluent was quickly neutralised with 2 pL of 1 M Tris
pH 10.

2.12. BirA*-Flag-Prdx2 and His-Prdx2 immunoprecipitation

40 x 10° HEK293T cells transfected with pASIET-BirA*-Flag-Prdx2
or pCI-His-Prdx2 using PEI as described above were treated with PBS
(vehicle), 0.8 pM auranofin, or 8 pM xanthine and 1 mU/mL xanthine
oxidase for 24 h. Cells tranfected with pASIET-BirA*-Flag-Prdx2 were
additionally co-treated with 50 uM biotin for 24 h. Cell lysates prepared
as above were incubated for 1 h with either Anti-FLAG® M2 Magnetic
Beads (Sigma, Cat.M8823) or the Dynabeads™ His-Tag Isolation and
Pulldown kit, after which immunoprecipitation with the respective an-
tibodies was performed. The concentration of the pulled down samples
was estimated using the Nanodrop by measuring the absorbance at 280
nm and confirmed by SDS-PAGE by loading 20 pL of 6 pM pulled down
samples and using purified recombinant Prdx2 as a positive control. The
relative band intensity on SDS-PAGE gel was determined densitometri-
cally by ImageJ. For further validation of our pulled down samples they
were blotted against Prdx2.

2.13. Peroxidase activity coupled assay

The peroxidase activity coupled assay was conducted following a
previously published protocol with minor modifications [44-47]. Buffer
exchange into the assay buffer (50 mM sodium phosphate pH 7.4; 150
mM NaCl; 0.1 mM DTPA) was performed for all Prdx2 samples. The
human untagged Prdx2 was purchased from Abcam (ab85331). The
NADPH oxidation (Agesqo = 6220 M~'em™) in the Trx/TrxR/NADPH
pathway was measured in function of time at 340 nm in a 96-well plate
(Polysorb, Nunc) in a Spectramax 340 PC (Molecular Devices). The re-
action mixtures contained 500 pM NADPH, 1 pM TrxR from
C. glutamicum (CgTrxR), 8 pM Trx from C. glutamicum (CgTrx), and 0.5
pM recombinant human Prdx2, or 0.5 pM BirA*-Flag-Prdx2, or 0.5 pM
His-Prdx2. All reactions were first incubated for 5 min at room tem-
perature and till a stable baseline was observed. The reaction was started
by the addition of 20 pM H30,. Negative control measurements were
performed in the absence of Hy0,. All data were normalised by sub-
tracting corresponding negative controls as the background value and
setting the time point when a decrease in absorbance started to be
observed as time point 0. This was necessary to avoid the initial fluc-
tuation in measurements before equilibration of the system. Data were
fitted with an exponential decay in Prism9.

2.14. BirA*-Flag-Prdx2 and His-Prdx2 co-immunoprecipitation with
STAT3

40 x 10° HEK293T cells were transfected with pASIET-BirA*-Flag-
Prdx2 or pCI-His-Prdx2 using PEI as described above. Cells transfected
with pASIET-BirA*-Flag-Prdx2 were additionally treated with 50 pM
biotin for 24 h. Cells were harvested after 24 h and resuspended in 200
pL DMEM containing either no or 100 pM H20 for 2 min. The cells were
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collected by centrifugation at 1000 x g for 2 min and resuspended in 200
pL 50 mM NEM in PBS for 5 min. The cells were subsequently pelleted
and lysed in Pierce™ IP Lysis Buffer as described above. Untransfected
HEK293T cells were used as a negative control. The cell lysates were
then incubated with 50 pL Anti-FLAG® M2 Magnetic Beads or the
Dynabeads™ His-Tag Isolation and Pulldown kit on an end-over-end
rotator overnight at 4 °C. The next day, the beads were washed 3
times with 500 pL TBS and then the proteins were eluted in the
respective solutions according to the product manual. The eluents and
whole-cell lysates were analysed by non-reducing western blot using
antibodies against STAT3 (Cell Signaling, Cat.9139S). Then the mem-
brane was stripped using the Restore™ PLUS Western Blot Stripping
Buffer (Thermo Scientific™, Cat.46430) and re-blotted against Prdx2.

2.15. BirA*-Flag-Prdx2 and CSN5 co-immunoprecipitation

40 x 10° HEK293T cells transfected with pASIET-BirA*-Flag-Prdx2
using PEI as described above were treated with PBS (2 samples), 0.8
uM auranofin, or 8 pM xanthine and 1 mU/mL xanthine oxidase, as well
as 50 pM biotin for 24 h. Cells were subsequently harvested by centri-
fugation at 1,000xg for 5 min and one of the PBS-treated samples was
resuspended in 200 pL. DMEM containing 100 pM H20» for 2 min, after
which the cells were pelleted as described. All cell pellets were then
resuspended in 200 pL PBS containing 50 mM NEM for 5 min and then
collected again. The following procedures were the same as for the
BirA*-Flag-Prdx2 and STAT3 co-immunoprecipitation, except that the
western blot was performed using antibodies against CSN5 (Cell
Signaling Technology, Cat.6895).

2.16. Mass spectrometry sample preparation

Mass spec samples were prepared following a published DiDBiT
(Direct Detection of Biotinylated Proteins) protocol [48] with minor
modifications. Briefly, cell lysates were precipitated by adding three
volumes of methanol, one volume of chloroform, and three volumes of
water, vortexed, and centrifuged at 15,000xg for 2 min at room tem-
perature. The supernatant was removed carefully and the precipitated
protein layers at the interface were further washed and pelleted by
adding three volumes of methanol and centrifuging at 15,000 xg for 2
min. Subsequently, the protein pellets were air-dried for 10 min after
removing the methanol. The protein pellets were then resuspended in
200 pL of a buffer containing 4 M urea, 50 mM NH4HCOs3 and sonicated
at 80 % amplitude (20 kHz) for 30 s. The protein suspension was reduced
by 5 mM tris(2-carboxyethyl)- phosphine (TCEP) at 55 °C for 20 min and
then alkylated by 10 mM iodoacetamide in the dark at 25 °C for 20 min
with vigorous shaking using a Thermomixer Eppendorf Comfort at 1000
rpm. Afterwards, the proteins were digested by adding 250 pL 50 mM
NH4HCOs, 2.5 pL 1 % ProteaseMAX™ Surfactant (Promega, Cat.V2071)
dissolved in 50 mM NH4HCOs, and 1:100 (enzyme/protein, w/w)
Sequencing Grade Modified Trypsin (Promega, Cat. V5111) to reach a
final reaction volume of 500 pL. The digestion reactions were incubated
overnight at 37 °C with vigorous shaking using a Thermomixer Eppen-
dorf Comfort at 1,000 rpm. The next day, the protein digestion reactions
were stopped by adding trifluoroacetic acid (TFA) to 0.1 % final con-
centration. The digested samples were centrifuged at 20,000xg for 20
min at room temperature and the supernatant containing the peptide
mixture was transferred to a microcentrifuge tube. Any peptides
remaining in the insoluble pellet were extracted by adding 0.5 mL 0.1 %
TFA in water, resuspending the pellet by pipetting and centrifuging
again for 20 min. The supernatant was pooled together with the previous
one and desalted using a Bond Elut C18 EWP cartridge (Agilent, Cat.
12102136). Prior to loading the peptide samples, the cartridges were
washed sequentially with 3 mL acetonitrile (ACN), 3 mL 0.5 % acetic
acid, 50 % ACN, and 3 mL 0.1 % TFA. After loading the peptide samples,
the cartridges were washed with 3 mL 0.1 % TFA and then with 0.250
mL 0.5 % acetic acid in water. The peptides were eluted into an
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eppendorf tube with 1 mL 0.5 % acetic acid, 80 % ACN in water, and
dried in a Speed Vac. Then the dried peptide pellets were re-solubilised
in 0.4 mL PBS and the biotinylated peptides were enriched by Pierce™
NeutrAvidin™ Agarose (Thermo Scientific™, Cat. 29200). Prior to in-
cubation, 200 pL slurry of NeutrAvidin resin was loaded to a spin cup
(Thermo Scientific™, Cat. 69700) and washed three times with PBS. The
solubilised peptide solutions were incubated with NeutrAvidin resin in
the same spin cup at 4 °C with rotating overnight. The next day, the spin
cups were centrifuged at 1,000xg for 5 min and the flow through were
collected as unbound peptides. Resins were washed and centrifuged
sequentially with 3 mL PBS, 3 mL 5 % ACN in PBS, and 1 mL ultrapure
water. Then biotinylated peptides were eluted by adding 0.3 mL solution
containing 0.2 % TFA, 0.1 % formic acid (FA), and 80 % ACN in water.
The resins were centrifuged at 1,000xg for 1 min and the eluted bio-
tinylated peptides were transferred to low bind microcentrifuge tube.
The second elution of 0.3 mL together with resin in the spin cup were
boiled at 95 °C for 5 min for maximum release of peptides from the resin
before centrifugation. Finally, the eluted peptides were combined and
dried in a Speed Vac and stored at —20 °C until mass spec analysis.

2.17. Co-IP pulldown with and without DSP crosslinker

20 x 10° HEK293T cells transfected with pCI-His-Prdx2 using PEI as
described above were treated with PBS (vehicle), 0.8 pM auranofin, or 8
pM xanthine and 1 mU/mL xanthine oxidase for 24 h. Before harvesting
the cells, one set of the cells from each condition was washed twice with
PBS and incubated with 2 mM syringe-filtered dithiobis(succinimidyl
propionate) (DSP) (Thermo Scientific™ Cat. 22585) in PBS for 30 min at
room temperature, while the other was left untreated. The crosslinking
reaction was then quenched by adding 20 mM Tris/HCl, pH 7.5 for 15
min at room temperature. The cells were lysed by gentle pipetting with
1 mL of RIPA buffer (Thermo Scientific™, Cat.89900) containing the
Protease Inhibitor Cocktail (Sigma-Aldrich, Cat.P8340) and Benzonase®
Nuclease (Millipore Cat.E1014). The His-Prdx2 was then immunopre-
cipitated from the cell lysates using the Dynabeads™ His-tag Isolation &
Pulldown kit (Invitrogen™, Cat.10103D) following the manufacturer’s
protocol. The eluted samples were loaded onto an SDS-PAGE gel and
transferred to a Turbo™ blot prepacked membrane (BIO-RAD,
Cat.1704156). The western blot was incubated as previously described
with primary antibodies against Prdx2 (mouse host; Sigma-Aldrich Cat.
WHO0007001M1), His-tag (mouse host; BIO-RAD Cat.MCA1396), CSN5
(rabbit host; Cell Signaling Technology Cat.6895) and the secondary
anti-mouse IgG-HRP conjugate and anti-rabbit IgG-HRP conjugate
(Sigma-Aldrich, Cat. GENA934) antibodies.

2.18. Mass spectrometry and statistic analysis

Peptides were dissolved in solvent A (0.1 % TFA in 2 % ACN),
directly loaded onto a reversed phase pre-column (Acclaim PepMap 100,
Thermo Scientific) and eluted in backflush mode. Peptide separation
was performed using a reversed-phase analytical column (Acclaim
PepMap RSLC, 0.075 x 250 mm, Thermo Scientific) with a linear
gradient of 4%-27.5 % solvent B (0.1 % FA in 98 % ACN) for 100 min,
27.5%-40 % solvent B for 10 min, 40%-95 % solvent B for 1 min and
holding at 95 % for the last 10 min at a constant flow rate of 300 nl/min
on an Ultimate-3000 RSLC system (ThermoFisher Scientific). The pep-
tides were subjected to an NSI source followed by tandem mass spec-
trometry (MS/MS) in Fusion Lumos coupled online to the nano-LC.
Intact peptides were detected in the Orbitrap at a resolution of 120,000.
Peptides were selected for MS/MS using HCD setting at 35; ion frag-
ments were detected in the Ion Trap. A data-dependent procedure that
alternated between one MS scan followed by MS/MS scans was applied
for 3 s for ions above a threshold ion count of 5 x 10° in the MS survey
scan with 30.0 s dynamic exclusion. The electrospray voltage applied
was 2.1 kV MS1 spectra were obtained with an AGC target of 4 x 10°
ions and a maximum injection time of 50 ms, and MS2 spectra were
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acquired with an AGC target of 5 x 10* ions and a maximum injection
time of 100 ms. For MS scans, the m/z scan range was 350-1500. The
resulting MS/MS data was processed using Sequest HT search engine
within Proteome Discoverer 2.3 against a human protein database ob-
tained from Uniprot (87,489 entries). Trypsin was specified as cleavage
enzyme allowing up to 2 missed cleavages, 4 modifications per peptide
and up to 5 charges. Mass error was set to 10 ppm for precursor ions and
0.5 Da for fragment ions. Oxidation on Met, biotinylation on Lys were
considered as variable modifications. False discovery rate (FDR) was
assessed using Percolator and false positive thresholds for protein,
peptide and modification site were specified at 1 %. Abundance ratios
were calculated by Label Free Quantification (LFQ) of the precursor
intensities within Proteome Discoverer 2.3.

Ratios were calculated as the median of all possible pairwise peptide
ratios calculated between replicates using only biotin containing pep-
tides, the maximum allowed fold change was set at 100. The application
then used the paired (background-based) method to calculate the p-
value and adjusted p-values (Benjamini-Hochberg).

2.19. Mass spectrometry data filtering

Prdx2 interactome candidates in conditions of PBS, auranofin and
xanthine/xanthine oxidase from both BioID and DSP crosslinking immu-
noprecipitation (DSP-IP) were identified from the Proteome Discoverer

result file using the following filtering criteria: Abundance ratios:

_PBS treatment __ _auranofin treatment __ Xanthine/Xanthine Oxidase treatment __

negative control 1 OO’ negative control 100and negative control -
H : s . _PBS treatment

100, respectively. Abundance Ratio Adj. p-values: resative control < 0-05,

auranofin treatment Xanthine /Xanthine Oxidase treatment
negative control <0.05 and negative control <0.05,

tively. Moreover, for BioID, to be considered a hit, at least one of the
identified peptides from the multiple peptides that identify a protein must
be biotinylated.

Upregulated Prdx2 interactome candidates upon auranofin treat-
ment from BioID and DSP-IP were identified from the Proteome
Discoverer result file using the following filtering criteria: Abundance

auranofin treatment __ _auranofin treatment :
—negative conmrol - — 100 and 5t > 1. Abundance Ratio

respec-

ratios:

: . _auranofin treatment auranofin treatment _
Adj. p-values: ~egative control - < 0-05 and 5ot < 0.05. More

over, Sum PEP Score > 10.

Upregulated Prdx2 interactome candidates upon xanthine/xanthine
oxidase treatment from BiolD and DSP-IP were identified from the
Proteome Discoverer result file using the following filtering criteria:

PR xanthine /xanthine oxidase treatment __
Abundance ratios: negative control =100 and
xanthine/xanthine oxidase treatment -, 7 Abundance Ratio Adj. p-values:

xanthine/xanthine oxidase xanthine /xanthine oxidase
negative control <0.05 and " DPBS treatment < 0.05. Moreover,

Sum PEP Score > 10.
Downregulated Prdx2 interactome candidates in both conditions from
BioID were identified using the same criteria as upregulated ones

<1

corresponding condition treatment
PBS treatment

described above, except Abundance ratios:

2.20. Venn diagram analysis

For each condition, the overlapping of interactors from BioID and
DSP lists were analysed using the online Venn diagram tool (http://bioin
formatics.psb.ugent.be/webtools/Venn/). The sizes of the circles were
then manually adjusted to reflect the number of proteins.

2.21. Proximity ligation assay (PLA)

Prior to seeding, each channel of an p-Slide VI 0.4 (Ibidi, Cat. 80606)
was coated with 30 pL 100 pg/mL Poly-1-lysine (Sigma-Aldrich, Cat.
P6282) in PBS for 30 min at room temperature and then washed three
times with 100 pL PBS. 35 pL HEK293T suspension (3 x 10° cells/mL)
was added per channel gently and incubated for 15 min at 37 °Cand 5 %
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CO4 in the incubator. Then each channel was filled with 120 pL complete
DMEM growth medium and the incubation was continued overnight.
The next day prior to cell treatment, the old medium was removed and
the channels were washed three times with 120 pL PBS (same wash used
below). Cells in each channel were treated with 35 pL complete DMEM
growth medium containing PBS (vehicle), 0.8 pM auranofin (Sigma-
Aldrich, Cat.A6733) or 8 pM xanthine (Sigma-Aldrich, Cat.X0626) and 1
mU/mL xanthine oxidase (Sigma-Aldrich, Cat.X4376) for 24 h. After
treatment, the medium was removed and the channels were washed. For
cell fixation, the channels were filled twice with 35 pL 4 % formaldehyde
in PBS (PFA) and incubated for 20 min at room temperature. For cell
permeabilization, the channels were washed and filled twice with 35 pL
0.1 % Triton X-100 in PBS for no more than 3 min. Then, for each sample
a proximity ligation assay was performed following the Duolink® PLA
Fluorescence Protocol with Duolink™ In Situ PLA® Probe Anti-Rabbit
PLUS (Sigma-Aldrich, Cat. DU092002), Duolink™ In Situ PLA® Probe
Anti-Mouse MINUS (Sigma-Aldrich, Cat. DU092004), Duolink™ In Situ
Detection Reagents FarRed (Sigma-Aldrich, Cat. DU0O92013), Duolink™
In Situ Wash Buffers, Fluorescence (Sigma-Aldrich, Cat. DUO82049) and
Duolink™ In Situ Mounting Medium with DAPI (Sigma-Aldrich, Cat.
DUO082040). The primary antibodies of Prdx2 and CSN5 used in this
experiment after blocking were diluted at a 1:350 ratio and incubated
overnight at 4 °C. Cell fluorescence images were captured using the
Eclipse Ti2 Inverted Microscope (Nikon) with a Far-Red filter set.

3. Results

3.1. Tagging Prdx2 with an N-terminal His-tag, but not BirA*, affects
Prdx2 peroxidase activity

Initially, we attempted to perform DSP-IP with endogenous Prdx2
using Dynabeads coupled to an anti-Prdx2 antibody, as in Pace et al.
[49]. However, this approach proved unsuccessful (data not shown)
presumably due to insufficiently high Prdx2 levels in HEK293 cells.
Indeed, most examples of endogenous Prdx2 purification from
mammalian cells use erythrocytes, where Prdx2 levels are known to be
particularly high [50,51], or other blood cells, such as Jurkat cells [49].
Hence, we resorted to using an N-terminal His-tagged Prdx2, chosen due

A HEK293T wt BirA*-Flag-Prdx2 His-Prdx2
H0:.- + + - + + - + +
prr- - + - - + - - #
M 1 2 3 4 5 6 7 8 9
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to the high affinity of the His-tag to its antibody (Kp ~ 10~° M; while
that of a Flag tag is 1077 M). As tagging the mitochondrial 2-Cys per-
oxiredoxin Prdx3 has been reported to affect its oligomerization, as well
as exert an inhibitory effect on its peroxidase activity [52], we first
examined the effect of N-terminal tagging of Prdx2 with either a His-tag,
or BirA* (BioID). To this end, we performed several experiments. First,
on a native PAGE gel we assessed the oligomeric state of His-Prdx2 (23
kDa) and BirA*-Flag-Prdx2 (60.2 kDa) with and without treatment with
a bolus of Hy09. Prdx2 is expected to exist prevalently as decamers
under non-oxidative conditions that then disassemble into dimers upon
oxidation [53]. As can be seen on Fig. S1A, BirA*-Flag-Prdx2 migrates as
a band around 600 kDa, corresponding to the molecular weight of the
(homo)decamer, while the band under 480 kDa could be (hetero)deca-
meric endogenous Prdx2. His-Prdx2 decamerises (band around 230 kDa)
as well. We could not detect dimer formation upon oxidation, presum-
ably because the bands were too faint to be seen (compare with
BirA*-Flag-Prdx2 (lane 5) in Fig. S1A). Next, we asked whether the
tagged constructs form reversible disulphide-linked dimers. As can be
seen on the non-reducing SDS-PAGE presented on Fig. 1A, both
BirA*-Flag-Prdx2 and His-Prdx2 form a dimer that could be reduced by
DTT to a monomer.

Finally, we sought to establish whether the BirA*-Flag-tag or the His-
tag affect the peroxidase activity of Prdx2. For this purpose, we pulled
down the constructs from transfected HEK293 cells, verified their purity
(Fig. S1B), and assessed their HyOo-scavenging properties using a
coupled peroxidase activity assay. As can be seen in Fig. 1B, BirA*-Flag-
Prdx2 scavenges HyO, with an initial rate comparable to wt (untagged)
Prdx2, whereas the activity of His-Prdx2 is severely compromised. While
these findings may appear counterintuitive, as a His-tag is often chosen
because its small size is thought to be less likely to interfere with protein
structure and activity than bigger tags, they are in line with previous
studies. As such, the N-terminal His-tagging of Prdx3 exerted an inhib-
itory effect on its peroxidase activity [52], but it was not affected in the
mCER-Prdx2 fusion protein [54].

In summary, our results suggest that while the oligomerization and
ability to reversibly form dimers upon the reaction with Hy02 is not
substantially affected in either construct, His-Prdx2 has a substantially
lower peroxidase activity compared to the BirA*-Flag-Prdx2 construct.

B

— His-Prdx2
— BirA*-Flag-Prdx2

180D B -BirA*-Flag-Prdx2 dimer — Prdx2
130kDJre= e
100kD £
Aol - e -BirA*-Flag-Prdx2 S 0.00 gz
55kD—{ G : . <
40kD—{ 4 : B [ His-Prdx2 dimer S -0.01
: ; ™ Endo Prdx2 dimer g

29K8 ’ = .0.02
25kD — : “ - His-Prdx2 E

- - Endo Prdx2 S 0.03

anti Prdx2 r T 1
S WS s [-B-actin 0 . > . 10
FSS time (min)
anti B-actin

Fig. 1. Tagging Prdx2 does not impede reversible dimerisation upon oxidation, but an N-terminal His-tag affects Prdx2 peroxidase activity. (A) HEK293T cells were
transfected with BirA*-Flag-Prdx2 or pCI-His-Prdx2 and BirA*-Flag-Prdx2 transfected cells were additionally treated with 50 pM biotin with for 24 h. Cells were
treated with or without 100 pM H»0, for 15 s, followed by 50 mM NEM for 5 min before lysis and then analysed by non-reducing SDS-PAGE with subsequent blotting
against Prdx2. The samples in lanes 3, 6, 9 are treated with 50 mM DTT. Beta-actin was used as a loading control. (B) Coupled assay of peroxidase activity. Progress
curves for the consumption of NADPH at 340 nm for 0.5 pM pulled down BirA*-Flag-Prdx2, His-Prdx2, and recombinant human Prdx2 in the presence of 500 pM
NADPH, 1 pM CgTrxR and 8 pM CgTrx are shown. The reaction was started with the addition of 20 pM H,0,. Data were normalised for the reaction in the absence of

H50; and fitted with an exponential decay in Prism 9.
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We thus proceeded to investigate if and how these differences would
translate into the interaction partners we find using both approaches,
though these results already warranted caution with interactors found
by DSP-IP using the His-Prdx2 construct.
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3.2. Application of BioID in HEK293T cells yields biotinylated interactors
of Prdx2 and does not interfere with signalling, unlike His-Prdx2

As this is the first application of BioID to detect interactors of Prdx2,
or of a redox active protein on the whole, an optimisation of BioIlD

A Biotin concentration (uM) B 50 pM Biotin C Lysate input IF; Flegitag
M 0 01 1 10 50 100 BirA*-Flag
100kD~ WT -Prdx2 WT BirA*-Flag-Prdx2
70kD— H,0, - - + - - + +
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Fig. 2. Application of proximity-dependent biotin labelling in HEK293T allows the capture of proteins specifically interacting with Prdx2, and BirA*-Flag-Prdx2 can
co-IP with STAT3 under BioID conditions. Xanthine/xanthine oxidase and auranofin can elevate H,O; levels in the timeframe needed for the BioID assay. (A) Biotin
concentration in the range of 10-100 pM is sufficient to reach maximum biotinylation efficiency. HEK293T cells transiently transfected with the BirA*-Flag-Prdx2
construct were treated with increasing concentrations of biotin ranging from 0 to 100 pM for 24 h and analysed by blotting with streptavidin-horseradish peroxidase
(HRP) and anti-beta-actin antibodies (upper panel). Quantification of the biotinylated protein level normalised to beta-actin by ImageJ from the western blot in the
lower panel. The graph presents the mean + SD of data obtained from three independent experiments (Fig. S2A); significance was analysed by a One-Way ANOVA; n.
s., not significant; *p < 0.05; **p < 0.01 (lower panel). (B) BioID biotinylation for the Prdx2 bait protein differs from the negative GFP control. HEK293T cells
transiently transfected with vehicle, BirA*-Flag-Prdx2, or BirA*-Flag-GFP constructs were incubated for 24 h with 50 pM biotin and analysed by blotting with
streptavidin-HRP and anti-beta-actin antibodies. Red arrows highlight the distinctly different biotinylated protein patterns between the BirA*-Flag-Prdx2 and BirA*-
Flag-GFP samples. The figure represents a single western blot from three independent experiments (Fig. S2A). (C) BirA*-Flag-Prdx2 can co-IP with STAT3 under
BioID conditions. BirA*-Flag-Prdx2 transfected cells were supplemented with 50 uM biotin for 24 h, harvested and subsequently exposed to either 0 pM or 100 pM
H,0; for 2 min followed by 50 mM NEM for 5 min. Untransfected HEK293T cells were used as negative control (wt). Samples were blotted against STAT3 (upper
panel), and after stripping re-blotted against Prdx2 (lower panel). (D) Prolonged induction of intracellular HyO, for 24 h in HEK293T with (left panel) 1 mU/ml
xanthine oxidase with xanthine concentrations ranging from 0 to 10 pM, and (right panel). Auranofin concentrations ranging from 0 to 0.8 uM H3O, levels were
evaluated with the Peroxy Orange 1 probe (PO1, Aex = 543 nm, A¢p, = 583 nm) and normalised to the number of viable cells determined using the CellTiter-Fluor™
kit (CTF, Aex = 380 nm, A = 505 nm) as relative fluorescence intensity (RFI). 8 pM xanthine/1 mU/ml xanthine oxidase and 0.8 pM auranofin were selected as
optimal conditions for prolonged intracellular H,O, induction, which was confirmed with the HyPer7 probe in vivo (Fig. S2D). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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trapping conditions in HEK293T cells was required. First, we established
the optimal biotin concentrations needed to biotinylate proteins in the
vicinity of Prdx2. HEK293T cells were transiently transfected with a
construct encoding BirA*-Flag-Prdx2 and incubated with increasing
concentrations of biotin for a period of 24 h. The degree of biotinylation
was assessed by western blot (Fig. 2A). As shown on the western blot and
on the related densitometric quantification of the blot, background
biotinylation was minimal and protein biotinylation reached saturation
at 10 uM biotin. However, based on the fact that biotinylation levels
were the same for 10 pM and 50 pM biotin, we opted for the latter as the
optimal concentration for all further experiments, as it has been the one
used in essentially all previous BioID studies, e.g. Ref. [30]. To verify
how specific the biotinylation of Prdx2 as a bait is, we utilised a vehicle
and BirA*-Flag-GFP construct (65.3 kDa) as negative controls and
checked for differences in the band intensity and pattern between the
samples by western blot (Fig. 2B). Under the same experimental con-
ditions, the biotinylation pattern of potential Prdx2 interactors clearly
differs from both negative controls with similar expression level of the
constructs (Fig. S2C). Therefore, we confirmed that under the selected
experimental conditions, BioID can be applied for trapping Prdx2
interactors in HEK293T cells.

To ensure that BioID conditions of 24 h treatment with 50 pM biotin
and fusion of BirA*-Flag to Prdx2 do not interfere with Prdx2 signalling,
i.e. from interacting with its known partners, we tested whether we
could pull down STAT3, a well-established interactor of Prdx2 [15]. As
can be seen in Fig. 2C, we could co-immunoprecipitate STAT3 with
BirA*-Flag-Prdx2 following a 24 h treatment with 50 pM biotin. This
result also shows that the expression of BirA*-Flag-Prdx2 per se also does
not disrupt signalling. Of note, parallel experiments aiming to
co-immunoprecipitate STAT3 with the His-Prdx2 construct did not yield
any results (data not shown), forming yet another indication of this
construct being suboptimal for studying Prdx2 interactors.

As in this study we specifically aim to find HyOz-mediated Prdx2
interactors, we sought to establish a system that would lead to elevated
H20; levels in HEK293T cells over the 24 h required for maximum
biotinylation [55]. We decided to test the xanthine/xanthine oxidase
(X/X0) HoO3 generating system [56,57], and auranofin, a TrxR inhibitor
[58] which blocks the electron transfer from NADPH to thioredoxin, and
as a consequence to all the thioredoxin-dependent peroxidases,
including Prdx2. Since reduced Prdx2 is one of the most efficient and
abundant intracellular HyO, scavengers [59], this is expected to lead to
an increase in intracellular HoO3 levels. These two systems thus differ in
the site of HyO, generation: while xanthine/xanthine oxidase generates
H,0, exogenously, which then enters the cell via aquaporins [60],
auranofin leads to an intracellular build-up of H30,. To this end,
HEK293T cells were treated with increasing concentrations of X/XO
(Fig. 2D) and auranofin (Fig. 2E) for 24 h after which the Hy0; levels
were assessed using the Peroxy Orange 1 (PO1) HyO, probe, which we
normalised to the number of live cells as detected using the CellTiter--
Fluor™ Cell Viability Assay (CTF) carried out in the same cells to ac-
count for cell death due to treatment. As can be seen in Fig. 2D, the
PO1/CTF ratio gradually increased with increasing xanthine concen-
trations and reached a plateau at 8 pM xanthine, which we selected for
further experiments. As for auranofin, we chose 0.8 uM, as at this con-
centration we observe an increase in HpO3 levels and it is in agreement
with the concentrations typically used in the redox biology literature, e.
g. Ref. [61]. To confirm that these concentrations of X/XO and auranofin
increase the H,O; levels, we used an alternative readout in the form of
the ultrasensitive and pH-independent HyPer7 probe [41]. For this
purpose, we transiently transfected HEK293T cells with the cytosolic
HyPer7, treated them either with the vehicle (PBS), X/XO, or auranofin
(Fig. S2D), and evaluated the fluorescence intensity of the probe under
the microscope at Aex = 490 nm, which corresponds to the HyPer7
wavelength at which the intensity increases upon oxidation. Quantifi-
cation of the fluorescence intensity (Fig. S2D) indicated that treatment
with X/XO and auranofin increased the signal intensity by
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approximately two-fold. Therefore, we confirmed that the selected
concentrations of xanthine (8 pM)/xanthine oxidase (1 mU/mL), and
0.8 pM auranofin are inducing intracellular HoO, production after 24 h,
required for applying the BioID approach.

3.3. BioID and DSP-IP yield different sets of Prdx2 interactors

We next proceeded to identify the Prdx2 interactors obtained by
BioID and DSP-IP by mass spectrometry upon an elevation of Hy0,
levels. For the BioID mass spectrometric approach, cells were transfected
with expression constructs for BirA*-Prdx2 and BirA*-GFP, and after 24
h, treated with 50 pM biotin for another 24 h. Intracellular HyO, levels
were increased by applying the selected concentrations of auranofin and
X/XO in culture for 24 h at the same time as biotin. Lysates were
enriched for biotinylated peptides and identified by mass spectrometry.
To exclude possible false positive interactors, the list of the Prdx2
interactome was stringently filtered. To be considered a Prdx2 interactor
under elevated H20; conditions, a protein hit had to be abundantly
found in either the auranofin or X/XO-treated sample. “Abundant”
proteins are those that have an abundance ratio: (auranofin treatment)/
(negative control) score 100 and a value greater than 1 in the abundance
ratio: (auranofin treatment)/(PBS treatment) or an abundance ratio:
(xanthine/xanthine oxidase treatment)/(negative control) score 100
and a value greater than 1 in the abundance ratio: (xanthine/xanthine
oxidase treatment)/(PBS treatment), respectively. In general, the higher
this value, the more significant the increase in the abundance is. The
value of 100 is the maximum possible fold value set arbitrarily by the
Proteome Discoverer 2.3 software. In addition, the posterior error
probability (Sum PEP score), i.e. the likelihood that the peptide spec-
trum match is correct, had to be > 10. The application of these selection
criteria resulted in the thirteen candidates presented in Table 1, while
the detailed mass spec data is provided in the Excel sheet, “ox BioIlD
versus PBS" tab. Notably, six candidates (marked with asterisks in
Table 1): TUBB, GDI2, NUP133, RBM5, OCRL and CSN5 were upregu-
lated in both X/XO and auranofin treatment conditions, i.e. upon both
exogenous and endogenous HyO5 generation (Fig. 3). Several down-
regulated candidates in both conditions were also identified and are
listed in Table S1. In addition, all interactors that were identified by
BioID, including in the PBS-treated samples, following filtering, can be
found in the supplementary excel sheet “BioID BirA*-Prdx2 interactors”
tab, whereas unfiltered data is presented in the “raw data” tab.

Next, we performed DSP-IP on cells that were also treated with the
same concentrations of X/XO or auranofin for 24 h. Application of the
same criteria as for BioID on the list of proteins obtained by mass spec
yielded a list of nineteen interacting partners of Prdx2 in the presence of
auranofin and xanthine/xanthine oxidase: SPTAN1, U2SURP, ACTBL2,
ACTN4, RRP9, CASP14, LIMA1, ANXA1, PINX1, DDX18, GSN, TMOD2,
BPIFA1, ASPRV1, TGM3, ATXN2L, ARPC5L, NHP2L1 and CTSD
(Table 2). Interestingly, there was absolutely no overlap between the
interactors detected upon elevated Hy0; conditions by the two
approaches.

We next asked how the interactors identified by BioID and DSP-IP
would compare to known potential Prdx2 interactors found in the Bio-
GRID*? database [63]. Out of all interactors identified in this study by
both approaches, only CSN5 (identified by BioID) was present in the
database [64].

Just as the techniques used to identify most of the entries in the
BioGRID*? database, both DSP-IP and BioID are high-throughput ap-
proaches, and their results should be validated by low-throughput
methods, as it has been estimated that only 30-50 % PPIs identified
by high-throughput methods are biologically relevant [65]. Combining
the results of the construct characterisation (Fig. 1) with the BioGRID*3
overlap, we decided that only the BiolD results warrant further valida-
tion: unlike the His-Prdx2, BirA*-Flag-Prdx2 does not substantially differ
in terms of signalling from untagged Prdx2 and displays peroxidase
activity (Fig. 1). Of the 13 BiolD interactors identified under elevated
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Table 1
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List of potential Prdx2 interactors from BiolD after data filtering for upregulated Prdx2 interactome with indication of accession, description, and values in abundance
ratio: (auranofin treatment)/(negative control); abundance ratio: (xanthine/xanthine oxidase treatment)/(negative control); abundance ratio: (auranofin treatment)/
(PBS treatment) and abundance ratio: (xanthine/xanthine oxidase treatment)/(PBS treatment). And additional information of numbers of cysteine residues and cited

sulphenylation sites.

Abundance Ratio:
(xanthine/xanthine
oxidase treatment)/
(negative control)

Abundance Ratio:
(auranofin
treatment)/
(negative control)

UniProt Description and Gene
Accession name

Abundance Ratio:
(xanthine/xanthine
oxidase treatment)/
(PBS treatment)

Abundance Ratio:
(auranofin
treatment)/(PBS
treatment)

Numbers of Sulphenylation
Cysteine sites
residues

P07437" Tubulin beta chain 100 100
TUBB

Rab GDP dissociation 100 100
inhibitor

GDI2

Nuclear pore complex 100 100
protein Nup133

NUP133

Probable ATP- 100

dependent RNA

helicase DDX6

DDX6

RNA-binding protein 5 100 100
RBMS

Inositol polyphosphate 100 100
5-phosphatase OCRL-1

OCRL

Structural 100

maintenance of

chromosomes protein 4

SMC4

COP9 signalosome 100 100
complex subunit 5
JAB1/CSN5/COPS5
Actin, alpha skeletal
muscle ACTA1
Splicing factor 3B
subunit 3 SF3B3
Signal recognition 0.755 100
particle 54 kDa protein

SRP54

RNA transcription, 100
translation and

P50395"

Q8WUMO*

P26196

P52756"

Q01968

QI9NTJ3

Q92905

P68133 19.794 100

Q15393 15.795 100

P61011

Q9Y224

transport factor protein

Cl4o0rf166

Nuclear pore complex 1 100
protein Nup155

NUP155

075694

100 100 8

100 100 8 C277, €302 [62]

100 7 C102 [62]

100 100 9

100 100 21

100 0.01 12 C916 [62]

9.446 13.886 4 C218 [62]

8.318 100 19 C269, C1054,

C1156 [62]

0.01 100 2

0.869 100 28

# Six potential Prdx2 interactor candidates marked with an asterisk are upregulated in both H,0, elevating conditions.

DDX6
SMC4
CSN5
OCRL
TUBB
GDI2
NUP133
RBM5

O auranofin
| X/XO

auranofin

auranofin
-X/XO

Fig. 3. Venn diagram depicting the number of shared upregulated Prdx2
interactors between auranofin and xanthine/xanthine oxidase (X/XO) identi-
fied by BioID. The diameter of the circles reflects the number of proteins in each
one. More details are listed in Table 1.

H,0, conditions filtered with stringent conditions, we selected CSN5 for
further validation. We based our choice on the fact that it was the only
protein to have been previously identified as a potential Prdx2 interactor

according to the BioGRID*® database using other highthroughput
methods, in this case, the yeast two-hydrid technology [64], and as it
was interacting with Prdx2 independent of the HyO, source. We also
considered the physiological role of CSN5 and its involvement in cancer
[66].

3.4. Prdx2 interacts with CSN5 in HEK293T cells

To validate the BioID approach and to provide proof of the Prdx2:
CSN5 interaction in a low throughput setting, which had never been
done before, we employed two methodologies: the proximity ligation
assay (PLA) and co-immunoprecipitation (co-IP). PLA has the additional
advantages of enabling the visualisation of PPIs between endogenous
proteins, as well as labelling interacting proteins at the level of single
molecules. Therefore, it serves as an especially powerful validation
method for PPIs detected by techniques requiring transfection, as it
ensures that the PPI was not caused by unphysiologically high protein
expression levels. Samples incubated with no primary, but only sec-
ondary, antibodies, were used as a negative control (Fig. 4A). HEK293T
wt cells were stimulated with X/XO or auranofin with the same con-
centrations and treatment duration as in the BiolD experiment. We
found that under vehicle and X/XO conditions, the PLA foci per nucleus
of Prdx2:CSN5 interactions show a slight increase compared to the
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Table 2

Redox Biology 46 (2021) 102066

List of potential Prdx2 interactors from DSP-IP after data filtering for upregulated Prdx2 interactome with indication of accession, description, and values in abundance
ratio: (auranofin treatment)/(negative control); abundance ratio: (xanthine/xanthine oxidase treatment)/(negative control); abundance ratio: (auranofin treatment)/
(PBS treatment) and abundance ratio: (xanthine/xanthine oxidase treatment)/(PBS treatment).

UniProt Description and Gene name Abundance Ratio: Abundance Ratio: (xanthine/ Abundance Ratio: Abundance Ratio: (xanthine/
Accession (auranofin treatment)/ xanthine oxidase treatment)/ (auranofin treatment)/ xanthine oxidase treatment)/
(negative control) (negative control) (PBS treatment) (PBS treatment)
Q13813- Isoform 3 of Spectrin alpha chain, 100 100 2.063 100
3" non-erythrocytic 1 SPTAN1

H3BSK9 Ataxin-2-like protein (Fragment) 100 0.01 100 0.01
ATXN2L

Q562R1" Beta-actin-like protein 2 ACTBL2 100 100 3.384 100

K7EJHS" Alpha-actinin-4 (Fragment) 100 100 2.602 2.855
ACTN4

043818" U3 small nucleolar RNA- 100 100 2.36 6.889
interacting protein 2
RRP9

Q9BPX5 Actin-related protein 2/3 100 100 1.779 1.553
complex subunit 5-like protein
ARPC5L

FS8WBT5" PIN2/TERF1-interacting 100 100 100 100
telomerase inhibitor 1 PINX1

Q9NVP1* ATP-dependent RNA helicase 100 100 100 100
DDX18
DDX18

P55769 NHP2-like protein 1 NHP2L1 100 1 100 3.302

C9JH19 Cathepsin D light chain 100 100 100 1
(Fragment)
CTSD

015042 U2 snRNP-associated SURP motif- 100 100
containing protein U2SURP

P31944 Caspase-14 100 0.01 3.616
CASP14

F8VS07 LIM domain and actin-binding 100 100 2.921
protein 1
LIMA1

P04083 Annexin Al 100 100
ANXA1

P06396 Gelsolin 100 100 100
GSN

Q9NZR1 Tropomodulin-2 100 100
TMOD2

QI9NP55 BPI fold-containing family A 100 100
member 1
BPIFA1

Q53RT3 Retroviral-like aspartic protease 1 100 100
ASPRV1

Q08188 Protein-glutamine gamma- 0.01 100 100

glutamyltransferase E TGM3

 Six potential Prdx2 interactor candidates marked with an asterisk are upregulated in both H,0, elevating conditions.

negative control. Treatment with 0.8 pM auranofin increases the number
of PLA foci per nucleus of Prdx2:CSN5 even further (Fig. 4B).
Conversely, in a co-immunoprecipitation experiment using HEK293T
cells transfected with constructs expressing BirA*-Flag-Prdx2 and
treated with PBS vehicle, auranofin, or X/XO we found no CSN5 to be co-
immunoprecipitating, even though CSN5 could be detected in the input
(Fig. 4C). As expected from the DSP-IP results, His-Prdx also could not
pull down CSN5, even though again endogenous CSN5 could be detected
(Fig. S3). Our results are in line with another study that also failed to
detect a Prdx2:CSN5 interaction by co-IP, even though, likewise, the
expression level of the Flag-tagged constructs was high enough to be
detected by western blot [64]. Taken together, these results indicate that
endogenous Prdx2 and CSN5 do indeed interact upon an increase in
H20; levels, yet this interaction is likely either weak, indirect, or
transient.

4. Discussion

In this explorative study, we set the scope of testing the applicability
of two thiol-disulphide independent approaches, a proximity labelling
method, BioID, and co-immunoprecipitation with the chemical cross-
linker DSP (DSP-IP), for the identification of HyO5-induced interactors of
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Prdx2.

The two approaches yielded lists of interactors with no overlap. The
lack of overlap, however, is not unprecedented. For example, Lambert
et al., who compared BioID and IP in a study of chromatin-associated
complexes [67], also found largely distinct interactomes. On a more
general scale, little overlap among different high-throughput ap-
proaches has long been observed [68,69]. This may or may not have to
do with the stringency of mass spec data filtration, which is often not
given sufficient attention (see supplementary excel sheet for all data and
data filtering stringency).

There could be several reasons for the discrepancies we observe
between BioID and DSP-IP. First, our data (Fig. 1) showed that while the
oligomerization and ability to form reversible disulphide-linked dimers
upon the reaction with H2O3 is not seemingly affected in constructs used
in either approach, the peroxidase activity of His-Prdx2, but not of the
BirA*-Flag-Prdx2, is greatly diminished. Prdx2 peroxidase activity is
also known to be inhibited by post-translational modifications (PTMs),
such as phosphorylation, S-nitrosylation, and glutathionylation [70].
Our observation that differences in peroxidase activity could be
responsible for different interactors thus raises an interesting question
on the role of these PTMs in mediating Prdx2 partner choice. In general,
lamentably few studies that use tagged Prdx2 to study PPIs include a
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peroxidase activity test, most of them limiting themselves to monitoring
the construct size on an SDS-PAGE gel. Such is the case, for example, in
studies that employed C-terminal His-tagged [71] and HA-tagged [72],
or N-terminal Flag-tagged Prdx2 [18,73]. As most studies included in the
BioGRID*® database detected Prdx2 interactors with tagged proteins by

A

Negative control

Prdx2:CSN5 X/XO

Lysate input
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either yeast two-hybrid or co-IP approaches, this could potentially
explain the poor overlap between interactors we report here and those in
the database. Though, to our knowledge, it has never been shown, in
principle, that tagging could also potentially alter the targeting of Prdx2
to microdomains or even compartments, inevitably leading to different
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Fig. 4. The CSN5:Prdx2 interaction upon H20- level elevation was confirmed by proximity ligation, but not with co-immunoprecipitation (A) Proximity ligation
assay (PLA): HEK293T cells were treated as follows: vehicle — untreated cells; X/XO - cells treated with 8 uM xanthine plus 1 mU/mL xanthine oxidase for 24 h;
auranofin - 0.8 pM auranofin for 24 h. The primary antibodies of Prdx2 and CSN5 were used at a 1:350 dilution. The presented images are representative of three
biological independent experiments conducted in HEK293T wt cells. The PLA foci are shown in magenta, with some emphasised by red arrows. The DAPI-stained
cellular nuclei are in blue. Scale bar: 10 pm. (B) The bar graphs quantify the number of PLA foci per nucleus by ImageJ software above a threshold of 1,500,
representing the mean + SD of data obtained from three independent experiments with overall n = 332 to 379 cell nuclei in each condition, respectively; the

transfected wt cells served as a negative control, and treated with PBS vehicle, 0.8 yM auranofin or 8 pM xanthine plus 1 mU/mL xanthine oxidase, as well as 50 pM
biotin for 24 h. Cells were harvested, and PBS vehicle treated cells were resuspended in DMEM with or without 100 pM H,0-, for 2 min. Subsequently, all cells were
resuspended in PBS containing 50 mM NEM for 5 min before lysis. Cell lysates were immunoprecipitated (IP) with Anti-FLAG® M2 Magnetic Beads and analysed by
non-reducing SDS-PAGE followed by a western blot using anti-Prd x2 antibody and then stripped to reblot using anti-CSN5 antibodies. Sample in lane 6 is the sample
of lane 5 reduced with 50 mM DTT. No CSN5 co-immunoprecipitated with BirA*-Flag-Prdx2. (For interpretation of the references to colour in this figure legend, the
1;eader is referred to the Web version of this article.)

interactors. To find out whether BioID conforms to the criteria expected from an

Another possible explanation for this result could be the different approach to identify thiol-disulphide independent Prdx2 interactors, we
labelling distances between the two methodologies: 15 nm for BioID should consider the proteins we identified as Prdx2 interactors in our
[31] and 1.2 nm for DSP [74]. It would be interesting to see if and how experiments from the perspective of the mechanism by which they
longer and more flexible linkers between BirA* and Prdx2 and would likely interact with Prdx2. In other words, would these Prdx2
cross-linkers such as the zero-length cross-linker EDC would affect the interactors have been found with thiol-disulphide dependent ap-
proteins identified. The low numbers of interactors identified in our proaches? In total, with BioID we discovered thirteen interacting part-
study with stringent mass spec data filtering criteria do not allow us to ners of Prdx2 in the presence of auranofin and xanthine/xanthine

perform a functional annotation enrichment analysis and classify the oxidase: TUBB, GDI2, NUP133, DDX6, RBM5, OCRL, SMC4, CSN5,
proteins according to their biological process GO terms. This could have ACTA1, SF3B3, SRP54, Cl4orf166 and NUP155, of which only CSN5

given us an idea of whether there is a bias of the two approaches towards was reported as to be a Prdx2 interactor, and that in a high-throughput
proteins belonging to a biological process. For example, we would setting by yeast two-hybrid technology [64]. To filter the mass spec hits,
expect that the bigger labelling distance of BioID would allow the we compared the hits obtained when using Prdx2 as a “bait” to those
trapping of more transient interactors. Indeed, a similar study by with GFP and set the threshold for the abundance ratios of HyO3 treated
Lambert et al. to which we already referred above, reported that BioID samples vs PBS (Table 1). Indeed, perhaps the biggest potential peril of
and IP identify interactors that belong to different processes [67]. the BioID approach lies in selecting the correct negative control and
Moreover, the same study found that BioID can trap a larger number of setting the threshold in an unbiased way. Further, as BioID requires the
proteins, including those that are less abundant. This observation can in transfection of cells, its applicability in primary and other cells not
principle also be explained by the longer duration of the BioID experi- amenable to transfection is limited. This limitation can turn into an
ment (24 h) compared to DSP-IP (30 min). Important to note, we advantage in some settings though, for example, when investigating
confirmed that the interactors identified by BioID are not merely arte- Prdx2 interactors in cells that have low levels of Prdx2, e.g. HL-60 (Cell
facts of a 24 h treatment with biotin, by showing that the Prdx2:STAT3 Atlas). We could not pull down endogenous Prdx2 in this study in
interaction still occurs, suggesting that Prdx2 redox signalling is not HEK293T cells, and a recent study hinted that Prdx partners and
significantly affected (Fig. 2C). Of note, BirA variants that require times oxidation mechanisms may be cell specific [49]. Furthermore, by
as short as 10 min for biotinylation (TurboID [75]), have been devel- attaching specific targeting sequences to the ectopically expressed Prdx2
oped, which would perhaps be even more suitable to capture transient construct, it is possible to target the BirA*-Flag-tagged bait to different
redox interactions, but at present they are plagued by instability of the organelles to identify compartment-specific interactors, as has recently
BirA variant, unspecific biotinylation and cell toxicity [76]. been done for mitochondria and other organelles [79,80].

Regardless of the precise reasons for the differences observed be- Even though all of the thirteen hits harbour at least two cysteine
tween the Prdx2 interactors identified by BioID vs DSP-IP, the primary residues, only GDI2, DDX6, SMC4, SF3B3, and CSN5 were identified to
scope of this study was to find a reliable thiol-disulphide independent be oxidised to sulphenic acid in a proteome-wide screen with chemical
approach for the identification of Prdx2 interactors. The results of our probes following treatment with 0.5 mM Hy0, [62]. It is likely that the
in-depth comparison of BioID and DSP-IP point in favour of the former: same cysteine residues would be the ones forming mixed disulphides
tagging Prdx2 with BirA* does not seem to affect its peroxidase activity with Prdx2, as the same redox-sensitive cysteines are expected to
and the construct can still pull down STAT3, an established partner of perform a nucleophilic attack on both Hy05, as well as on the oxidised
Prdx2. Cysp of Prdx2 (whether sulphenylated or disulphide-bonded with Cysg)

As a side note, it is curious that neither STAT3, nor AnnexinA2 were [81].
identified by either of our two approaches (despite STAT3 being pulled A vast number of Prdx2 targets seem to form disulphide bonds [14].
down by the BirA*-Flag-Prdx2 construct). This could be due to the For this to happen, apart from the thiol which forms a sulphenic acid,
inaccessibility of STAT3 lysine residues to BirA* for biotinylation and to there should be another thiol capable of performing a nucleophilic
DSP for cross-linking. Indeed, the solved structure of STAT3 (PDB ID: attack on the sulphenylated cysteine (or, in case of redox relay with

6QHD) revealed that STAT3 lysine residues are acetylated [77]. Con- Prdx2, on the cysteine forming a mixed disulphide with Prdx2). Of the
firming the low overlap of high-throughput PPI studies [68,69], STAT3 proteins found to be sulphenylated, crystal structures are available for
is also not present in the BioGRID*3 database, even though STAT3 could SMC4 (PDB ID: 4U4P), DDX6 (PDB ID: 4CT5 [82]), SF3B3 (cryo-EM
be pulled down in high-throughput studies employing an N-terminal structure PDB ID: 5ZYA [83]) and CSN5 (PDB ID: 5M5Q [84]), and not
Flag-tagged Prdx2 construct [18], as well as a C-terminal SBP-tagged all include a cysteine found to form a sulphenic acid. Of the ones that do,
one [15]. A plausible explanation for the absence of AnxA2 in our only in CSN5 could the sulphenylated Cys218 form a disulphide bond
interactor lists could be due to the fact that the labelling distance of both (with Cys145), and that only after considerable structural changes, as
BioID and DSP-IP is too small - Talwar et al. investigated the Prdx2: both cysteines are 15.6 A apart. However, these cysteines are conserved,
AnxA2 interaction by PLA, which can detect proteins that are as far as and in the Archaeoglobus fulgidus homologue of CSN5, they were re-
80 nm apart [78], i.e. 55 nm and 78.8 nm more than BioID and DSP-IP, ported to form a disulphide bond [85]. Finally, CSN5 was identified as a
respectively. Trx1 interactor using a thioredoxin trapping mutant and Cys218 was
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shown to be necessary for the interaction [86]. In any case, the unrav-
elling of the mechanistic details of how CSN5, or the other hits, interact
with Prdx2, is beyond the scope of this study. All in all, these consid-
erations suggest that the 8 out of 13 interactors not found to be sul-
phenylated could have been missed by thiol-disulphide dependent
approaches.

We next sought to validate the Prdx2:CSN5 interaction using two
other mechanism-independent approaches: co-immunoprecipitation
(co-IP) and the proximity ligation assay (PLA). In the case of the
former (Fig. 4C), we could not detect a band corresponding to CSN5
following a pull-down with antibodies against tagged Prdx2 even in the
presence of DSP (Supplementary Fig. S3). In contrast, the interaction
between Prdx2 and CSN5 was confirmed using PLA (Fig. 4A). One
plausible explanation is purely mechanistic - as DSP targets primary
amines (i.e. Lys residues) in both partners, if no such couple exists at the
site(s) of interaction(s), the crosslink will not be made or result in a
mono-link and the MS post-acquisition software will not pinpoint the
modified residue. Another explanation is that PLA allows the interacting
proteins to be further away than the crosslinker: proteins will be linked
up to a distance of 80 nm [78], which increases the probability of
capturing dynamically interacting proteins, that, for example, remain
confined within a microdomain of the cells, such as the membrane, even
when not directly interacting. Based on our results, the Prdx2:CSN5
interaction could be dynamic, transient, and/or indirect. In fact, the
ability to capture transient and low affinity interactions is hailed as one
of the advantages of BioID over IP [87]. Just as in the case of Prdx2:
STATS3, it is possible that another protein is needed to scaffold the Prdx2:
CSN5 interaction. This could be addressed in follow-up studies by a
derivative of BiolD termed split-BioID, where the biotin ligase is split
between two interaction partners and biotinylation only occurs when
the partners come together to allow complementation of the two parts of
the biotin ligase [88]. It remains to be seen if other identified BioID
interactors can be confirmed in low-throughput studies.

It is also worthy to note that we observed a clear difference between
external Hy02 induction via the X/XO system compared with internal
H0; induction via the inhibition of thioredoxin reductase with aur-
anofin, for both upregulated and downregulated Prdx2 interactors,
which cannot be explained by differences in H,O5 as measured with both
probes (Fig. 2D and Supplementary Fig. 2). As mentioned above, aur-
anofin increases HyO3 levels by preventing peroxiredoxin recycling by
the thioredoxin system. However, the effect of oxidised Prdx2 accu-
mulation caused by auranofin is only observed within the first 2 h of a
24 h course [89,90], and might be compensated by electron transfer via
the glutathione reductase system [90]. Indeed, as mentioned above, the
glutathionylation of the peroxidatic cysteine of Prdx2 after peroxide
challenge has been reported [19]. Of note, as studies investigating Prdx2
interactors typically employ bolus treatments of H,O5, such as 100 pM
for 15 s [14], this could be a further explanation for the low overlap of
the interactors we find here by BioID and those present in the BioGRID*>
database. Whether the duration and source of HyO5 alters the mecha-
nism of Prdx2 mediation of protein oxidation is an interesting topic for
future investigations.

Regarding the potential biological significance of the Prdx2:CSN5
interaction, CSNG5 is the catalytic 37.5 kDa Zn?*-binding subunit of the
multisubunit COP9 (Constitutive photomorphogenesis 9) signalling
complex (CSN - 320 kDa) with isopeptidase and deNEDDylase activity.
Numerous studies have reported that CSN5 is overexpressed in several
cancers and is often associated with poor prognosis including breast
cancer, nasopharyngeal cancer, lung cancer, and liver cancer [66]. This
CSN complex is highly evolutionary conserved and controls 20 % of the
cellular ubiquitylation events, thereby influencing almost every
pathway [91]. Intriguingly, one of the signalling pathways CSN5 is
involved in is STAT3 [66], which has been shown to enhance the tran-
scription of COPS5, the gene of CSN5 [92]. However, as Prdx2-mediated
STAT3 oxidation attenuates STAT3 transcriptional activity [15], this
effect of STAT3 on CSN5 expression is unlikely to be a direct
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consequence of Prdx2 oxidation. On the other hand, the NEDDylation of
Cullinl, a substrate of the yeast COP, was recently found to be
redox-regulated, leading to the speculation that COP activity could also
be redox-regulated [93]. The fact that CSN5 was reported to be over-
expressed with thioredoxin in patient samples of relapsed acute mono-
cytic leukemia (AML) under oxidative stress [94] further speaks in
favour of CSN5 being redox-regulated. If this is the case, it will be
interesting to see whether Prdx2 is involved in NEDDylation.

Prdx upregulation has been documented in several cancers [95], yet
we are still a long way from a detailed understanding of Prdx-mediated
redox signalling in cancer. An elucidation of the interacting partners
with both thiol disulphide-dependent kinetic-based methods such as
Trx-trapping mutants and thiol disulphide-independent methods such as
BioID that we present here will bring us closer to completing this puzzle.

5. Conclusion

In this study we compared the applicability of two methods, BioID
and immunoprecipitation with a crosslinker, for the identification of
Prdx2 interactors in cells prior to lysis in a thiol-disulphide independent
way. We found that tagging Prdx2 with a His-tag at the N-terminus
significantly affects its peroxidase activity and possibly prevents its
interaction with STAT3, which was not the case for the BioID construct.
One of the interactors identified by BioID, subunit CSN5 from the COP9
signalosome, confirms earlier findings and could also be detected by
PLA.

Hence, we demonstrate that BioID can be used as a method to find
novel interactors of peroxiredoxins, and, potentially, other redox-active
proteins. Our findings with His-tagged Prdx2 also suggest that caution
should be exercised when interpreting the results obtained using tagged
Prdxs in PPI studies.
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