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ARTICLE INFO ABSTRACT

Keywords: The antibody-linked oxi-state assay (ALISA) for quantifying target-specific cysteine oxidation can benefit
Cysteine specialist and non-specialist users. Specialists can benefit from time-efficient analysis and high-throughput target
ALISA

and/or sample n-plex capacities. The simple and accessible “off-the-shelf” nature of ALISA brings the benefits of
oxidative damage assays to non-specialists studying redox-regulation. Until performance benchmarking estab-
lishes confidence in the “unseen” microplate results, ALISA is unlikely to be widely adopted. Here, we imple-

Redox regulation
Oxidative stress

Immunology
Development mented pre-set pass/fail criteria to benchmark ALISA by robustly evaluating immunoassay performance in
Exercise diverse biological contexts. ELISA-mode ALISA assays were accurate, reliable, and sensitive. For example, the

average inter-assay CV for detecting 20%- and 40%-oxidised PRDX2 or GAPDH standards was 4.6% (range:
3.6-7.4%). ALISA displayed target-specificity. Immunodepleting the target decreased the signal by ~75%.
Single-antibody formatted ALISA failed to quantify the matrix-facing alpha subunit of the mitochondrial ATP
synthase. However, RedoxiFluor quantified the alpha subunit displaying exceptional performance in the single-
antibody format. ALISA discovered that (1) monocyte-to-macrophage differentiation amplified PRDX2-specific
cysteine oxidation in THP-1 cells and (2) exercise increased GAPDH-specific cysteine oxidation in human
erythrocytes. The “unseen” microplate data were “seen-to-be-believed” via orthogonal visually displayed im-
munoassays like the dimer method. Finally, we established target (n = 3) and sample (n = 100) n-plex capacities
in ~4 h with 50-70 min hands-on time. Our work showcases the potential of ALISA to advance our under-
standing of redox-regulation and oxidative stress.

1. Introduction

Technological advances have illuminated redox-regulation [1], the
process by which chemically defined sulfur redox state changes
post-translationally control proteins [2-4]. For example, many enzyme
reactions, such as protein tyrosine dephosphorylation, require the
nucleophilic deprotonated sulfur atom [5]. They can be inhibited by
oxidising the deprotonated sulfur atom to the soft sulfenic acid elec-
trophile [6]. Technology empowers cysteine discovery science. For
instance, the Chouchani group’s pioneering mass spectrometric (m/s)
cysteine-reactive-phosphate tag technology led to breakthrough

discoveries about how ageing affects tissue-specific protein cysteine
oxidation [7]. Here, we define the analytical performance benchmarks
new microplate-based technologies must meet to advance our under-
standing of redox-regulation.

The antibody-linked oxi-state assay (ALISA) [8] microplate tech-
nology for quantifying target-specific cysteine oxidation can benefit
specialists and non-specialists alike.

e Specialists can benefit from the “screen” function. Rapidly quanti-
fying cysteine oxidation in a high-throughput manner, such as 96
sample-plex, may be instrumental for selecting a target for follow-up
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m/s analysis. For example, one could analyse a biological pathway to
identify stimulus responsive proteins (e.g., lipopolysaccharide-
stimulated toll-like receptor signalling pathways). The potential for
accurate, reliable, and sensitive performance is useful. For example,
sensitivity is essential when the biological material is rate-limiting
(e.g., liquid biopsies), especially if the sample is destined for multi-
ple assays. When a protein is redox-regulated, ALISA can quickly
discover whether the control mechanism is activated in a new
context. For example, ALISA can help translate cell culture insights
by quantifying redox-regulated proteins, such as GAPDH, in humans.
Non-specialists can benefit from the ability to quantify target-
specific cysteine oxidation using simple, easy-to-implement, and
interpret off-the-shelf kits. Indeed, ALISA uses standard lab equip-
ment (e.g., microplate) and well-established techniques (e.g., the
ELISA). ALISA brings the benefits of oxidative damage assays (e.g.,
protein carbonylation or DNA damage ELISA kits) to the study of
redox-regulation, which could lead to diverse insights by widening
access.

Realising the potential benefits of ALISA relies on robustly evalu-
ating immunoassay performance against established analytical bench-
marks. Potential users need to be confident that the “unseen” microplate
data truly reflects the target-specific cysteine oxidation state, especially
when there are justifiable concerns about the specificity of immu-
noaffinity reagents [9,10]. They must be validated for the intended
application [11]. Establishing analytical benchmarks provides the
community with valuable information, such as target-specific reference
values. By defining the analytical limits of the technique, performance
benchmarking allows the community to rationally use the assay. Guided
use is vital for selecting a suitable technique from the rich cysteine
oxidation analysis toolbox [12]. The toolbox contains powerful m/s [13]
and visually displayed slab-format immunoassay methods [14]. Per-
formance benchmarking exercises that use established tools as
gold-standards can showcase how ALISA complements existing tech-
nologies. To promote wider use, ALISA must have the potential to
empower discovery science in diverse contexts because elementary
redox-regulatory mechanisms transcend traditional disciplinary
boundaries.

Here, we aimed to performance benchmark ALISA by using pre-set
internal, biological, and external pass/fail criteria to determine the
utility of the technique in diverse contexts, from development to exer-
cise, and samples, from human cells to tissue. Our work suggests that
ALISA, provided key criteria are met, can advance our understanding of
redox-regulation across the oxidative eustress/distress spectrum
[15-17]. Although we considered oxidative eustress (e.g., exercise),
ALISA can study oxidative distress contexts, such as neurodegeneration
[18-20]. The results are of value and interest to the many specialists and
non-specialists who stand to benefit from ALISA. We consider extending
the reach of cysteine oxidation analysis to the microplate format to be of
particular significance for high-throughput screens. Proof-of-principle
experiments directly demonstrate high-throughput sample (n = 100)
and target (n = 3) n-plex capacities.

2. Results
2.1. Experimental design

To performance benchmark ALISA [8], we used a three-phased
approach. Firstly, we set pass/fail criteria to internally benchmark
analytical performance across multiple metrics, from accuracy to reli-
ability (see Table 1). The criteria enabled us to identify any potential
performance issues. Secondly, we appraised the analytical value of the
internally validated microplate-based ALISA assay by determining
whether it could generate biological insights. Finally, we externally
validated the “unseen” microplate data by comparing it to established
visually displayed macroscale immunoassay outputs to determine if the

253

Free Radical Biology and Medicine 204 (2023) 252-265

Table 1
Type-stratified pre-set pass/fail criteria by performance metric. CV = co-effi-
cient of variation.

Type Metric Pass Fail
Internal Binding/efficacy ~ Detects analyte Analyte undetected
Internal Accurate <5% of the >6% of the standard redox
standard redox state
state
Internal Reliable <10% inter-assay >11% inter-assay CV
cv
<5% intra-assay >6% intra-assay CV
Ccv
Internal Specific Selectivity detects Unselective—appreciable
analyte cross-reactivity
Internal Sensitive Detects analyte in >4 pg of sample
<3 g
Biological ~ Cysteine New information No new information is
oxidation is generated generated
insights
External Visual Agreement—the Disagreement—the
macroscale biological results biological results are
immunoassay match mismatched
output
verification

findings were consistent. The macroscale immunoassays included the
dimer [21], cysteinyl labelling [22,23], and Click-PEG assays [24-27] as
depicted in Fig. 1. Comparative macroscale immunoassay analyses
helped to validate the results and provided additional confidence in the
performance of ALISA. This approach allowed us to robustly and
rigorously performance benchmark ALISA.

2.2. Case study 1: PMA-induced monocyte-to-macrophage differentiation
amplified PRDX2-specific cysteine oxidation in human THP-1 cells

When it is possible to implement them, many studies use immuno-
assays to quantify cysteine oxidation in cultured cells. For example, an
expanding number quantify peroxiredoxin 2 (PRDX2, UniProt: P32119)
using the gold-standard dimer assay [21]. The cysteine-dependent
peroxidase, PRDX2 controls antioxidant defence and directs redox sig-
nalling in the cytosol by metabolising reactive oxygen species (ROS
[28-30]) bearing an O-O bond like hydrogen peroxide [31-34]. The
PRDX2 dimer assay enabled us to evaluate the suitability of ALISA as a
means to determine the oxidation of the many interesting proteins, such
as RADS1 [35], that lack established immunoassays. The ability to do so
adds a quick and convenient tool to the cysteine oxidation toolbox. Since
cysteine-dependent redox-regulation is emerging as an important con-
trol mechanism in immunology [36,37], we performance benchmarked
the ability of ALISA to quantify PRDX2-specific cysteine oxidation
compared to the gold-standard dimer assay in human-derived THP-1
cells. The extensively used THP-1 cell line (>14,000 PubMed hits)
enabled us to quantify PRDX2 oxidation during
monocyte-to-macrophage  differentiation  using an  accepted
phorbol-12-myristate-13-acetate (PMA) model [38]. Consistent with the
utility of the model, established flow cytometry extracellular marker
profiling and microscopy analysis confirmed PMA-induced mono-
cyte-to-macrophage differentiation in the THP-1 cells (Supplementary
Figs. 1-2).

To perform ALISA, the experimental samples were prepared using
validated cysteine-reactive reagents and cysteine-labelling procedures
[39]. Cells were lysed with N-ethylmaleimide (NEM) buffer to alkylate
reduced cysteines via the Michael addition reaction-dependent forma-
tion of a thioether bond [40]. Reversibly oxidised cysteines were
reduced with 2-Tris (carboxyethyl)phosphine (TCEP) via the nucleo-
philic phosphine atom and labelled with a maleimide-conjugated fluo-
rescent reporter (F-MAL, fluorescin-5-maleimide) [41,42]. In this
format, ALISA detects TCEP-reducible, reversible, cysteine oxidation.
Specific analytical strategies are required to measure irreversible
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Redox blot Click-PEG Cysteinyl Fig. ‘1.. Scheme of th‘e visually displayed target-
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cysteine oxidation and specific chemotypes. The ELISA-mode ALISA Table 2
able

assay uses (1) a capture antibody passively bound to a microplate to
“pull-down” PRDX2, and (2) a biotin-conjugated detector antibody to
quantify [PRDX2] via streptavidin-conjugated horseradish peroxidase
(HRP)-dependent fluorescence (Fig. 2A). PRDX2-specific cysteine
oxidation was ratiometrically quantified using equation (1):

PRDX2 — ox = F — MAL/HRP Equation 1

Internal performance benchmarking confirmed the suitability of the
ELISA-mode ALISA assay for the intended application of quantifying
PRDX2 cysteine oxidation in THP-1 cells. The assay detected the analyte,
as evidenced by a positive HRP signal compared to blank wells (see
Supplementary Fig. 3). However, ALISA failed the sensitivity test. We
needed >4 pg to detect PRDX2 in THP-1 cells. The insensitivity is a
property of the THP-1 cell line used because PRDX2 was detected in <2
ug HeLa cell lysate (see Supplementary Fig. 3). Regarding accuracy and
reliability, the assay accurately and reliably determined the cysteine
redox state of 20% and 40% standards (see Table 2). Cysteine redox

A The Antibody-Linked Oxi-State Assay (ALISA)

)
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Standard-specific accuracy and reliability data by target for the ELISA-mode
ALISA assay. The CV values specify inter-assay variation.

Standard 20%-oxidised 40%-oxidised

Target Mean SD Diff Ccv Mean SD Diff cv
PRDX2 23 1.0 3.0 3.6 42.3 1.5 2.3 3.6
GAPDH 20.6 1.5 0.6 7.4 41.0 1.6 1.0 3.8

standards are “ground-truth” samples engineered to a set percentage of
oxidised protein by mixing 100%-labelled F-MAL and NEM standards as
appropriate. For example, 10% oxidised can be created by mixing 1 and
9 parts F-MAL and NEM, respectively. Like most current methods, the
labelling is relative, in that, not every cysteine will be labelled in the
100% standard on steric and chemical grounds [40]. All intraassay CV
values were below 3%. ALISA displayed target-specificity. Immunode-
pleting PRDX2 via immunoprecipitation (IP) significantly decreased the
F-MAL and HRP signals (see Supplementary Fig. 3).

Fig. 2. PMA-induced monocyte-to-macrophage
differentiation amplified PRDX2-specific cysteine
oxidation in human THP-1 cells. A. Scheme of the
ALISA assay. B. PMA-induced monocyte-to-macro-
phage differentiation (n = 6) significantly, as deter-
mined by an independent t-test, decreased [PRDX2]
in THP-1 cells as analysed by the ELISA-mode ALISA
assay. C. PMA-induced monocyte-to-macrophage (n
= 6) differentiation significantly, as determined by an
independent Mann-Whitney test, increased PRDX2
oxidation in THP-1 cells as analysed by the ELISA-

Fluorescent maleimide (F- A capture antibody is A biotin: d Target-specific cysteine mode ALISA assay D. Representative PRDX2 dimer
MAL) decorated target. used to bind the F-MAL di ibody and idation is ified as . . .
Reversibly oxidised labelled target. HRP-conjugated F-MAL/total protein in a assay image. Note the faint monomer band in mono-
CYSIGInGS are FNAL s'f:;‘f;:;zs:mj” microplate format. cytes (right) and essentially absent band in macro-
protein. phages (left). E. PMA-induced monocyte-to-
B C = D E F macrophage (n = 6) differentiation significantly, as
N
x M = i i - i
. . g 0 M::: 8 2 g sk Macro @ O fietermmed by an 1‘nde‘penflent Mann-Whitney test,
[ L Bl 240 Mono O @ increased PRDX2 oxidation in THP-1 cells as analysed
< g 1
- ole Fd i by the dimer assay. The samples were binary scored
£° = 02 <08
5 " ] for the presence (1) or absence (0) of the reduced
£ s ) . .
§ 4 ﬁ &0'6 PRDX2-specific monomeric band. F. Representative
= g 01 «—D E 04 anti-PRDX-SO3; immunoblot image. Note the lack of
2 . N L.
* K —m 202 any monomeric staining. In all panels: ns denotes P >
0 g 0.0 ;M “—M  0.05 whereas *, **, *** and **** denote P < 0.05,
OG(@’ & x & \\,bq? E & S 0.01, 0.001, and 0.0001, respectively.
eo(‘ & o°° & & o‘oQ
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Satisfied with the internal performance of the assay, we quantified
PRDX2-specific cysteine oxidation following PMA-induced differentia-
tion. ALISA revealed that PMA-induced monocyte-to-macrophage dif-
ferentiation (1) decreased [PRDX2] by ~50%, from ~5 to 2.4 ng/ml
(Fig. 2B), and (2) increased PRDX2-specific cysteine oxidation (Fig. 2C).
A benefit of the ALISA assay is that the PRDX2 finding can be con-
textualised by calculating global proteome wide cysteine oxidation as F-
MAL/[protein content], as determined by the BCA assay or equivalent.
Interestingly, PMA-induced monocyte-to-macrophage differentiation
had no impact on global proteome-wide cysteine oxidation in the THP-1
cells (see Supplementary Fig. 3).

To visually verify the microscale ALISA finding, we used the dimer
assay (see Fig. 1) as the gold-standard expert recommended approach
for quantifying PRDX2-specific cysteine oxidation [12,21]. The dimer
assay quantifies a label-free electrophoretic mobility shift in
non-reducing SDS-PAGE induced by an intermolecular disulfide bond
covalently stapling two monomers together. In theory, the monomers
are reduced (representing 3 reduced cysteines per monomer) and the
dimers are oxidised (representing at least two oxidised cysteines per
dimer). In practice, the monomers may contain sulfinic acids (RSO2),
sulfonic acids (RSO3) and/or other oxidised chemotypes (e.g., S-gluta-
thionylated, RSSG) [43]. Likewise, dimers may contain reduced cyste-
ines and other oxidised chemotypes (e.g., RSSG) [44]. In contrast,
ALISA, would, for example, label any reversibly oxidised cysteines in the
monomers with F-MAL.

Although the differences in what they report could produce a
discrepant result, we observed excellent agreement between ALISA and
the dimer assay. The dimer assay visually verified the PMA-induced
increase in PRDX2-specific cysteine oxidation (Fig. 2D). To our sur-
prise, the monomeric band was absent in the macrophages, which
visually confirmed the PMA-induced increase in PRDX2-specific oxida-
tion (Fig. 2E). In monocytes, PRDX2-specific bands were devoid of
detectable SOs3 species as evidenced by the lack of a positive band at
~22 kDa (Fig. 2F). Interestingly, reduced monomeric PRDX1 (UniProt:
Q06830), the other cytosolic typical 2-Cys isoform, was detected (see
Supplementary Fig. 3), which implies selective context-specific PRDX2
oxidation. Even though the protein was substantially oxidised, the
ground-truth redox standards demonstrated that reducing PRDX2 with
TCEP altered the F-MAL signal (see Table 2 and Supplementary Fig. 3).
In summary, ALISA and the dimer assay revealed that PMA-induced
monocyte-to-macrophage differentiation amplified PRDX2-specific
cysteine oxidation in THP-1 cells. The finding highlights the potential
of the ALISA assay to advance understanding of redox-regulation in
immune cells and other contexts (e.g., perceiving electromagnetic fields
[45]) by quantifying target-specific cysteine oxidation.

2.3. Case study 2: Exercise increased GAPDH-specific cysteine oxidation
in human erythrocytes

Translational studies are vital for understanding redox-regulation
and oxidative stress, but they almost universally measure oxidative
damage [12,21,46-51]. Oxidative damage assays are generally simple
and easy-to-use, which makes them accessible to non-specialists.
Bringing their benefits to the redox-regulation field would be valu-
able. It would particularly benefit studies focused on measuring systemic
oxidative stress in humans in response to elemental
evolutionary-significant stimuli like exercise [52-56]. Exercise can un-
ravel the biological relevance of target-specific cysteine oxidation for
inducing beneficial health-promoting adaptations [57-64].

To showcase the benefits of ALISA, we quantified GAPDH-specific
(UniProt: P04406) cysteine oxidation before and after a maximal exer-
cise in human erythrocytes [65]. GAPDH is an ideal target because the
redox state of the active site cysteine (Cys152) controls glucose meta-
bolism. It provides erythrocytes with a transcription-independent
mechanism to rapidly fine-tune their response to physiological stimuli
like exercise [66]. Oxidising GAPDH could induce a redox-regulatory
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response to exercise by enabling the erythrocyte to produce NADPH
via channelling glucose into the pentose phosphate pathway [67,68].
Studying GAPDH may help us understand how essential oxygen trans-
porting cells adapt to exercise [69].

Internal validation experiments revealed that ELISA-mode ALISA (1)
detected GAPDH (passed) with 1 pg protein input (sensitivity pass)
(Fig. 3A and Supplementary Fig. 3); (2) accurately discriminated be-
tween the 20 and 40% cysteine redox standards in a reliable way
(passed, see Table 2), (3) all intraassay CVs were less than 2% (passed),
and (4) immunodepleting GAPDH significantly decreased the F-MAL
and HRP signals by 70-90% (passed, Fig. 3B-C).

Satisfied with the internal performance of the assay, we quantified
GAPDH-specific cysteine oxidation before and after maximal exercise in
erythrocytes from adult human males. Exercise significantly increased
GAPDH-specific cysteine oxidation (Fig. 3D) without changing
[GAPDH] (Fig. 3E). Consistent with our previous work [65], exercise
had no statistically significant impact on global cysteine oxidation in
human erythrocytes (Fig. 3F).

Unlike PRDX2, GAPDH fails to display a label-free mobility-shift in
non-reducing PAGE [14]. To visually verify the finding, we performed
cysteinyl labelling [22,23]. The cysteinyl labelling assay (see Fig. 1) is
an important analytical tool widely used by the community [70].
Notable recent insights include helping to discover cysteine
redox-switches in CDK2 [71] and Gasdermin D [72]. To implement the
technique, one (1) biotin-conjugated maleimide or equivalent labels
reversibly oxidised cysteines, (2) enriches the target via IP, and (3)
quantifies cysteine oxidation by streptavidin-immunoblotting. Since we
had F-MAL labelled lysates, we modified the assay. Specifically, we
replaced biotin-maleimide with F-MAL and used the biotin-conjugated
detector antibody to quantify the target to avoid interference from
capture antibody-derived light and heavy chains. The modified cysteinyl
labelling assay confirmed that maximal exercise significantly increased
GAPDH-specific cysteine oxidation in human erythrocytes (Fig. 3G-H).
In summary, ALISA and the cysteinyl labelling immunoassays revealed
that maximal exercise increased GAPDH-specific oxidation in human
erythrocytes. ALISA can advance our understanding of redox-regulation
and oxidative stress in humans.

2.4. Case study 3: Breaking ALISA: defining the performance limits of the
immunoassay

Like any technique, ALISA is ideal for some analytical tasks like high-
throughput targeted cysteine oxidation analysis and ill-suited to others
[8]. One such task relates to quantifying cysteine oxidation in a single
antibody format when no matched-pair ELISA kits are available, as is the
case for most proteins [73]. The single antibody format challenges
ALISA due to the need to quantify target protein content without a HRP
system. To test the analytical capacity of ALISA, we attempted to
quantify the cysteine redox state of the alpha subunit (UniProt: P08428)
from the mitochondrial ATP synthase in unfertilised Xenopus laevis
(X. laevis) eggs [74]. Technically, no matched pair reagents were
available to analyse the alpha subunit in an ELISA format. Biologically,
the alpha subunit defined an example of a redox-regulated protein
implicated in controlling mitochondrial bioenergetics [75,76]. As recent
work shows [77], redox-regulation may be instrumental for suppressing
mitochondrial superoxide production to prevent DNA damage during
oogenesis [78]. Finally, one of the key anticipated uses of ALISA is to
rapidly determine whether cysteine oxidation is relevant in a new bio-
logical context by quantifying the ever-expanding list of redox-regulated
proteins [7], such as the alpha subunit.

In the single antibody format [8], ALISA involves (1) covalently
binding a capture antibody to a microplate like one bearing epoxy
groups for strain-promoted nucleophilic substitution reactions with
amines [79], (2) pulling-down the F-MAL labelled target, (3) labelling
the resultant immunocomplex with AlexaFluor®647-conjugated
N-hydroxysuccinimide  (F-NHS), and (4) denaturing the



A. Tuncay et al. Free Radical Biology and Medicine 204 (2023) 252-265

ns
273 ns ns Blank Blank
£ 7 1 G Q . g G 4 8 g
Z o * * ¥ * * (3
= ¥ % * A E *
z Immunodepleted * % * i e % |3 3
S 270 ¥ * { * *
g ¥ * ¥ *
O 269 Sample * Sample *
268
& & & 00 0z 04 06 08 0 50 100 150 200 250
T & F-MAL1 (AU) GAPDH (pM/ml)
_ * 273 . . -
r T
5 00040 ! 2 2009 s GAPDH cystineyl labelling I
2 = 272 ns & S
g E = . RER ERE g
< 0.0035 5 . g 150 wy T LSSA .- =
g . 2 . : F-MALW z
L 0.0030 T > 1004 - L
g g 7" 2 Strep-647w -
2 < 4 %
2 0.0025 i
z @ 291 % % R=rest E
Q E-] _ . 0
2 0.0020 268 g 0. E = exercise §
@ Sent Bxerete Rest Exercise Rest Exercise g Restl Erardias

Fig. 3. Exercise increased GAPDH-specific cysteine oxidation in human erythrocytes. A. No impact, as determined by a 1-way ANOVA with Tukey post-hoc
testing, of the label on the ability of the ELISA-mode assay to quantify [GAPDH) in human erythrocyte standards (n = 3). B-C. Immunodepleting GAPDH signifi-
cantly as determined by a 1-way ANOVA with Tukey post-hoc testing, decreased the F-MAL (B) and HRP (C) signal in the ELISA-mode ALISA assay. D. Exercise
significantly, as determined by an independent t-test, increases GAPDH cysteine oxidation, as determined by ELISA-mode ALISA, in human erythrocytes (n = 8). E.
No significant, as determined by an independent t-test, impact of exercise on [GAPDH], as determined by ELISA-mode ALISA, in human erythrocytes (n = 8). F. No
significant, as determined by an independent t-test, impact of exercise on proteome-wide cysteine oxidation, as determined by global-mode ALISA, in human
erythrocytes (n = 8). G. Representative cysteinyl labelling assay image showing the GAPDH-specific F-MAL (top) and AlexaFluor™647streptavidin signals (bottom)
in human erythrocytes before and after exercise. H. Exercise significantly, as determined by an independent t-test, increases GAPDH cysteine oxidation, as determined
by the cysteinyl labelling assay, in human erythrocytes (n = 8). In all panels: ns denotes P > 0.05 whereas *, **, *** and **** denote P < 0.05, 0.01, 0.001, and
0.0001, respectively.
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immunocomplex to selectively elute the target from the covalently background (Fig. 4G).

immobilised capture antibody. The assay quantifies target-specific Defining the analytical limits of ALISA may inspire smart chemistry-

cysteine oxidation as: F-MAL/F-NHS (Fig. 4A). enabled innovations underpinning next-generation ALISA-v2 assays.
Unfortunately, the single antibody format, unilaterally failed to pass Until then, microplate assays must still be able to analyse proteins

the internal performance benchmarking criteria. First, the F-MAL and lacking ELISA reagents, such as the alpha subunit. To meet this pressing

F-NHS signals for the 100% labelled standard varied substantially: CV analytical need, we used RedoxiFluor [80]. RedoxiFluor uses two
value above 58% indicated a detection issue (Fig. 4B). The assay failed spectrally distinct F-MAL labels to quantify target-specific cysteine

to discern between the 20 and 40% cysteine redox state standards redox state in relative percentage terms in a protein A coated microplate
(Fig. 4C-D). Inaccurate detection was compounded by erratic perfor- (see Supplementary Fig. 4). The labels are fluorescein-5-maleimide
mance, with the CV values for the 20 and 40% oxidised standards being (F-MAL1, reduced) and AlexaFluor™647-Co-maleimide (F-MAL2,
above 40%. The performance problems were unrelated to ineffective reversibly oxidised).
target elution because the first elution round captured 99% of the F-MAL Internal validation experiments revealed that (1) RedoxiFluor
signal (Fig. 4E). quantified the alpha subunit with just 0.5 pg input (detection and
Mechanistically, some of the unacceptable performance related to sensitivity pass, see Supplementary Fig. 4), (2) the F-MAL labels had no
randomly covalently bonding the capture antibody to the epoxy impact on antibody recognition, as evidenced by the ability to construct
microplate paired with variable F-NHS access to target amines. The the standard curve (Fig. 5A) and the ability of the capture antibody to
underpinning evidence comes from experiments comparing the F-MAL bind the PEG-conjugated protein (Fig. 5D), (3) RedoxiFluor accurately
and F-NHS signals in the epoxy compared to protein A plates. Correctly and reliably quantified alpha subunit cysteine redox state across the
orientating the antibody via protein A binding to the Fc domain allowed 10-90% oxidised standards curve (see Table 3); and (4) immunode-
better F-NHS access, resulting in more uniform (CV for the F-NHS pleting the alpha subunit substantially decreased the F-MAL signal by
signal = 10%) labelling (Fig. 4F). However, one cannot separate the ~64% (Fig. 5B). The estimated 3.7 pM amount of the alpha subunit per
antibody- and target-dependent F-NHS signals to quantify target- unfertilised X. laevis egg [81], presented challenges for immunodeplet-
specific cysteine redox state because SDS releases the capture antibody ing it. Some F-MAL signal (~35%) remained because the alpha subunit
from protein A. Pre-labelling the sample with F-NHS to bypass the must be immunodepleted to fM levels to abolish the F-MAL signal when
antibody-target separation problem introduced another: masking posi- 1-5 pM of capture antibody can bind to the protein A plate. Using the
tively charged amine groups seemed to electrostatically impede epitope- natural knock-out of the erythrocyte lysates devoid of mitochondria
paratope binding. Impaired epitope-paratope binding was evidenced by completely abolished the F-MAL signal (see Supplementary Fig. 4).
the F-MAL signals from samples incubated with the capture antibody After satisfying assay performance criteria, we quantified alpha
being formally equivalent (statistically no different) from the subunit-specific cysteine redox state in unfertilised X. laevis eggs using
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Fig. 5. The alpha subunit of the mitochondrial ATP synthase is oxidised in unfertilised X. laevis eggs. A. Excellent relationship between the “ground-truth”
cysteine redox state input (n = 3) and the protein A-mode RedoxiFluor immunoassay outputs for the alpha subunit in X. laevis. B. A significant, as determined by a 1-
way ANOVA with post-hoc Tukey testing, decrease in the F-MAL signal output of the alpha subunit RedoxiFluor immunoassay in immunodepleted (n = 3) compared
to experimental samples (n = 3). C. No significant, as determined by a dependent t-test, in the redox state of the alpha subunit, as analysed by protein A-mode
RedoxiFluor, in unfertilised X. laevis eggs (n = 6). D. Representative image from the Click-PEG immunoblot assay. E. Without correction for the redox state of the
middle band, the alpha subunit is significantly, as determined by a dependent t-test, more oxidised than reduced in unfertilised X. laevis eggs (n = 6). F. When the
redox state of the middle band is accounted for, there is no significant, as determined by a dependent t-test, in the redox state of the alpha subunit, as analysed by
Click-PEG, in unfertilised X. laevis eggs (n = 6). G. The 100% oxidised form (n = 6) is significantly, as determined by a dependent t-test, more abundant than the 50%
form (n = 6). H. No significant difference, as determined by an independent t-test, in the alpha subunit oxidation as analysed by Click-PEG (n = 6) or RedoxiFluor (n
= 6). In all panels: ns denotes P > 0.05 whereas *, **, *** and **** denote P < 0.05, 0.01, 0.001, and 0.0001, respectively.
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Table 3

Cysteine redox state (n = 3) performance data for the alpha subunit protein A
mode RedoxiFlour assay. The range is the difference between the maximum and
minimum value.

Standard % Mean Difference to Range Intra- Inter-
oxidised (SD) ground-truth (%) assay CV assay CV
(%) (%) (%)

90 88.6 1.4 4 0.5 2.3
2

80 80.6 0.6 1.4 0.1 0.9
0.7)

70 73.2 3.2 2.1 0.9 1.4
1.1

60 62.4 2.4 0.5 0.1 0.4
(0.3)

50 50.5 0.5 2.9 0.8 2.9
(1.5)

40 44.5 4.5 0 0.1 0
0

30 34.7 4.7 3.8 0.2 5.5
1.9)

20 22.3 2.3 8 1.1 17.9
(4.0)

10 8.7 1.3 1.7 0.7 9.8
0.9)

Mean n/a 2.3 2.7 0.5 4.5

RedoxiFluor. RedoxiFluor revealed that the alpha subunit was 45%
oxidised (Fig. 5C). To visually verify RedoxiFluor, we used Click-PEG.
Click-PEG deploys catalyst-free inverse electron demand Diels Alder
(IEDDA) chemistry [82,83] to ligate reversibly oxidised cysteines with
electrophoretic mobility-shifting PEG-payloads (see Fig. 1). Although
the PEG-payloads sterically block antibody binding for most targets
[14], the approach is feasible for the alpha subunit [27,74]. Click-PEG
revealed that the alpha subunit is 65% oxidised in unfertilised X. laevis
eggs (Fig. 5D-E). The appreciable 20% difference in immunoassay
outputs was reconciled. The middle band (+5 kDa) contained 1 reduced
and 1 oxidised cysteine (50% oxidised). When the redox state of the
middle band was accounted for, the alpha subunit is 47% oxidised
(Fig. 5F). Interestingly, the 100% oxidised (2-Cys, +10 kDa) band
accounted for more of the oxidised signal compared to the 50% band
(Fig. 5G). The 100% oxidised (Cys244 & 294) form accounted for ~25%
of the total signal. Despite their disparate methodologies, the percent
oxidised alpha subunit values differed by just 2%: 45% in RedoxiFluor
compared to 47% oxidised in Click-PEG (Fig. 5H). In summary, ALISA is
unsuited to the single antibody format, but RedoxiFluor performed
exceptionally well.
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2.5. Chemotype-specific ALISA revealed PPP2CA-specific S-
glutathionylation in X. laevis

Although it is often beneficial when screening proteins to be agnostic
of any one specific type of reversible cysteine oxidation, chemotype-
specific approaches are mechanistically important [84,85]. An advan-
tage of ALISA and RedoxiFluor is that they readily can be modified to
quantify chemotype-specific oxidation by implementing a reaction- or
selective reduction-based strategy [86-88]. To showcase this analytical
property, we chemically-induced S-glutathionyation (RSSG) in unfer-
tilised X. laevis eggs reduced with TCEP (see methods). To do so, we used
xanthine oxidase (UniProt: P47989) to produce superoxide and
hydrogen peroxide, per the superoxide dismutase assay [89], so as to
form protein sulfenic acids (RSOH). Ectopically applied oxidised gluta-
thione (GSSG) would then convert RSOH to RSSG. To selectively reduce
GSSG, we used a mutant glutaredoxin 3 (GRX3) from E. coli per previous
research [90]. Global-mode ALISA confirmed that the xanthine oxidase
system increased reversible cysteine oxidation (Fig. 6A). Increased
reversible cysteine oxidation was abolished when copper zinc superox-
ide dismutase (SOD1, UniProt:P00441) and catalase (CAT, UniProt:
P04040) were added (Fig. 6A). Adding GSSG significantly increased
reversible cysteine oxidation in a SOD1-CAT dependent manner
(Fig. 6B).

Satisfied with the performance of the PSSG-inducing system, we
analysed the catalytic subunit of the PP2A serine threonine phosphatase
(PPP2CA, UniProt: Q8AVH9) in X. laevis. PPP2CA was selected because
we have previously validated the ELISA-mode ALISA assay [65] for it
and because it is the subject of our on-going work on the
redox-regulation of fertilisation. Adding GSSG significantly increased
PPP2CA-specific S-glutathionylation without changing PPP2CA protein
content in X. laevis eggs (Fig. 6C-D). In principle, other strategies for
studying reversible and irreversible cysteine oxidation could be imple-
mented [91], most notably the recently developed RSOH reactive
turn-on fluorescent probes from the Carroll group [88]. Data demon-
strate that ALISA can quantify chemotype-specific cysteine oxidation.

2.6. Proof-of-concept sample and target n-plex capacity examples

The case studies evidenced the advantages and disadvantages of
ALISA in relatively small scale (<10 per group) owing to the need to
benchmark it against macroscale immunoassays. Slab-gel formatted
macroscale immunoassays are particularly unsuited to high-throughput
applications. Inspired by how the Sikes group [92] used a genetically
encoded peroxiredoxin-based probe [93] to determine whether 600
compounds induced intracellular hydrogen peroxide, we explored
high-throughput ALISA functions. Proof-of-concept experiments tested

Fig. 6. Chemotype-specific ALISA revealed
PPP2CA-specific S-glutathionylation in X. laevis.
A. Xanthine oxidase (XO) significantly, as determined
by a one-way ANOVA test, increased reversible
cysteine oxidation, as determined by global mode
ALISA, in unfertilised eggs X. laevis compared to
P control (no XO) and antioxidant treated (XO + SOD
+ CAT) samples (n = 6). B. Introducing GSSG (5 mM)
into unfertilised X. laevis egg lysates treated with XO
significantly, as determined by an independent ¢-test,
increased protein S-glutathionylation (RSSG), deter-
0 mined using global mode ALISA with a selective RSSG
reduction step, compared to control (no GSSG) sam-

PP2A (pM/ml)
g

o ples (n = 6). C. Chemically-induced PSSG signifi-
Group cantly, as determined by a one-way ANOVA,

increased PPP2CA-specific S-glutathionylation, as
determined using ELISA-mode ALISA with a selective
PSSG reduction step, in X. laevis (n = 3 per group). D.

No treatment (n = 3 per group) had any significant impact on PPP2CA-content as determined using ELISA-mode ALISA in X. laevis. In all panels: ns denotes P > 0.05
whereas *, **, *** and **** denote P < 0.05, 0.01, 0.001, and 0.0001, respectively.
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target or sample n-plex capabilities. For example, with 96-well and
technical duplicates, one could assess 48 targets in 1 sample or 1 target
in 48 samples. We determined whether ALISA could quantify
GAPDH-specific cysteine oxidation in 100 Hela lysate derived redox
standards (n = 10 biological replicates in each group from 10 to 100%
oxidised, 200 discrete datapoints with technical replicates). In ALISA,
redox standards rely on (a) constant [target] and (b) F-MAL signal
linearity. After verifying the underlying assumptions about a (amount =
~650 pM/ml) and b (R = 0.97) (Fig. 7A-B), ALISA successfully analysed
100 samples (Fig. 7C). In principle, one can now use ALISA to unmask
how a chemical library impacts target-specific cysteine oxidation, which
may help unravel their mode-of-action.

Previously, we developed array-mode using RedoxiFluor [80].
Compared to ALISA, RedoxiFluor is better suited to array-mode because
it can effectively operate with a single capture antibody. However, we
expect that many labs, as confirmed by collaborators [94], wishing to
n-plex targets only have NEM or equivalent treated samples. To establish
proof-of-principle for the n-target plex capacity, we simultaneously
analysed aurora b (UniProt: Q96GD4), CDK6 (UniProt: Q00534), and
cde25¢ (UniProt: P30307) using ELISA-mode ALISA in Hela lysate
derived redox standards. Aside from verifying that immunodepleting the
target substantially (—80-90%) decreased the HRP signal (see Supple-
mentary Fig. 4), we omitted performance benchmarking on the basis
that the idea of an array is to select a target for follow-up analysis. We
analysed duplicate case and controls samples. Aside from the 40%-oxi-
dised cdc25c case “hit” mimic, all the samples were 20%-oxidised.
ALISA successfully analysed 8 duplicate samples per group per target
(96 discrete datapoints in total) and correctly identified the cdc25c “hit”
(Fig. 7D-E). After the overnight binding step, one can run ALISAin ~4h
with 50-70 min actual hands-on time (Fig. 7F). Our results evidence
high-throughput ALISA capabilities. Target n-plex can be increased by
an order of magnitude provided suitable reagents are available.

3. Discussion

To determine the potential of the ALISA to advance our under-
standing of redox-regulation, we aimed to evaluate the analytical value

A B
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of ALISA by performance benchmarking the technique across diverse
case studies spanning fundamental processes and explore its potential
for high-throughput cysteine oxidation analysis. Key findings are
threefold. First, internal validation data confirmed that ALISA is well-
suited to analysing PRDX2 (passed) and GAPDH (passed) and ill-suited
to quantifying the alpha subunit (failed). The data and the associated
metadata define a valuable resource for robustly appraising the suit-
ability of ALISA for the intended application. Defining the analytical
limit of the assay, rationally informs a new recommendation: single-
antibody format use of ALISA is discouraged. The ELISA-mode ALISA
assay performs much better. Second, ALISA generated new biological
insights in diverse contexts. PMA-induced monocyte-to-macrophage
differentiation amplified PRDX2 oxidation in THP-1 cells and exercise
increased GAPDH oxidation in human erythrocytes. The “unseen”
microplate discoveries were “seen-to-be-believed” being verified by
visually displayed macroscale immunoassays. Third, we demonstrated
high-throughput sample or target n-plex ALISA capacities. Our work
highlights the pros and cons of using ALISA to advance our under-
standing of redox-regulation and oxidative stress.

The key strengths of ALISA for quantifying target-specific cysteine
oxidation include time-efficient and high-throughput analysis combined
with minimal reagent consumption. The 4-5 h workflow duration re-
quires 50-70 min hands-on time to analyse 96-samples using 0.1 pg of
capture antibody per sample. In contrast, slab-gel formatted immuno-
assays require more hands on-time (~2-3 h) and consume far more
reagents, such as 1 pg antibody per sample. Compared to the pitfalls of
densitometry [95], the microplate format affords rapid (9.6 s per plate),
unbiased, and automated analysis. The simple off-the-shelf nature of
ALISA widens access by bringing the benefits of widely adopted oxida-
tive damage assays to the study of redox-regulation. Provided suitable
reagents are available, ALISA can be applied to diverse biological con-
texts. When the assay is internally performance benchmarked, we expect
the accuracy, reliability, and sensitivity to empower question-driven
target-specific discovery science across the oxidative eustress-distress
spectrum. As directly demonstrated here by discoveries in immu-
nology, development, and exercise. Interpreting the discovery brings
another strength into play. Mechanistically, ALISA outputs integrate
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target-specific cysteine oxidation “on” and reduction “off” chemistry
across residues into one holistic metric. The output metric is a redox
barometer that dynamically responds to ROS and antioxidant defence.
Depending on the protein it can also report function, such as the acti-
vation of a biological pathway.

ALISA cannot disclose residue-specific cysteine redox state. Powerful
m/s methods remain unmatched in their capacity for n-target plex (>10°
proteins), residue-resolution across ~10°~* sites, and sensitivity (single
cell analysis is possible [96-98]). Although there are other trade-offs (e.
g., the protein inference problem [99-101]), m/s is unconstrained by
immunoaffinity reagent availability and their cross-reactivities. The
selectivity of the immunoaffinity reagent cannot be assured. Or guar-
anteed even when a target is validated due to intrinsic batch-lot and
sample type variability. Accordingly, the ELISA-mode strategy, relevant
controls, and a visual verification step are recommended. The
single-antibody format proved unsatisfactory. It failed to detect the
alpha subunit. Economically, it also requires relatively costly epoxy
microplates and hydrolysis-prone F-NHS reagents. RedoxiFluor is much
better-suited to the single-antibody format and allows percentage
analysis. The holistic residue-weighted outcome metric cannot detect
“balanced” changes. For instance, a 5% decrease in one cysteine and a
5% increase in another cancel out, which means important biology can
be inadvertently missed. However, the holistic change can report
changes occurring on as-yet m/s undetectable sites [102,103]. The
orthogonality of ALISA to irreversibly oxidised chemotypes should be
considered in oxidative distress settings when their formation might be
appreciable. We recommend direct reactivity strategies to study them to
better understand how oxidative distress chemically manifests. Care-
fully considering the cons and accounting for them with appropriate
controls allows potential users to capitalise on the pros by properly
implementing ALISA.

Future work can improve ALISA. To maximise sensitivity and time-
efficiency, one may integrate ELISA-mode ALISA with the protein A
format. Using smart-enzymes and protein A columns to purify the biotin-
conjugated Faby-domain of the detector antibody would be an effective
way of rendering it orthogonal to protein A. Alternatively, simple-step™
ELISA kits can be used. Next-generation N-terminal selective labelling
reagents like 2-pyridinecarboxylaldehyde may also advance the single-
antibody format [104]. Carefully titrating the F-MAL signal at a set
protein input could enable percentage analysis. A promising specificity
strategy is to integrate ALISA and m/s using new smart-chemicals. Iso-
topic m/s analysis might be enabled by separating the cysteine-reactive
warhead from the F-MAL via a chemically cleavable linker, such as
dialkoxydiphenylsilane [105]. Or couple ALISA to microfluidic immu-
noassays [106-108]. They enable a visual 2-factor authentication sys-
tem to be implemented without sacrificing sample n-plex. The 2-factors
comprise the molecular mass of the target, signal discrimination by
separation, and the biotin-conjugated detector antibody. The proposed
improvements can amplify the key strengths of ALISA, nullify weak-
nesses, and even lead to new analytical capabilities.

4. Conclusion

Performance benchmarking revealed the potential of ALISA for
quantifying target-specific cysteine oxidation to advance understanding
of redox-regulation and oxidative stress in diverse biological contexts.
Confidence in the “unseen” microplate results was established by the
“seeing-is-believing” orthogonal visual display approach.

5. Methods
5.1. Materials, reagents, and ethical approval
The details of the relevant materials and reagents used are provided

throughout and altogether in the supplement (see Supplementary
Table 1). We received full institutional ethical approval for the X. laevis
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(#ETH2021-0222) and human studies (#OL-ETHSHE-1436). The latter
fully conformed to the Declaration of Helsinki.

5.2. Cell culture

Human-derived THP-1 cells (ECACC, UK, #88081201) were cultured
(95% air, 5% COs, at 37 °C) in RPMI 1640 medium (ThermoFisher, UK,
#11875093) supplemented with 10% fetal bovine serum, 2000 mg/L
glucose, 2 mM r-glutamine and 1% penicillin/streptomycin, and main-
tained at densities between 2.5 and 9 x 10° cells/ml. To differentiate
them into a macrophage-like phenotype, cells seeded at a density of 5 x
10° cells/ml were treated with 5 ng/ml PMA (Fisher Scientific, UK,
#15476069). After 72 h, cells were gently rinsed with PBS and left to
rest with fresh untreated media for 24 h.

5.3. Exercise study

After fasting overnight and warming-up at 50 W (W) for 5 min, eight
healthy human male (n = 8, age = 38 + 9 years, height = 179.3 + 5.8
cm, mass = 79.9 + 9.5 kg, maximal oxygen uptake = 47.4 + 5.7 ml/kg/
min~!, max work rate = 946 + 78 W) participants completed an in-
cremental exercise test to exhaustion on a bicycle ergometer (Lode
Corival, Groningen, The Netherlands). The incremental test commenced
at an initial work rate of 50 W and increased by 20 W min~! in a ramp
based linear protocol until volitional exhaustion [65]. All tests were
performed at a similar time of day in a temperature regulated environ-
ment (~22 °C). Venous blood samples were collected pre and post ex-
ercise via venepuncture into an EDTA-vacutainer containing 100 mM
NEM. NEM-alkylated erythrocytes were lysed in ice-cold buffer (25 mM
Tris-HCl, 150 mM NacCl, 1 mM EDTA, 1% NP-40, 5% glycerol, pH 7.1,
ThermoFisher, UK, #87787) supplemented with a protease inhibitor
tablet (Sigma Aldrich, UK, #11697498001) and centrifuged at 12,000 g
for 5 min at RT to remove insoluble material. The soluble supernatants
were used for cysteine labelling.

5.4. Xenopus laevis

In line with previous work [74], unfertilised eggs were harvested
from two different adult X. laevis females housed at 18 °C in groups of 20
(i.e., each X. laevis sample represents the weighted mean of 20 eggs).
Although it is possible to perform biochemical analysis in 1-cell samples,
groups of 20 were used to amplify technical differences by minimising
biological variability. Adult females were maintained on a trout diet
under standard husbandry conditions at the European Xenopus Resource
Centre (EXRC, https://xenopusresource.org/). Samples were lysed in
ice-cold buffer (as above) supplemented with a protease inhibitor tablet
and the appropriate alkylating agent. They were then centrifuged at
5000 g for 5 min at RT to remove insoluble material. The g value was
decreased to limit the amount of soluble yolk protein.

5.5. Cysteine labelling

Reversibly oxidised cysteines were labelled for ALISA by (1) alky-
lating reduced cysteines with NEM (ThermoFisher, UK, #23030, 100
mM erythrocytes, 10 mM THP-1 cells and X. laevis) immediately at lysis,
(2) reducing reversibly oxidised cysteines with 5 mM neutral-TCEP
(Sigma, UK, #580561), and (3) labelling the newly reduced cysteines
with 1 mM F-MAL1 (fluorescin-5-maleimide, ThermoFisher, UK,
#62245). The cysteine labelling procedure for RedoxiFluor involved (1)
alkylating reduced cysteines with 0.75 mM F-MAL1, (2) reducing
reversibly oxidised cysteines with 5 mM neutral-TCEP before (3) deco-
rating them with 0.5 mM F-MAL2 (AlexaFluor™647-Cy-maleimide,
ThermoFisher, UK, #A20347). The cysteine labelling procedure was the
same for Click-PEG except the F-MAL2 label was replaced with trans-
cyclooctene PEG3 maleimide (TPN, Sigma, UK, #790445). Regardless of
the method, the incubation steps were performed in the dark for 30 min
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at 4 °C with the samples being vortexed for 5-10 s at 5 min intervals to
ensure mixing. Before new cysteine-reactive compounds were added,
excess alkylating or reducing agents were removed by size exclusion
chromatography with a 6 kDa cut-off spin column (Bio-Rad, UK,
#7326222).

5.6. Cysteine redox state standards

Fully labelled F-MAL1/2 standards were prepared by simplifying the
cysteine labelling procedure to a single colour (e.g., TCEP—F-MAL1)
[80]. 100%-Standards were mixed as appropriate to produce the
10-90% reversibly oxidised redox states (e.g., for a 10 pl final volume, 9
pl of 100%-F-MAL1 was mixed with 1 pl of 100%-F-MAL2 to prepare the
90% oxidised standard).

5.7. Internal pass/fail performance benchmarking

To internally performance benchmark each assay, the cysteine redox
state standards were used in the following experiments.

a. Binding. The ability to detect the analyte was determined by
running the assay and evidenced using the F-MAL and/or HRP signal
outputs per the assay format. To evaluate the impact of the alkylating
agent used on epitope-paratope recognition, 100% F-MAL1, NEM, or
F-MAL2 labelled standards were analysed alongside unlabelled
samples as appropriate.

. Sensitivity. Sensitivity was determined alongside binding in a dose-
response format by adding 0.5, 1, 2, 4 or 8 pg of 100% labelled
sample.

c. Accuracy. Accuracy was analysed by using the cysteine redox state
standards to determine whether the assay could quantify target-
specific percent oxidation within 5% of the standard. For example,
for the 40% oxidised standard, an experimental value of 42 and 46%
would pass and fail, respectively.

. Reliability. Reliability was assessed in sample standards by quan-
tifying the inter-assay and intra-assay CV values.

e. Specificity. Three different tests were used to appraise the speci-
ficity of the assay. First, in ELISA-mode experiments the positive HRP
signal was used to confirm target-specific binding. Second, immu-
nodepleted samples were used to test the specificity of the assay via
the HRP and F-MAL readouts. For PRDX2 and the alpha subunit, Hela
lysates (Abcam, UK, #ab170197) and human erythrocytes were used
for technical reasons. For example, the alpha subunit is so abundant
in X. laevis it is difficult to fully deplete without excessive reagent
consumption hence samples lacking mitochondria were used. Third,
specificity was tested by analysing the F-MAL and/or HRP signals in
sham rabbit immunoglobin treated wells. For all experiments, 100%
F-MALL1 standards were used.

5.8. ALISA antibodies and biotin-conjugation procedures

For the ELISA-mode ALISA assays, a PRDX2 kit (R&D systems, UK,
#DY3489-05) and bovine serum albumin (BSA) and azide free matched-
pair antibody kits (Abcam, UK) for CDK6 (#ab253747), Aurora B
(#ab253800), and CDC25C (#ab244070) were used. For GAPDH,
separate capture (Abcam, UK, #ab252636) and detector (Abcam, UK,
#ab276013) antibodies were purchased. The label-free detector anti-
bodies were biotin-conjugated using a lightning-link® kit (Abcam, UK,
#ab201795) according to the manufacturer’s method.

5.9. ELISA-mode ALISA

To perform ELISA-mode ALISA [8], black Nunc®MaxiSorp™ 96-well
microplates (ThermoFisher, UK, #15155) were incubated with 2 pg/ml
capture antibody overnight at 4 °C in binding buffer (35 mM NaHCO3,
15 mM NayCOs, pH 9.6), blocked with Superblock™, and washed (3 x 2
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min PBST washes at 400 rpm). Recombinant standards (recombinant
GAPDH, ThermoFisher, UK #LF-P0008) and samples (diluted in 0.5%
PBST supplemented with 10% Superblock™) were added in duplicate
and incubated for 2 h at RT. After removing unbound standard/sample,
wells were washed (3 x 2 min PBST washes), probed with 0.5 pg/ml
biotin-conjugated detector antibody for 1 h at RT, and washed. Then
0.05 pg/ml of HRP-conjugated streptavidin was added for 1 h at RT.
After a wash step, wells were incubated with QuantaBlu™ working re-
agent (ThermoFisher, UK, #P9416), prepared according to the manu-
facturer’s instructions, until the signal developed. The QuantaBlu™
signal was measured at 325 and 425 nm for 100 ms. Denaturing buffer
(4% SDS in ddH30) was used to unmask the F-MAL1 signal (i.e., to
prevent the antibody-target complex from optically obscuring the
quantum excitation of the fluorescent groups). After subtracting the
background, target-specific cysteine redox state was calculated as:
F-MAL/[target]. All steps were performed in the dark and fluorescent
signals were read in a dark room.

5.10. Single antibody mode ALISA

To perform the single antibody mode ALISA assay [8], epoxy group
derivatised microplates (PolyAn, Germany, #00695251) were treated
with 100 ng of alpha subunit capture antibody in binding buffer
(NagHPO4, 50 mM NacCl, pH 8.5) overnight at 4 °C with gentle agitation.
The epoxy groups covalently bond the capture antibody via
strain-promoted nucleophilic substitution chemistry. Unreacted epoxy
groups were blocked in binding buffer supplemented with 5 mM glycine
for 90 min at RT. After washing the wells (4 x 2 min PBST washes),
samples were added for 2 h at RT with gentle agitation in the dark.
Unbound sample was removed by washing (3 x 2 min PBST washes)
before the bound target-antibody immunocomplexes were treated with
350 pM AlexaFluor™647-NHS (ThermoFisher, UK, #A37573) in PBS for
30 min at RT. Following a wash step (3 x 2 min with PBST), the target
was separated from the covalently bound capture antibody via elution
buffer. Eluents were transferred to a black microplate and the fluores-
cent signals were measured on a microplate reader at the appropriate
wavelengths for 100 ms.

For the protein A mode ALISA experiments, the capture antibody was
passively bound to the plate as per the RedoxiFluor section below. Either
F-NHS was applied after the sample binding step or the samples were
pre-treated with F-NHS. For the latter protocol, excess F-NHS was
removed with a spin column and samples lysed in amine-free HEPES
buffer were used.

5.11. Global mode ALISA

To run ALISA in global mode to quantify the redox state of the wider
proteome in THP-1 cells, 1 pl of F-MAL labelled lysate was added in
triplicate to 99 pl ddH»O in a black microplate. Cysteine redox state was
calculated by dividing the F-MAL value by the total protein value of the
sample, as determined by a BCA assay (e.g., F-MAL/total protein).
Global mode ALISA was performed in erythrocytes by dividing the F-
MAL value relative to haemoglobin absorbance at 577 nm [65].

5.12. Protein a mode RedoxiFluor

To determine the cysteine redox state of the alpha subunit using
protein A mode RedoxiFluor [80], 100 ng of capture antibody (Abcam,
UK, #ab14748) in binding buffer (50%: 0.05% Tween20® TBST; 50%
SuperBlock™) was added to the wells of a black protein A functionalised
microplate (ThermoFisher, UK, #15155) for 1 h at RT with gentle
agitation. Note protein A can bind mouse IgG2b subtypes like the
selected capture antibody. Unbound capture antibody was removed by
washing in 0.05% TBST (3 x 2 min washes). Assay standards and
samples (diluted in 0.5% PBST 10% Superblock™) were added for 2 h at
RT. After removing unbound samples, the washed wells were incubated
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with denaturing buffer. The F-MAL1 and F-MAL2 signals were measured
on a microplate reader for 100 ms with a bandwidth of 5 nm. After
subtracting the background, target-specific cysteine redox state values
were calculated in percentages (e.g., reduced = F-MAL1/[F-MAL1 +
F-MAL2]*100) after correcting (c) the F-MAL1 and F-MAL2 signals for
their different quantum yields (q) and extinction co-efficient (e) values
using the equation:

¢—F—MAL=[(F—MAL xq)/¢].
5.13. Chemotype-specific study

For the chemotype-specific study reported in Fig. 6, X. laevis eggs
were lysed and reduced with 5 mM TCEP. After removing excess TCEP,
aliquots (50 pg) were incubated with 1 pg recombinant xanthine oxidase
(Sigma, UK, #X4500) and 0.1 mM hypoxanthine (Sigma, UK, #H9377)
for 30 min with or without 5 mM GSSG (Sigma, UK, #G2299) [89]. In
some experiments, 500 ng of bovine CuZnSOD (Sigma, UK, #574594)
and CAT (Sigma, UK, #C9322) were added to prevent reversible
cysteine oxidation by metabolising xanthine oxidase-derived superoxide
and hydrogen peroxide. To selectively detect RSSG, the samples were
treated with NEM to block reduced thiols. After removing excess NEM,
2.5 pg E. coli mutant GRX3 (IMCO corporation, Sweden, #GRX-05), 1
mM glutathione (Sigma, UK, #G6529), 1 mM NADPH (Sigma, UK,
#10107824001), and 4 U/ml glutathione reductase from Bakers’ yeast
(Sigma, UK, #G3664) were added for 30 min [90]. After a spin column
step, 1 mM F-MAL was added for 30 min. To account for the inability to
remove the ectopic enzymes using a spin column, their degree of F-MAL
labelling was calculated separately and subtracted from the experi-
mental sample. Global and ELISA mode ALISA were performed. For the
PPP2CA-specific analysis, a matched-pair ELISA kit was used (Abcam,
UK, #218147).

5.14. The dimer assay

The dimer assays were performed in NEM-alkylated THP-1 lysates
under non-reducing SDS-PAGE conditions. PRDX2 and PRDX1 cysteine
redox states (%0RSSR) were quantified in an internally normalised way
by calculating the percentage of monomeric and dimeric protein relative
to the total signal (total = monomer + dimer).

5.15. Modified cysteinyl labelling assay

To perform the modified cysteinyl labelling assay, GAPDH capture
antibody aliquots (5 pg) were incubated with 30 pl of protein A-conju-
gated magnetic Dynabeads™ in PBST (0.25% Tween-20®) for 1 h at
24 °C with gentle agitation. Unbound antibody was removed, beads
were washed (3 x PBST) and incubated with the F-MAL labelled samples
for 2 h at 21 °C. Washed beads were incubated in non-reducing bro-
mophenol blue-free 4X loading buffer for 1 h at 37 °C with gentle
agitation. An immunoblot procedure was followed (see below) with the
exception that the F-MAL signal was visualised and quantified after the
blocking step (i.e., to prevent the streptavidin-conjugate optically
masking it). Membranes were probed with the biotin-conjugated
GAPDH detector antibody (1:1000) overnight at RT, washed, probed
with AlexaFluor™647-conjugated streptavidin (1:2000, ThermoFisher,
UK, #821374) for 1 h at RT, washed, and visualised. GAPDH-specific
cysteine redox state was quantified as: F-MAL (i.e., cysteine)/strepta-
vidin-AlexaFluor™647 (i.e., GAPDH).

5.16. Click-PEG

To perform the Click-PEG assay [27], 50 pg of NEM-alkylated lysates
were labelled with 2.5 mM TPN in the presence of 5 mM neutral-TCEP.
Excess TPN and TCEP were removed, before the IEDDA reaction was
initiated by adding 1 mM 6-methyltetrazine PEG-5000 (Tz-PEG5, Click
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chemistry tools, USA, #1090) for 60 min at RT. Click-reacted samples
were analysed by immunoblot expect with the mouse alpha subunit
antibody was detected using a fluorescent-conjugated secondary anti-
body (AlexaFluor™750, Abcam, UK, #ab175741). For the band anal-
ysis, the amount of reduced (i.e., unshifted) to reversibly oxidised
protein (i.e., mass shifted) protein was quantified in percentages. To
correct for the middle alpha subunit band representing a 50% cysteine
redox state (i.e., 1 reduced and 1 oxidised cysteine), the signal was
divided into 2 and added to the reduced and oxidised columns. The
ratio-metric band analysis procedures were per previous research
[24-27].

5.17. Immunoblot

To immunoblot a target, proteins were resolved to their pore size
limit on precast 4-15% gradient polyacrylamide gels in SDS-PAGE (Bio-
Rad, UK, #4561085). Gels were transferred to 0.45 pM low auto-
fluorescence PVDF membranes (Bio-Rad, UK, #1620261). Membranes
were blocked in non-fat dry milk (NFDM) for at least 1 h at RT, probed
with target-specific antibodies (diluted in TBST containing 5% Super-
block™) overnight at RT, washed (3 x 5 min TBST), and probed with a
species-specific alkaline phosphatase-conjugated secondary antibody
(Abcam, UK, #ab97048) for 1 h at RT, washed (3 x 5 min), incubated
with BCIP®/NBT substrate (Sigma, UK, #B5655) until visible bands
appeared, and visualised on an Analytik Jena scanner. The primary
PRDX2 (Abcam, UK, #ab109367), PRDX1 (Abcam, UK, #ab41906), and
PRDX-SO3 (Abcam, UK, #ab16830) antibodies were used at 1:100
dilution. The bands were quantified on proprietary VisionWorks™
software.

6. IP

To enrich or immunodeplete a target [80], capture antibody aliquots
were incubated with PBST-washed protein A magnetic Dynabeads™
(ThermoFisher, UK, #10002D), according to the species of origin,
functionalised magnetic beads for 1 h at RT in 0.5% PBST. After
removing unbound antibody by washing, the capture antibody-bead
complexes were incubated with undiluted samples (75-150 pg) for 4 h
at RT. The amount of sample added for immuno-depletion experiments
was small (1 pg) to allow for near complete capture. The
immune-depleted sample was used for ALISA or RedoxiFluor. In the IP
experiments, the captured sample was used for the modified cysteinyl
labelling assay.

6.1. Flow cytometry

THP-1 monocytes and macrophages were collected, washed with
PBS, and resuspended in 1 M PBS, 0.1% sodium azide, pH 7.4. Samples
containing 1 x 10° cells were first labelled with 0.5% Zombie Violet™
(Biolegend, USA, #423113) at RT for 30 min. Then washed with protein-
free labelling buffer to remove the excess dye, resuspended with ice-cold
labelling buffer (PBS, 0.1% sodium azide, 1% BSA, pH 7.4) supple-
mented with anti-CD14-FITC (BD Biosciences, USA, #555397) and/or
anti-CD36-APC antibodies (Biolegend, USA, #336207), or their corre-
sponding isotype controls (BD Biosciences, USA #555573, Biolegend,
USA #400221), and incubated on ice for 30 min. Unbound antibodies
were removed by washing, cells were resuspended with ice-cold label-
ling buffer, and analysed using MACSQuant® Analyzer 10 Flow Cy-
tometer (Miltenyi Biotec, UK). Flow cytometry data were analysed using
FlowJo software (BD Biosciences, USA). Cells were gated by plotting
side scatter area (SSC-A) vs forward scatter area (FSC-A). Single cells
were selected by plotting side scatter hight (SSC-H) vs SSC-A. Mem-
brane compromised cells were discriminated from viable ones by plot-
ting SSC-A vs Zombie Violet™, where heat-killed cells (65 °C for 5 min)
were used as a positive control. For the surface marker experiments,
single-stained controls and isotype controls were utilised to establish
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gates and calculate percentage positivity. Geometric mean fluorescence
intensity (MFI) for each marker was normalised by subtracting the
appropriate control (see Supplementary Fig. 2).

6.2. Microscopy

THP-1 monocytes and macrophages were qualitatively assessed for
proliferation and adherence by phase-contrast microscopy using a Lecia
Dmi8 microscope (Lecia, Germany, Europe). Cells were imaged with
20x objective at 0, 72 and 96 h post-PMA treatment. An automated
stage control function imaged the same location on the plate each time.

6.3. Statistical analysis

Data-set normality was assessed using Shapiro-Wilk and
Kolmogorov-Smirnov testing and the experimental design appropriate
parametric or non-parametric tests were performed with alpha P < 0.05
using GraphPad Prism Version 9 (https://www.graphpad.com). When a
1-way ANOVA or non-parametric test was used and post-hoc pair-wise
comparison tests, such as the Tukey test, were applied as appropriate.
The figure legends report the exact statistical test used. Data are pre-
sented as Mean (M) and Standard Deviation (SD).
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