
Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

Research Paper

BIAM switch assay coupled to mass spectrometry identifies novel redox
targets of NADPH oxidase 4

Oliver Löwea, Flávia Rezendea, Juliana Heidlerb, Ilka Wittigb, Valeska Helfingera,
Ralf P. Brandesa, Katrin Schrödera,⁎

a Institute for Cardiovascular Physiology, Goethe-University, Frankfurt, Germany
b Functional Proteomics, SFB 815 Core Unit, Goethe-University, Frankfurt, Germany

A R T I C L E I N F O

Keywords:
NADPH oxidase
Nox4
BIAM switch assay
Reactive oxygen species
Mass spectrometry

A B S T R A C T

Aim: NADPH oxidase (Nox) -derived reactive oxygen species have been implicated in redox signaling via cy-
steine oxidation in target proteins. Although the importance of oxidation of target proteins is well known, the
specificity of such events is often debated. Only a limited number of Nox-oxidized proteins have been identified
thus far; especially little is known concerning redox-targets of the constitutively active NADPH oxidase Nox4.

In this study, HEK293 cells with tetracycline-inducible Nox4 overexpression (HEK-tet-Nox4), as well as po-
docytes of WT and Nox4-/- mice, were utilized to identify Nox4-dependent redox-modified proteins.
Results: TGFβ1 induced an elevation in Nox4 expression in podocytes from WT but not Nox4-/- mice. Using
BIAM based redox switch assay in combination with mass spectrometry and western blot analysis, 142 proteins
were identified as differentially oxidized in podocytes from wild type vs. Nox4-/- mice and 131 proteins were
differentially oxidized in HEK-tet-Nox4 cells upon Nox4 overexpression. A predominant overlap was found for
peroxiredoxins and thioredoxins, as expected. More interestingly, the GRB2-associated-binding protein 1 (Gab1)
was identified as being differentially oxidized in both approaches. Further analysis using mass spectrometry-
coupled BIAM switch assay and site directed mutagenesis, revealed Cys374 and Cys405 as the major Nox4
targeted oxidation sites in Gab1.
Innovation & conclusion: BIAM switch assay coupled to mass spectrometry is a powerful and versatile tool to
identify differentially oxidized proteins in a global untargeted way. Nox4, as a source of hydrogen peroxide,
changes the redox-state of numerous proteins. Of those, we identified Gab1 as a novel redox target of Nox4.

1. Introduction

NADPH oxidases of the Nox family are important sources of reactive
oxygen species (ROS). In humans, several Nox homologues are ex-
pressed which can be classified by their mode of activation. Nox1, Nox2
and Nox3 are mainly activated by an assembly of cytosolic proteins,
whereas the activities of Nox5, DUOX1 and DUOX2 are calcium de-
pendent. Nox4 is a unique NADPH oxidase family member - owing to
the fact that it is constitutively active and independent from cytosolic
subunits [1]. The sole function of Nox4 is to produce hydrogen peroxide
(H2O2) [2,3]. ROS, particularly H2O2 in high doses, may induce oxi-
dative stress, apoptosis, age-related pathologies and death [4–6]. In
contrast ROS elicit protective effects [7] and functions as second

messengers [8,9]. Signaling by H2O2 is mainly accomplished via oxi-
dation of cysteines in target proteins.

Four oxidation states of cysteines are considered: disulfide (-S-S-),
sulfenic acid (-SOH), sulfinic acid (SO2H) and sulfonic acid (SO3H). The
formation of the latter two requires an excess of H2O2 and the reaction
is considered to be irreversible under physiological conditions [10].
However, oxidation towards disulfide or sulfenic acid is reversible with
the aid of two major cellular reducing systems; peroxiredoxin/thior-
edoxin and glutathione [11–14]. Therefore, these states represent mo-
lecular redox switches, which alter protein function. Most published
methods for identification of the redox status of proteins focus on in-
direct versus direct detection of oxidative cysteine modifications in
targeted approaches, in order to identify oxidative modifications of a
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defined protein [15–19]. A major tool for detection of redox mod-
ifications is the BIAM (biotinylated iodoacetamide) switch assay, which
was initially developed as a method to detect S-nitrosylated proteins
[20]. Briefly, the BIAM switch assay follows a 3-step-protocol with (1)
Blocking of reduced thiols and (2) Reduction of reversible oxidized
thiols. The reduction step (2) allows the option to refine the specificity
of the assay. Specific agents reducing S-glutathionylations include as-
corbate for S-nitrosylations and glutaredoxin. Global reduction of all
proteins can be achieved with DTT or TCEP, which are able to reduce
disulfide bonds and sulfenic acid. The last step (3) is labeling of the
nascent reduced thiols with biotinylated iodoacetamide. Biotinylated
proteins are then concentrated with the aid of streptavidin labeled
antibodies and eventually analyzed by western blot or mass spectro-
metry.

Some known redox-targets are phosphatases, SERCA and small
GTPases. (1) In protein phosphatases, oxidation results in transient
inactivation [21–23]. (2) The oxidation of sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA) prevents its S-glutathionylation and subse-
quently NO formation [24,25] and eventually (3) oxidation of Ras and
RhoGTPases increases their activity [26]. However, the majority of
direct redox targets oxidized by Nox4 or any other NADPH oxidase
remain unidentified.

To screen for novel redox-targets of the constitutive active NADPH
oxidase 4 in an untargeted approach, we established a BIAM switch
assay coupled to mass spectrometry with DTT as a global reductant. We
utilized HEK293 cells that overexpress Nox4 in a tetracycline-inducible
manner (HEK-tet-Nox4), as well as primary murine podocytes from WT
and Nox4-/- mice. With this work, we present a method to screen for
redox-targets of Nox4 in an unbiased fashion.

2. Results

2.1. External H2O2 and stable overexpression of Nox5, but not Nox4 results
in robust oxidation of peroxiredoxins and thioredoxins

Individual ROS producing systems may elicit both specific and un-
specific effects. Major differences can be expected when comparing
H2O2 from Nox4 and •O2ˉ from Nox5. Accordingly, we first established
HEK293 cells with stable overexpression of Nox4 and Nox5 (Fig. 1A, B).
Overexpression of Nox4 results in a 2000-fold increase in H2O2 for-
mation, as measured with Luminol/ HRP chemiluminescence in intact
cells. Surprisingly, overexpression of Nox4 only resulted in a minor
increase in oxidation of Prx3, Prx4 and Trx1, compared to the oxidation
of these proteins in cells treated with 100mM H2O2. Additional treat-
ment of the cells overexpressing Nox4 with the thioredoxin reductase
inhibitor auranofin [27] unmasked a Nox4-dependent oxidation of Trx2
and forced the oxidation of Prx3, Prx4 and Trx1.

In contrast to Nox4, Nox5 requires activation; which was achieved
by treatment of the cells with PMA (phorbol myristate acetate). PMA
treatment and subsequent Nox5 activation in Nox5 overexpressing cells
increased the formation of •O2ˉ 100 fold as measured with L-012 che-
miluminescence in intact cells. Acute activation of Nox5 in these cells
resulted in a strong oxidation of peroxiredoxins and thioredoxins,
which was further increased upon treatment with auranofin (Fig. 1C,
D). Upon oxidation, Prx and Trx can multimerize [28,29]. Mitochon-
drial Prx3 (oxidized to its dimeric form) and cytosolic/ endoplasmic
reticulum-located Prx4 multimeric oxidation products were highly
abundant after Nox5 activation and external H2O2 treatment. With
Nox4 overexpression, such effects were only observed upon inhibition
of the reductases. A similar observation was made with thioredoxins:
intramolecular oxidation of the mitochondrial Trx2 and multimeric
oxidation of the cytosolic Trx1 were much more abundant in cells
overexpressing active Nox5 and treated with external H2O2 than in
Nox4 overexpressing cells without auranofin treatment.

These findings indicate that in an overexpression system, Nox4-
derived H2O2 is less potent at oxidizing Prx and Trx than both Nox5-

derived •O2ˉ and treatment with 100mM H2O2. Therefore, oxidation by
H2O2 through Nox4 allows a faster and more robust reversion of Prx
and Trx oxidation by endogenous reductases.

2.2. Tetracyline induced overexpression of Nox4 results in oxidation of
peroxiredoxins and thioredoxins

The above finding led us to conclude that the adaptation of a cell to
permanent overexpression of Nox4 might not be ideal when searching
for its redox targets. Accordingly, we continued using tetracyline (tet)
inducible overexpression of Nox4 in HEK293 cells which actually re-
sults in a more physiological localization of Nox4. [30]. Tet-induced
overexpression of Nox4 (24 h, 1 µg/ml) resulted in strong H2O2 for-
mation, while basal H2O2 was not detectable [31] (Suppl. S1). Redox
western blots revealed 80% oxidation for Prx2, Prx3 and Prx4 and 50%
oxidation for Trx2, whereas under basal conditions most of these pro-
teins were present in a reduced state (Fig. 2A, B). In subsequent ex-
periments with the BIAM switch assay, Prx3 was used as a bench mark
protein to monitor the success of the assay and functional Nox4 over-
expression. In tetracyline treated HEK-tet-Nox4 cells and in Nox5-
overexpressing HEK293 cells activated with PMA, Prx3 was oxidized
and present as homodimer. Following the established BIAM labeling
protocol, (1) free thiols were blocked with N-ethylmaleimid, then (2)
samples were reduced using DTT and eventually (3) nascent free thiols
were labeled/alkylated with BIAM. BIAM- labeled proteins were pre-
cipitated with streptavidin coupled beads (Fig. 2C) and immunoblotted
for Prx3. Due to the reduction of the sample in step (2), oxidized Prx3
should appear as a monomeric BIAM-labeled band at the height of the
formerly reduced Prx3 band. If the reduction step is omitted, no BIAM
labeling should be present. Indeed, without reduction, no notable band
was detected; while reducing the samples allowed the BIAM to label -SH
groups, resulting in a monomeric band with Prx3 immunodetection
(Fig. 2D). Remarkably, in HEK-tet-Nox4 and PMA-activated Nox5
overexpressing HEK293 cells, Prx3 oxidation was induced. This was not
the case for the control HEK293 cells. Considering these data, tet- in-
ducible Nox4 overexpression in HEK293 cells represents a strong
system for establishing the BIAM switch assay in the identification of
Nox4 redox targets.

2.3. Overexpression/activation of Nox4 and Nox5 results in differential
oxidation of several target proteins

In order to identify novel redox-targets for Nox4 in a global and
untargeted manner, BIAM switch assay was coupled to mass spectro-
metry. In HEK-tet-Nox4 cells tetracycline induced Nox4 overexpression
caused 131 proteins to be significantly oxidized (Suppl. Table 1). Im-
portantly, the flavoprotein inhibitor DPI was used as a control, to en-
sure, that the proteins identified were true redox targets. Indeed, co-
treatment with DPI prevented the oxidation of most proteins upon Nox4
overexpression (Fig. 3A, B). Nox5 overexpression and PMA-stimulated
•O2ˉ production caused significantly higher oxidation of 85 proteins
(Fig. 3C, Suppl. Table 2). Here, normal HEK293 cells with PMA sti-
mulation served as a control. Proteins identified in DPI or PMA treated
HEK293 cells were considered as false positives and were excluded
from further analysis. Within the remaining fraction, peroxiredoxins
and thioredoxin were verified as redox-targets of Nox4 and Nox5.
Further analysis of the data clustered the Nox4 oxidized proteins in
different functional groups such as proteins involved in detoxification
of the cell (ROS metabolism), proteins responsible for regulation of
DNA binding or involved in nucleosome assembly (Fig. 3D). The same
analysis performed in the Nox5-dependent oxidized proteins clustered
them into proteins involved in oxidation-reduction process, cell redox-
homeostasis or proteins responsible for DNA replication initiation
(Suppl. S2). There was an overlap between proteins involved in anti-
oxidant defense for both cluster analyses (Fig. 3D, Suppl. S2). This in-
dicates an unspecific response of the cells upon overexpression/

O. Löwe et al. Redox Biology 21 (2019) 101125

2



-activation of any ROS source. Beside many others, two interesting
Nox4 redox-targets, GRB2-associated-binding protein 1 (Gab1) and the
transcription factor FoxC1, were not oxidized by Nox5. Gab1 and FoxC1
showed a 3-fold increase in oxidation in tet-treated HEK-tet-Nox4 cells
when compared to base level. Treatment of the Nox4 overexpressing
cells with DPI restored the basal level (Fig. 3E).

In conclusion, Nox4 and Nox5 oxidize many proteins. However,
although we analyzed the effects of both NADPH oxidases in over-
expressing systems, several differentially oxidized proteins were iden-
tified, due to the differences in the nature of the ROS produced and
potentially the localization of both enzymes.

2.4. BIAM switch assay in primary murine podocytes of WT vs. Nox4-/-
identified 142 potential redox targets

Overexpression often has many unwanted secondary effects and

should serve only as a model to obtain a first impression. Accordingly,
we used primary murine podocytes as cells with high endogenous Nox4
expression. This provided a more relevant analysis of differentially
oxidized proteins in vivo. Primary podocytes were isolated from wild
type and Nox4-/- mice. As a model to analyze the effect of Nox4 in these
cells we treated wild type and Nox4 deficient cells with TGFβ1. This
cytokine induces a 2-fold increase in Nox4 mRNA- expression and a 4-
fold rise in H2O2 production in wild type but not in Nox4-/- cells (Suppl.
S3). Additionally, treatment with TGFβ1 increased the oxidation for
Prx2 in podocytes from wild type but not from Nox4-/- mice (Suppl.
S3). In response to TGFβ1, oxidation of 142 proteins increased in po-
docytes from wild type but not Nox4-/- mice (Fig. 4A, Suppl. Table 3).
Again, peroxiredoxins and thioredoxin as redox- markers could be
identified as being oxidized by Nox4. Identified proteins clustered in
many different functional groups such as proteins involved in cellular
redox homeostasis, regulation of cell death and regulation of

Fig. 1. Characterisation and redox-western for HEK293 cells with stable overexpression of Nox4 and Nox5. A Representative Western blot for Nox4 in HEK293 cells
stably overexpressing Nox4 (N4) and H2O2 measurements assessed by chemiluminescence with luminol (100 μM)/HRP (1 U/ml). N=3. B Representative Western
blot for Nox5 in HEK293 cells overexpressing Nox5 (N5) and O2•− measurements after PMA activation (100 nM, 40min) assessed by chemiluminescence with L-
012(100 μM). N=4. C,D Redox-Western for Prx3, Prx4. Cells were treated with either 100mM H2O2, 3 μM DPI (3 h), PMA (100 nM, 40min) or auranofin (3 μM,
40min). Cells were blocked with NEM (100mM), washed with PBS-NEM (100mM). Cells were scraped in alkylation buffer (40mM Hepes, 50mM NaCl, 1mM EGTA,
Inhibitors, Catalase, 100mM NEM) and 1% CHAPS for solubilization. For Redox-Western Trx1 and Trx2 the cells were scraped in 20% TCA followed by acet-
onewashing. Proteins were dissolved and incubated with 15mM AMS for 3 h.
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phosphorylation and molecular functions (Fig. 4C). According to the
finding in the overexpression system, we found Gab1 to be oxidized to a
lesser extent in Nox4-/- cells with and without TGFβ1-treatment. Ad-
ditionally, Prx2 and receptor interacting serin/threonine kinase (Ripk3)
were substantially more oxidized in podocytes of wild type mice com-
pared to Nox4-/-. Taken together, Gab1 represents a novel redox target
differentially oxidized by Nox4.

2.5. Gab1 Cys374 and Cys405 as major oxidation targets

To identify the cysteines in Gab1 that were most susceptible to
oxidation, His-Gab1 was transiently overexpressed in HEK-tet-Nox4
cells. Induction of Nox4 expression by tet lead to an increase in oxi-
dation of His-Gab1 by 80% (Fig. 5A). BIAM modified His-Gab1 was
purified by HisTrap columns and loaded onto a SDS page gel
(Fig. 5B,C). The His-Gab1 bands were analyzed by mass spectrometry
(Gab1 protein sequence coverage of 92%, Data not shown). We

identified 6 cysteines and, of those, Cys374 and Cys405 were differ-
entially oxidized in cells overexpressing Nox4 (Fig. 5D, Suppl. Table 4).
Single mutations of C374S and C405S and the double mutant C374S/
C405S lead to a loss in redox modification of His-Gab1 upon Nox4
overexpression (Fig. 5E). These results indicate that, Cys374 and
Cys405 in Gab1 are major redox targets of Nox4.

Gab1 is an adaptor protein and plays a pivotal role in many sig-
naling pathways [32]. If phosphorylated at tyrosine residues, Gab1
provides binding sites for multiple effector proteins, such as Src
homology-2 (SH2)-containing protein tyrosine phosphatase 2 (SHP2)
and phosphatidylinositol 3-kinase (PI3K) regulatory subunit p85. Gab1
is important for receptor tyrosine kinase -mediated signals into path-
ways with diverse biological functions [33]. We hypothesized that
oxidation of Gab1 interferes with phosphorylation of the protein.

Indeed, overexpression of Nox4 in HEK-tet-Nox4 cells shows a
complete loss of phosphorylation within the peptides identified if the
adjacent cysteine is oxidized (PEO-Biotin). Tyr373 and Tyr406, which

Fig. 2. Redox-western for tetracycline induced (24 h, 1 μg/ml) Nox4 overexpression in HEK-tet-Nox4 cells and principle of BIAM switch assay. A Redox-Western for
Prx2, Prx3, Prx4. Cells were blocked with NEM (50mM), washed with PBS-NEM (50mM). Cells were scraped in alkylation buffer (40mM Hepes, 50mM NaCl, 1mM
EGTA, Inhibitors, Catalase, 100mM NEM) and 1% CHAPS for solubilization. B Redox-Western for Trx2. Cells were scraped in 20% TCA followed by acetone-washing.
Proteins were dissolved and incubated with 15mM AMS for 3 h. C Principle of BIAM switch assay. D Western blot for Prx3 after BIAM switch assay in tetracyline
induced HEK-tet-Nox4 cells (Nox4) in non-induced HEKtet-Nox4 cells (ctr) and PMA-activated Nox5 overexpressing HEK 293 cells (Nox5). Left: without DTT
reduction; Right: with DTT reduction. Cells were blocked with NEM. Reduction was performed with 4mM DTT if indicated. 100 μg of protein were used for the pull
down of BIAM-labeled proteins with streptavidin agarose beads. SDS-Page gel electrophoresis under non-reducing conditions.
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are in the direct vicinity of Cys374 and C405, are of special interest.
These cysteines of Gab1 are major oxidation targets of Nox4, which
might serve as a redox-phospho switch (Fig. 5D).

Binding partners of Gab1 include the regulatory subunit p85 of the
PI3K, phospholipase Cγ (PLC-γ), CRK and the protein tyrosine

phosphatase SHP2 (PTPN11). SHP2, identified in our study as differ-
entially oxidized as well, under basal conditions is auto-inhibited by
intramolecular interaction of its N-terminal SH2 domain and its PTP
domain. Downstream of EGFR, SHP2 can be activated by binding to
phosphorylated tyrosine residues of Gab1. Mass spectrometry showed

Fig. 3. BIAM switch assay for tetracycline induced (24 h, 1 μg/ml) Nox4 overexpression in HEK-tet-Nox4 cells for identification of oxidized proteins. A Mass
spectrometry coupled BIAM switch assay for tetracycline induced (24 h, 1 μg/ml) Nox4 overexpression in HEKtet-Nox4 cells compared to non-induced HEK-tet-Nox4
cells. Significant differentially oxidized proteins marked as red and black dots (p-value<0.05; fold-change> 1). B Top 25 differentially oxidized proteins in HEK-tet-
Nox4 cells in response to DPI (3 h, 3 μM). C Mass spectrometry coupled BIAM switch assay for HEK293 cells stable overexpressing Nox5 and activated with PMA
(24 h, 1 μg/ml) compared to PMA-activated HEK293 cells (ctr). Significant differentially oxidized proteins marked as red and black dots (p-value<0.05; fold-
change>1). D Clustering of oxidized proteins in Hek-tet-Nox4 cells according to their involvment in different cellular processes. E Western blot based BIAM switch
assay for FoxC1, Gab1 and Prx3 in tetracycline induced (24 h, 1 μg/ml) Nox4 overexpression in HEK293-tet-Nox4 cells compared to non-induced HEK293-tet-Nox4
cells (ctr) and tetracycline induced (24 h, 1 μg/ml) Nox4 overexpression in HEK293-tet-Nox4 co-treated with DPI (3 h, 3 μM).
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that Gab1 phosphorylation of tyrosine residues in direct vicinity of
H2O2 sensitive cysteins was absent upon oxidation, whereas the phos-
phorylation was present if cysteines were reduced. This therfore re-
presents a potential redox-phospho switch mechanism. Accordingly,
overexpression of Nox4 and therby an increase in H2O2, should reduce
the ability of Gab1 to interact with SHP2. As shown in Supplementary
Fig. S4, Nox4 overexpression indeed, reduces the Gab1- SHP2 interac-
tion upon EGF stimulation. We conclude that Nox4 derived H2O2 in-
terferes with Gab1s tyrosine phoshorylation which inhibits the binding
of Gab1 and SHP2.

3. Discussion

Identification of redox-targets has so far been largely restricted to
targeted approaches where proteins of interest were either used in
overexpression systems [23] or as recombinant proteins [34,35].

Untargeted approaches, such as OxICAT or modified ICAT-BIAM switch
assays identified several oxidized proteins [36,37] often without
naming the source of the ROS. In this study, we describe a BIAM switch
assay coupled to mass spectrometry as a novel screening method to
identify oxidized proteins in a global and untargeted manner. In doing
so, we concentrated on Nox4 and Nox5 as two NADPH oxidases with
one producing H2O2 and the other •O2ˉ, respectively. Thus, identified
proteins may represent novel redox-targets of Nox4 and Nox5. For the
newly identified redox-target of Nox4, Gab1, we discovered Cys374 and
Cys405 as the two major cysteines oxidized by Nox4.

Nox4 produced H2O2 in a constitutive manner, as shown in HEK293
cells stably overexpressing Nox4. However, no strong oxidation of
peroxiredoxins or thioredoxins was observed upon stable over-
expression of Nox4 unless unmasked by auranofin. Auranofin selec-
tively blocks antioxidant enzymes like thioredoxin reductase (TrxR)
and glutathione peroxidase (GPx) [38,39]. These enzymes are

Fig. 4. BIAM switch assay of primary murine podocytes of WT and Nox4-/- mice treated with TGFβ1 (24 h, 10 ng/ml) for identification of oxidized proteins. A Mass
spectrometry coupled BIAM switch assay of podocytes of WT and Nox4-/- mice treated with TGFβ1 (24 h,10 ng/ml). Significant differentially oxidized proteins
marked as red and black dots (p-value<0.05; fold-change>1). B Western blot based BIAM switch assay for Prx2, Gab1 and Ripk3 in podocytes of WT and Nox4-/-
mice treated with TGFβ1 (24 h, 10 ng/ml). C Clustering of Nox4-oxidized proteins in podocytes of WT mice according to their involvement in different cellular
processes.
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Fig. 5. Identification of oxidized cysteines in GAB1 in tetracycline induced (24 h, 1 μg/ml) Nox4 overexpressing HEK-tet-Nox4 cells. A Western Blot based BIAM
switch assay for His-Gab in tet-induced (24 h, 1 μg/ml) HEK-tet-Nox4 cells and in non-induced HEK-tet-Nox4 cells (ctr). BIAM switch assay was performed as
described. B Chromatogram of affinity purification of His -Gab1 after performing the BIAM switch assay. 2mg of total protein was used for His-trap affinity
purification. Elution was performed with an imidazole gradient (20–500mM) over 20min with a flow rate of 1ml/min. C SDS-PAGE coomassie gel of different
fractions obtained during affinity purification. D Identified oxidized Cysteines of Gab1 and corresponding peptide sequences obtained from mass spectrometry. His-
Gab1 coomassie gel bands from ctr and tet-induced Hek-tet-Nox4 cells were cut out and analyzed by mass spectrometry. Percentage of modification (PEO-
Biotin=oxidized and N-ethylmaleimide=reduced) was obtained by spectral counting. E Western Blot based BIAM switch assay for His-Gab1 and His-Gab1 mutants
in tet-induced (24 h, 1 μg/ml) HEK-tet-Nox4 cells and in noninduced HEK-tet-Nox4 cells (ctr).
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responsible for maintenance of the redox homeostasis in the cell.
Overall these findings suggest an adaptation of the cellular antioxidant
defense machinery towards the long-term massive production of H2O2

by the stable overexpression of Nox4 in HEK293 cells [40].
Acute induction of Nox4 overexpression in HEK-tet-Nox4 cells

identified 131 differentially oxidized proteins, while in murine podo-
cytes 142 proteins were identified as differentially oxidized by Nox4.
These proteins mainly cluster in proteins involved in cellular redox
homeostasis, in regulation of cell death or in regulation of phosphor-
ylation and molecular functions. Besides peroxiredoxins and thior-
edoxins two tyrosine-protein phosphatases PTPN11 (SHP2) and
PTPN13 which are generally accepted and often described as oxidation
targets [41,42] were found to be differentially oxidized in both Nox4
systems. In contrast, Nox5 dependent redox targets clustered in proteins
involved in oxidation-reduction process, cell redox-homeostasis or
proteins responsible for DNA replication initiation. An overlap between
proteins oxidized by Nox4 and oxidized by PMA-activated HEK293 cells
overexpressing Nox5 was found predominantly for the peroxiredoxins.
This result supports the enormous relevance of the peroxiredoxins as
anti-oxidant enzymes [43] as they can modulate the concentration of
H2O2 and •O2ˉ.

With Gab1, we identified a novel redox target of Nox4. Gab1 is a
multifunctional docking protein that plays a central role in receptor
tyrosine kinase signaling, i.e. is crucial for many cellular processes,
including growth, cell cycle progression and apoptosis. Upon interac-
tion with activated growth factor and cytokine receptors Gab1 is
phosphorylated at multiple sites, such as serine, threonine and tyrosine
residues. Phosphorylated Gab1 represents a perfect binding “platform”
for various SH2 domain- containing proteins and therefore mediates
receptor tyrosine kinase signaling into diverse downstream signaling
events

We discovered Cys374 and Cys405 as the two major cysteines in
murine Gab1, oxidized by Nox4. Furthermore the mass spectrometry
data show that if the cysteine was oxidized (labeled with BIAM), the
phosphorylation within the related peptide was completely absent.
Conversely, if cysteines were reduced, phosphorylation was present.

Gab1 has several tyrosine phosphorylation sites and serves as a
docking protein for multiple effector proteins such as Src homology-2
(SH2)-containing protein tyrosine phosphatase 2 (SHP2) and phos-
phatidylinositol 3-kinase (PI3K) regulatory subunit p85 [32,44].

Six tyrosine residues in Gab1 (Y242, Y259, Y307, Y317, Y373 and
Y406) are located in Tyr-X-X-Pro (YXXP) motifs, which serve as binding
sites for the adaptor protein Crk [45] and for phospholipase Cγ (PLCγ)
that binds to Y307, Y373 and Y406 respectively [46]. Interestingly, the
two identified major oxidized cysteines Cys374 and Cys405 are located
within or in direct proximity of an YXXP motif with non-phosphory-
lated Y373 and Y406 if the cysteines were oxidized. This observation
indicates interference between the oxidation of cysteines and the
phosphorylation of tyrosines in immediate vicinity, which may re-
present a newly identified “redox-phospho” switch mechanism. This
Nox4-dependent redox-switch mechanism might change the interaction
between Gab1 and its aforementioned interacting partners as shown for
the reduced Gab1-SHP2 interaction leading to potential various altered
downstream signaling effects.

Overall, in the present study we provide evidence that an un-
targeted BIAM switch assay coupled to mass spectrometry represents a
robust and reliable screening method to identify redox targets.
Peroxiredoxins are differentially oxidized by Nox4 and Nox5. Further,
Gab1 is a newly discovered redox- target of Nox4, with Cys374 and
Cys405 as the two major oxidized cysteines.

4. Innovation

With the aid of mass spectrometry coupled BIAM switch assay, we
present a robust screening tool to identify redox-targets of the NADPH
oxidase, Nox4. In total, we identified 142 proteins, which were

differentially oxidized by Nox4 in podocytes of WT but not in Nox4-/-
mice and therefore potential novel redox-targets of Nox4. Out of those,
we selected Gab1 for a more intense analysis and identified Cys374 and
Cys405 a two major cysteines oxidized by Nox4. Importantly, oxidation
of these may elicit inhibition of phosphorylation of Gab1 and thereby
interfere with the function of this adaptor protein.

5. Material and methods

5.1. Overexpression system using HEK293 cells

Human embryonic kidney 293 cells (HEK293) obtained from ATCC
(Manassas, VA, USA) were stably transfected with a plasmid coding for
Nox4 or Nox5. ROS formation in HEK293 cells stably overexpressing
Nox5 were activated with 100 nM PMA (from SigmaAldrich) for
40min.

HEK293 expressing human Nox4 with a tetracycline inducible
system were kindly provided by K.H. Krause. Overexpression of Nox4 in
HEK-tet-Nox4 cells was induced by 1 µg/ml tetracycline (from Cayman
Chemicals) for 24 h in culture medium.

HEK293 cells were cultured in Minimum Essential Medium (MEM,
Gibco) supplemented with 8% fetal bovine serum, 0.1mM non-essential
amino acids, 1 mM sodium pyruvate and 50 µg/ml gentamycin, main-
tained at 37 °C with 5% CO2.

5.2. Isolation of murine podocytes

Primary murine podocytes were isolated as described [47,48].
Briefly, mice were perfused with 8×107 beads (Dynabeads M-450 To-
sylactivated, Thermo Scientific) in 20ml podocyte growth medium
(RPMI 1640 (Gibco), 8% FCS, 5mm HEPES, 0.1% non-essential amino
acids, 0.1 mm sodium pyruvate, 0.01mg/ml of insulin/transferrin/so-
dium selenite solution, penicillin/streptomycin). Minced kidneys were
digested in 1mg/ml collagenase A (from Roche) for 30min at 37 °C.
Kidney suspension was sieved through 100 µm filters twice and was
centrifuged for 4min at 1200 rpm. The pellet was resuspended and the
glomeruli bound on the Dynabeads were collected with the aid of a
magnetic stand. Glomeruli were resuspended in 1ml podocyte medium
and seeded onto a 6 cm plate coated with collagen. Podocytes were
cultured in podocyte medium in a humidified atmosphere (5% CO2,
37 °C). For experiments primary murine podocytes of WT and Nox4-/-
mice were treated with or without 10 ng/ml TGFβ1 (from PromoCell)
for 24 h, if indicated.

5.3. ROS measurements with chemiluminescence

ROS production was assessed in intact cells with 100 µmol/L lu-
minol (from SigmaAldrich) / 1 U/ml horseradish peroxidase (HRP,
from SigmaAldrich) for H2O2 or with 200 µmol/L L-012 (from Wako
Chemicals) for •O2ˉ in a Berthold TriStar2 microplate reader (LB942,
Berthold, Wildbad, Germany). All measurements were performed in
HEPES-Tyrode buffer containing in mmol/L: 137 NaCl, 2.7 KCl, 0.5
MgCl2, 1.8 CaCl2, 5 glucose, 0.36 NaH2PO4, 10 HEPES.

5.4. Redox-western blot and antibodies

For Prx2, Prx3 and Prx4 cells were incubated with NEM (50mM)
and washed with PBS- NEM (100mM). Cells were scraped in alkylation
buffer (40mM Hepes, 50mM NaCl, 1 mM EGTA, Inhibitors, Catalase,
100mM NEM) and 1% CHAPS (from Applichem) for solubilization. For
Trx1 and Trx2 cells were scraped in 20% TCA followed by two acetone
washing steps. Proteins were dissolved in EB buffer (10% SDS, 150mM
NaCl, 50mM Hepes) and incubated with 15mM AMS (from Life
Technologies) for 3 h. Protein amount was determined by Lowry pro-
tein assay. Samples were substituted with sample buffer (8.5% glycerin,
2% SDS, 6.25% TRIS/HCl pH 6.8, 0.013% bromphenol blue) and
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separated on a non-reducing SDS-PAGE gel, followed by Western blot
analysis and detection by antibodies. Primary antibodies against Prx2
(#LF-PA0091), Prx3 (#LF-PA0030), Prx4 (#LF-PA0009), Trx1 (#LF-
PA0187) and Trx2 (#LF-PA0012) were diluted 1:1000 and were pur-
chased from AbFrontier. The antibody against Nox4 was a gift from
Ajay Shah from Kings College London and was diluted 1:1000. After
incubation with first antibodies, membranes were analyzed with an
infrared-based detection system, using fluorescent-dye-conjugated sec-
ondary antibodies from LI-COR biosciences.

5.5. BIAM switch assay for identification of oxidized proteins

For blocking of free thiols living cells were incubated with N-
ethylmaleimide (NEM, 50mM, SigmaAldrich) for 5min and then wa-
shed gently with PBS-NEM (100mM). Cells were denatured and scraped
from the plate in 1ml of cold (4 °C) 20% TCA followed by two washing
steps (TCA 10%, TCA 5%) and centrifugation for 30min, 10,000 g, 4 °C.
The pellet was resolved in 200 µl NEM-resolution buffer (50mM NEM;
50mM Tris-HCl, pH 8,5; 8M Urea; 5mM EDTA; 20% SDS) on a shaker
for 1 h at 37 °C, 1000 rpm. Reaction was stopped by adding 1ml of ice-
cold (-20 °C) acetone. Excess of NEM was removed by centrifugation for
30min, 10,000 g, 4 °C and washing the pellet twice with 1ml of ice-cold
acetone.

Initial reduction of oxidized thiols was performed with 200 µl of
4mM DTT solution (from Applichem) for 5min directly followed by
incubation with 200 µl BIAM (EZ-Link™ Iodoacetyl-PEG2-Biotin,
Thermo Scientific) -resolution buffer (20mg/ml BIAM; 50mM Tris-HCl,
pH 8,5; 8M Urea; 5mM EDTA; 1% SDS) on a shaker for 1 h at 37 °C,
1000 rpm. Excess of BIAM was removed by adding 1ml of ice-cold
acetone and centrifugation for 30min, 10,000 g, 4 °C and washing twice
with 1ml of ice-cold acetone. Proteins were resolved in 200 µl resolving
buffer (50mM Tris-HCl, pH 8,5; 5 mM EDTA; 20% SDS; 10% Triton).
100–500 µg of protein were used for the pull down of BIAM-labeled
proteins with 25–100 µl streptavidin agarose beads (from Thermo
Scientific) per sample. For Western blot analysis, beads were boiled in
50 µl sample buffer (8.5% glycerin, 2% SDS, 6.25% Tris/HCl, pH 6.8,
20 mM DTT, 0.013% bromphenol blue). For mass spectrometry proteins
were eluted with 8M guanidium-HCl and boiled at 95 °C for 5min.
Samples were digested for 16 h with 1 µg trypsin (sequencing grade,
Promega) at 37 °C in 50mM ABC and 1mM CaCl2. Purification and
fractionation of peptides was performed with C18 stage-tips and SCX
stage-tips [49] respectively. Peptides were dried and resolved in 1%
acetonitrile and 0.5% formic acid. Samples were analyzed by mass
spectrometry.

5.6. Purification of His- Gab1 for cysteine identification

His-tagged murine Gab1 was overexpressed in HEK-tet-Nox4 cells.
BIAM switch assay was performed as described. BIAM labeled proteins
were loaded on HisTrap™ FF crude columns packed with Ni-Sepharose
(from GE Healthcare) and purified using the Äkta FPLC from GE
Healthcare. Purified protein was eluted with an 20–500mM imidazole
(from SigmaAldrich) gradient over 20min with a flow rate of 1ml/min.
Collected fractions were combined as indicated and proteins were se-
parated on a SDS-page and stained with coomassie. Gab1 coomassie
band was cut out of the gel.

The gel pieces were de-stained in 60% Methanol, 50mM ammo-
niumbicarbonate (ABC) and washed in 50mM ABC. Samples were di-
gested for 16 h with trypsin or GluC (sequencing grade, Promega) at
37 °C in 50mM ABC, 0.01% Protease Max (Promega) and 1mM CaCl2.
Peptides were eluted in 30% acetonitrile and 3% formic acid, cen-
trifuged into a fresh 96 well plate, dried in a speed vac and resolved in
1% acetonitrile and 0.5% formic acid. Samples were analyzed by mass
spectrometry.

5.7. Mass spectrometry

Liquid chromatography/mass spectrometry (LC/MS) was performed
with the aid of a Thermo Scientific™ Q Exactive Plus equipped with an
ultra-high performance liquid chromatography unit (Thermo Scientific
Dionex Ultimate 3000) and a Nanospray Flex Ion-Source (Thermo
Scientific). Peptides were loaded onto a C18 reversed-phase pre-column
(Thermo Scientific), followed by separation on a picotip emitter tip
(diameter 100 µm, 15 cm from New Objectives) in-house packed with
2.4 µm Reprosil C18 resin (Dr. Maisch GmbH). Elution of peptides from
the BIAM switch assay performed in HEK293 cells (Nox4 and Nox5),
was performed with the aid of a gradient from 100% eluent A (4%
acetonitrile, 0.1% formic acid) to 30% eluent B (80% acetonitrile, 0.1%
formic acid) for 60min and a second gradient to 60% B for 30min. The
gradient for the fractions from BIAM switch assay performed with
murine podocytes was from 100% eluent A to 30% B for 20min fol-
lowed by a second gradient to 60% B for 10min. The gradient for the
cysteine identification of His-Gab1 was from 100% eluent A to 30% B
for 90min and the second gradient to 60% B for 15min.

MS data were recorded by data dependent acquisition. The full MS
scan ranged from 300 to 2000m/z, with resolution of 70.000 and an
automatic gain control (AGC) value of 3 * 106 total ion counts, with a
maximal ion injection time of 160ms. Only higher charged ions (2+)
were selected for MS/MS scans with a resolution of 17500, an isolation
window of 2m/z and an automatic gain control value set to 105 ions
with a maximal ion injection time of 150ms. MS1 data were acquired in
profile mode.

5.8. BIAM switch assay data analysis

MaxQuant (v1.5.3.30, podocyte dataset; v1.5.2.8, HEK cell datasets
(Nox4 and Nox5)) [50], Perseus 1.5.2.6 [51] and Excel (Microsoft Of-
fice 2013) were used. N-terminal acetylation (+42.01) and oxidation of
methionine (+15.99), biotinylated iodoacetamide on cyteines (414.19)
and N-ethylmaleimide (125.05) on cysteines were selected as variable
modifications. The human reference proteome set (Uniprot, 4/2015,
68511 entries for HEK cell datasets) and the mouse reference proteome
set (Uniprot, 2/2016, 79950 entries for podocyte dataset) were used to
identify peptides and proteins with a false discovery rate (FDR) of less
than 1%. Minimal ratio count for label-free quantification (LFQ) was 1.
Reverse identifications, only identified by site and common con-
taminants were removed and the data-set was reduced to proteins that
were quantified in at least 4 of 6 samples for the podocytes dataset, 4 of
5 sample for the HEK-tet-Nox4 cells, or 3 of 4 for the HEK293 Nox5 cells
in one experimental group. Missing LFQ values were replaced by
random background values. Significant interacting proteins were de-
termined by Students t-test.

5.9. Data analysis for identification of modified amino acids

MS Data were analyzed by Peaks7. Proteins were identified using
mouse reference proteome database UniProtKB with 70947 entries,
released in 12/2016 with a false discovery rate of 1%. The enzyme
specificity was set to trypsin or Gluc (bicarbonate). Acetylation
(+42.01) at N-terminus, oxidation of methionine (+15.99), deamida-
tion at asparagine and glutamine, N-ethylmaleimide on cysteines
(+125.05), biotinylated iodoacetamide on cysteines (414.19) and
phosphorylation on serine, threonine and tyrosine (+79.97) were
variable modifications. For quantification of modified cysteines in tet-
induced HEK-tet-Nox4 cells (tet) and in non-induced HEK-tet-Nox4 cells
(ctr) spectral counting of peptides with modified cysteines was per-
formed.

5.10. RT-qPCR

Total mRNA from murine podocytes or HEK-tet-Nox4 cells was
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isolated with a RNA-Mini-kit (Bio&Sell, Feucht, Germany) according to
the manufacturers’ protocol. Random hexamer primers (Promega,
Madison,WI, USA) and Superscript III Reverse Transcriptase
(Invitrogen, Darmstadt, Germany) were used for cDNA synthesis. Semi-
quantitative real-time PCR was performed with AriaMX qPCR system
(Agilent Technologie, Santa Clara, CA, USA) using iQ™ SYBR® Green
Supermix (BioRad, Hercules, CA, USA) with appropriate primers.
Relative expression of target genes was normalized to GAPDH and
analyzed by the delta-delta-ct method. Primer sequences were for
murirne GAPDH (fwd: 5′-GTGTGAACGGATTTGGCCGTATTG-3′, rev:
5′-ACCAGTAGACTCCACGACATACTC-3′), human GAPDH (fwd:
5′-TGCACCACCAACTGCTTAGC-3′, rev: 5′-GGCATGGACTGTGGTCAT
GAG-3′), murine Nox4 (fwd: 5′-TGTTGGGCCTAGGATTGTGTT-3′, rev:
5′-AGGGACCTTCTGTGATCCTCG-3′) and human Nox4 (fwd: 5′-TCCG
GAGCAATAAGCCAGTC-3′, rev: 5′-CCATTCGGATTTCCATGACAT-3′).

5.11. Cluster analysis and statistics

Cluster analysis was performed with gorilla [52] and the mode of
two unranked lists and a p-value threshold of 10−3. Clusters were vi-
sualized by using REVIGO [53].

Unless otherwise indicated, data are given as means± standard
error of mean (SEM). Calculations were performed with Prism 5.0.
Individual statistics of unpaired samples was performed by t-test and if
not normal distributed by Mann-Whitney test. A p-value of< 0.05 was
considered as significant. All experiments were performed at least three
time. n indicates the number of individual experiments or animals.
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