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ARTICLE INFO ABSTRACT

Keywords: Preterm infants and patients with lung disease often have excess fluid in the lungs and are frequently treated with

Redox Pr_OteomiCS oxygen, however long-term exposure to hyperoxia results in irreversible lung injury. Although the adverse effects

?yperoxla of hyperoxia are mediated by reactive oxygen species, the full extent of the impact of hyperoxia on redox-
ung

dependent regulation in the lung is unclear. In this study, neonatal mice overexpressing the beta-subunit of
the epithelial sodium channel (-ENaC) encoded by Scnnlb and their wild type (WT; C57Bl6) littermates were
utilized to study the pathogenesis of high fraction inspired oxygen (FiOy)-induced lung injury. Results showed
that Og-induced lung injury in transgenic Scnnlb mice is attenuated following chronic O exposure. To test the
hypothesis that reversible cysteine-redox-modifications of proteins play an important role in Oz-induced lung
injury, we performed proteome-wide profiling of protein S-glutathionylation (SSG) in both WT and Scnnlb
overexpressing mice maintained at 21% O3 (normoxia) or FiOy 85% (hyperoxia) from birth to 11-15 days
postnatal. Over 7700 unique Cys sites with SSG modifications were identified and quantified, covering more than
3000 proteins in the lung. In both mouse models, hyperoxia resulted in a significant alteration of the SSG levels of
Cys sites belonging to a diverse range of proteins. In addition, substantial SSG changes were observed in the
Scnnlb overexpressing mice exposed to hyperoxia, suggesting that ENaC plays a critically important role in
cellular regulation. Hyperoxia-induced SSG changes were further supported by the results observed for thiol total
oxidation, the overall level of reversible oxidation on protein cysteine residues. Differential analyses reveal that
Scnnlb overexpression may protect against hyperoxia-induced lung injury via modulation of specific processes
such as cell adhesion, blood coagulation, and proteolysis. This study provides a landscape view of protein
oxidation in the lung and highlights the importance of redox regulation in Os-induced lung injury.

S-Glutathionylation
Thiol oxidation
SCNN1B

1. Introduction

Supplemental oxygen is routinely administered to premature infants
and patients with respiratory failure and plays a life-saving role by
enhancing airway function [1]. Unfortunately, hyperoxia is also asso-
ciated with abnormal pulmonary development, chronic lung diseases
such as bronchopulmonary dysplasia, and even death [2,3]. Although
the precise mechanisms of hyperoxia induced lung injury remains
largely unknown, it is clear that accumulation of reactive oxygen species
(ROS; such as Hp03) under pro-oxidizing conditions adversely disrupts
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the homeostasis of antioxidant systems needed to neutralize ROS,
causing oxidative stress. Preterm lungs are especially vulnerable to
supplemental oxygen therapy as their cellular antioxidant systems are
not fully developed [4-7].

Glutathione (GSH) is an important component of an antioxidant
defense system deficient in the preterm lungs [8]. GSH is comprised of
cysteine, glutamic acid, and glycine. The reducing power of this tri-
peptide is attributed to the thiol group of cysteine, which catalyzes the
reduction of HoO, to water and O using the cytosolic enzyme gluta-
thione peroxidase (GPx). The reduction of HyO requires 2 GSH
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molecules and releases glutathione disulfide (GSSG) as a byproduct. A
representation of the biochemical reaction is shown below:

2GSH + H;0,— GSSG -+ 2H,0 (reaction 1)

While this reaction is generally regarded as protective against
oxidative stress, the increased bioavailability of GSSG could in turn
bring about functional alterations of proteins [9]. For example, GSSG
can form mixed disulfides with free protein cysteine thiols as a mode of
post-translational modification termed S-glutathionylation (SSG) [10].
Protein modification by SSG has been recognized as a key redox
signaling paradigm that links oxidative stress and numerous patholog-
ical processes such as cancer, heart disease, and diabetes [11-13]. The
relevance of SSG with regard to lung pathology and diseases such as
asthma and idiopathic pulmonary fibrosis has also been investigated
[14]; total amounts of SSG increases with lung injury and fibrosis [15],
whereas decreased SSG in sputum of asthmatics was reported by Kuipers
et al. [16]. We have shown that GSSG inhibits lung epithelial sodium
channel (ENaC) activity, the rate limiting step of alveolar fluid clearance
(AFCQ), thereby constraining AFC and normal lung development [17,18].
Since GSSG inhibition of ENaC activity can be restored by reducing the
extracellular GSH/GSSG Ej, (i.e. increase bioavailability of GSH) [17],
we hypothesize that SSG modifications of the lung proteome may play
an important role in the pathogenesis of, or recovery from, high oxygen
induced injury.

In this study, we investigate the redox-dependent mechanisms of
hyperoxia induced lung injury by quantitatively assessing protein
cysteine sites bearing SSG modifications using neonatal mice over-
expressing the Scnnlb gene for ENaC and their WT littermates housed
under normoxic (21% O3) or chronic high (85% O3) exposures. The
Scnnlb gene encodes the B-subunit of epithelial sodium channel
(B-ENaC), which assembles with a- and y-subunits to form trimeric ion
channels that regulate salt and water transport across the lung [19,20].
Overexpression of Scnnlb under the Clara cell secretory promoter
(CCSP) in and of itself leads to an inflammation and emphysema-like
lung injury phenotype in neonatal mice [21-23]. Likewise, chronic
exposure to high fractions of inspired oxygen (FiO2; 85%) in neonatal
mice recapitulates the developmental perturbations in infants with
bronchopulmonary dysplasia [24]. Given that hyperactive ENaC
dysfunction and chronic hyperoxia exposure both lead to oxidative
stress and severe lung injury phenotypes independently, we were sur-
prised to observe that chronic 85% O; exposure improves the lung ar-
chitecture of transgenic Scnnlb mice when compared to their WT
littermates [25]. This unexpected finding warrants further investigation
into the redox proteome of Scnnlb overexpressing mice under normoxic
and hyperoxic conditions, as it could lead to an improved understanding
of the molecular mechanisms underpinning irreversible lung injury.

For a better understanding of the role of thiol redox modifications in
hyperoxia-mediated responses, proteome-wide identification and
quantification of protein modifications that are sensitive to oxygen
toxicity is required. Currently, mass spectrometry (MS)-based prote-
omics is the method of choice for the characterization of chemical
modifications and quantification of the relative changes in redox status
of thousands of proteins simultaneously [26-29]. Our lab has developed
arobust resin-assisted capture (RAC) approach that can not only identify
site-specific cysteine oxidation, but also quantify the occupancy of these
redox modifications at the proteome level [30-32]. In this study, we
quantitatively profiled the thiol redox proteome of both transgenic
Scnnlb and WT littermates under normal and hyperoxic conditions. We
found that hyperoxia induced significant changes in SSG levels of spe-
cific proteins and pathways. Moreover, our data revealed that more
substantial hyperoxia-induced changes of protein-SSG occur in trans-
genic Scnnlb mice compared to that of WT mice. Another experiment
analyzing total protein oxidation, which quantifies all forms of revers-
ible thiol-based oxidative modifications, further corroborated our ob-
servations on protein-SSG.
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2. Materials and methods
2.1. Chemicals and materials

BCA (Bicinchoninic Acid) protein assay reagents, screw cap spin
columns, and tandem mass tag (TMT) reagents were purchased from
Thermo Fisher Scientific (Rockford, IL). Amicon Ultra centrifugal filter
units (10 kDa cutoff) were purchased from MilliporeSigma (Burlington,
MA). Thiopropyl Sepharose 6B affinity resin was obtained from Amer-
sham Biosciences (Uppsala, Sweden). Sequence grade trypsin was pur-
chased from Promega (Madison, WI). GRX1-C14S, a mutant form of
glutaredoxin used in selective reduction of protein-SSG, was purchased
from Cayman Chemical (Ann Arbor, MI). All other chemicals were from
Sigma-Aldrich.

2.2. Animal treatment

Animal studies were approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Utah. The investigators
adhered to IACUC and the National Institutes of Health guidelines for
the Care and Use of laboratory Animals guidelines, and the research was
carried out in compliance with the Animal Welfare Act [33,34]. All
animals were given ad libitum access to food and water and housed
under a normal light/dark cycle. Ambient temperature was kept be-
tween 22.2-23.3°C in the vivarium.

Transgenic Scnnlb mice were a gift from Dr. Alessandra Livraghi-
Butrico (Marsico Lung Institute, Chapel Hill, NC [35]). Male and fe-
male hemizygous Scnnlb mice were bred with wild type C57B16 mice
(Taconic Bioscience, Rensselaer, NY) to obtain litters comprising
approximately 50% hemizygous transgenic and 50% homozygous wild
type littermates. All newborn mice were genotyped on PN day 7 by
submitting tail snips to TransnetYX, Cordova, TN and were randomly
assigned to either normoxic (21% O3) or hyperoxic (85% O3) exposure
treatments.

Newborn litters were paired so that lactating dams could be swapped
daily between high fraction inspired oxygen (FiO; 85%) and room air
(21% O3) chambers in order to avoid maternal oxygen toxicity. New-
borns were continuously exposed to FiO3 85% or 21% O beginning on
the day of birth through PN days 11-15 of alveologenesis. Pups assigned
to FiOy 85% were housed in a Plexiglass chamber with continuous ox-
ygen monitoring (Proox model 110; Biospherix, Redfield, NY). Newborn
litters were not redistributed to separate males from females; in rodent
studies, sex is not a biological variable in high oxygen induced lung
injury [36,37].

Animals were euthanized immediately following the last day of
hyperoxic/normoxic exposures using intraperitoneal injection of 100
mg/kg Ketamine (West-Ward, Eatontown, NJ) and 10 mg/kg Xylazine
(MWI Animal Health, Boise, ID) mix. Lungs were removed en bloc, rinsed
with PBS, and snap frozen (—80 °C). Lungs were not perfused prior to
mass spec analysis. The total number of observations reported (n) refers
to the total number of pups evaluated from distinct litters.

2.3. BALF collection and immune cell counts

Tracheas were cannulated from non-perfused lungs and lavaged
(three times) with 50 pL PBS per 1 g of body weight. Bronchoalveolar
lavage fluid (BALF) was collected and snap frozen prior to mass spec
analysis. Immune cells were immoblized onto glass slides by cytospin
centrifugation (1000xg, 5 min). BALF cells were labeled with Wright
Stain Solution (Millipore, Burlington, MA) using manufacturer protocol
and analyzed under an Olympus IX71 microscope and compatible DP80
dual sensor camera attached to the side port (Olympus, Tokyo, Japan).
Percent neutrophil were calculated after counting 600 cells from 3 in-
dependent Wright stain studies.
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2.4. Histology and destructive index (DI) assessment

Non-perfused and uninflated lungs were fixed in 10% neutral buff-
ered formalin, paraffin-embedded, and then sectioned (transverse 4
pcron thin sections) and mounted onto glass slides. Deparaffinization
and Masson’s trichrome staining of lung sections were conducted using a
standard histology protocol [38] and commercially available Masson’s
Trichrome Stain Kit (Agilent Technologies, Santa Clara, CA). Lung
destructive indexes (ratio of damaged to healthy tissue in the alveoli/-
duct space) were assessed as described in Refs. [39,40] from 3 inde-
pendent studies using the following Image J Plug settings: Analyze >
Tools > Grid; random offset; 5000 pm? area per point.

2.5. GSH/GSSG redox potential (Eh)

Reduced and oxidized levels of glutathione (GSH and GSSG,
respectively) were concurrently measured from homogenized lung tis-
sue using a colorimetric glutathione assay (Abcam, Cambridge, MA)
following manufacturer protocol. Briefly, all samples were de-
proteinated by adding equal volume metaphosphoric acid (1.25 M so-
lution; Sigma-Aldrich, St. Louis, MO) and aliquots of the de-proteinated
samples were prepared. One aliquot of the lung lysate was directly
assayed for GSH by measuring absorbance at 415 nm following incu-
bation with 5,5’dithio-bis-2-(nitrobenzoic acid) (DTNB; provided in the
assay kit). A separate aliquot of de-proteinated lung lysate was deriv-
atized with 1 M solution 2-vinylpyridine solution (prior to DTNB incu-
bation) for total GSSG measurements. After obtaining GSH and GSSG
concentrations, the redox potential (Ey) was calculated in accordance
with the Nernst equation where: E;, = E, + RT/2F In [(GSSG)/(GSH)z];
E, is the standard potential for the redox couple, R is the gas constant, T
is the absolute temperature (°K), and F is Faraday’s constant. Calculated
Ej, serves as a quantitative expression of the redox pair’s affinity for
electrons (i.e. oxidative stress).

2.6. Quantitative PCR

Lung tissue was homogenized in RNA Stat60 (Amsbio) and total RNA
extracted using standard phenol-chloroform protocols followed by
DNASE treatment and RNA-II purification (Machery-Nagel). A total of
100 ng of RNA per sample was converted into cDNA using Superscript II
components (Life Technologies) per manufacturer protocol. The cDNA
was treated with 2.5 U RNase H (Affymetrix) at 37 °C for 20 min to
remove residual RNA. Real-time qPCR reactions were performed using
Quantitect SYBR Green PCR reagent (Qiagen) using 5 pL of cDNA
(diluted 1:10) per manufacturer protocol and mouse primer sequences
GAT GTC CGA ACA GCT ATT TAC CA (forward) and CCT TGC GAC
TTCA GCC ACT (reverse) for fibronectin (FN1); CGG GAG AAA ATG ACC
CAG ATT (forward) and AGG GAC AGC ACA GCC TGA ATA G (reverse)
for actin (ACTA-2); and CTG GCA CAA AAG GGA CGA G (forward) and
ACG TGG CCG AGA ATT TCA CC (reverse) for collagen (COL4Al).
Transcripts were normalized to the housekeeping gene GAPDH and
mRNA expression levels calculated using the 2722 method.

2.7. Sample preparation of lung BALF and tissue for proteomics

BALF samples were concentrated by speedvac (ThermoSavant, New
York, NY) until dry and further processed as per manufacturer in-
structions for S-trap micro spin columns (Protifi, Farmingdale, NY).
Briefly, all samples were re-suspended in a uniform volume of 50 pL of
lysis buffer containing 5% SDS, 50 mM triethylammonium bicarbonate
(TEAB) pH 8.5. The samples were reduced with dithiothreitol (DTT) and
alkylated with iodoacetamide (IAA) at final concentrations of 20 mM
and 40 mM, respectively. Phosphoric acid was then added to a final
concentration of 2.5% to obtain a pH < 1 and then 7x volume of binding
buffer containing 100 mM TEAB; 90% methanol was added to the ly-
sates. The samples were then added to S-Trap micro columns,
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centrifuged at 4000xg for 30 s and washed 3 times with 150 pL of
binding buffer. Each sample was digested with 20 pL digestion buffer
containing 50 mM TEAB and 1.5 pg of sequencing grade trypsin
(Promega, Madison, WI) for 2 h at 47 °C. Peptides were eluted by 40 pL
of 50 mM TEAB, 40 pL of 0.2% formic acid, and 40 puL 50% acetonitrile,
where the column was centrifuged at 4000xg for 1 min for each elution
buffer. The peptides were concentrated by speedvac until dry, re-
suspended in 20 pL of 0.1% formic acid solution, and quantified using
standard BCA protein assay.

Sample processing for redox proteomics was performed as previously
described [30,32,41]. In addition, profiling of the global proteome was
performed in parallel with an aliquot of proteins used in the redox ex-
periments. A graphical representation of the modified workflow is
shown in Fig. 1. First, frozen lung lobes were minced into small pieces on
a glass slide placed in an aluminum tray that was chilled by dry ice to
prevent the samples from thawing. The minced tissue of each sample
was collected into their own 5 mL round bottom polystyrene tube
(Corning) and incubated on ice for 30 min in the dark with homogeni-
zation buffer (250 mM MES; 1% SDS; 1% Triton X-100) adjusted to pH 6
to protect against artificial oxidation during homogenization, as was
used in a previous study of lung tissue [42]. The pooled total thiol
sample was prepared by collecting several pieces of tissue from each
minced sample into a single tube. Homogenization buffer for gluta-
thionylation or total oxidation samples included 100 mM NEM to
alkylate free thiols, while this reagent was omitted in the homogeniza-
tion buffer used for the total thiol sample. A tissue homogenizer (Bio-
Spec Products) was then used to create homogenates of these samples,
which were transferred to microcentrifuge tubes and spun down at top
speed for 10 min at 4 °C. Supernatants were transferred to a new tube
and incubated at 55 °C for 30 min at 850 rpm to promote protein
denaturation and alkylation, followed by overnight acetone precipita-
tion. The protein pellet was re-suspended with resuspension buffer (250
mM HEPES pH 7; 8 M Urea; 0.1% SDS) and measured by BCA assay. 600
ug of protein was concentrated by buffer exchange via 10K Amicon ultra
filters (EMD Millipore) and the volumes were adjusted with a reducing
buffer (25 mM HEPES pH 7.6; 1 M Urea) to obtain a final concentration
of ~1 pg/pL. For total oxidation analysis, samples were then reduced
with DTT (20 mM final concentration) at 37 °C and 850 rpm for 30 min.
For SSG analysis, de-glutathionylation of proteins was performed by
adding a Glutaredoxin 1 cocktail to selectively reduce protein-SSG
modifications at 37 °C and 850 rpm for 10 min (the corresponding
total thiol sample was totally reduced by DTT during the SSG workflow).
Following either mode of total or selective reduction, buffer exchange
with 8 M urea in 25 mM HEPES pH 7 was used to remove excessive
reducing reagents. Samples were then diluted with 25 mM HEPES pH
7.6 to obtain a urea concentration of 2.5 M and the resulting proteins
were quantified by the BCA assay and then aliquoted for either redox
proteomics or global proteomics.

For each sample, 120 pL of 300 pg de-glutathionylated protein or
150 pg from the total oxidation workflow were used as input for
enrichment in their own columns containing 30 mg of hydrated Thio-
propyl Sepharose 6B resin (Cytiva) at room temperature and shaking for
2 hr at 850 rpm. Unbound proteins were washed off the resin with 5 x 1)
25 mM HEPES pH 7.7 with 8 M urea, 2) 2 M NaCl, 3) 80% acetonitrile
(ACN) with 0.1% Trifluoroacetic acid (TFA), and 4) 25 mM HEPES pH 7.
Resin-bound proteins in each column were digested with 8 pg of
sequencing-grade trypsin (Promega) dissolved in 25 mM HEPES pH 7.7
overnight at 37 °C and shaking at 850 rpm. Washing out of non-Cys-
containing peptides was performed with 5 x 1) 25 mM HEPES pH 7.7,
2) 2 M NaCl, 3) 80% ACN with 0.1% TFA, 3x with 25 mM HEPES pH 7,
and 2x with 50 mM triethylammonium bicarbonate buffer (TEAB). To
label the peptides, 40 pL of 100 mM TEAB was added to each column
followed by 400 pg of tandem mass tag (TMT) reagent dissolved in 70 pL
anhydrous ACN and incubated for 1 hr at room temperature with
shaking at 850 rpm. Unbound TMT reagent was washed out with 5 x 1)
80% ACN with 0.1% TFA, 3x with 25 mM Ammonium bicarbonate, 2x
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Fig. 1. Proteomic profiling of mouse lung protein. (A) Workflow for global proteomics on protein aliquots collected after the reduction step (gray dashed box in (B))
during the redox proteomics procedures for protein-SSG and total thiol. (B) Schematics of redox proteomics. Except for S-glutathionylation, all other reversible forms
of oxidation (S-nitrosylation, S-sulfenylation, disulfides, persulfides, polysulfides) are represented by “SOx”. Proteins/peptides with SSG sites are distinguished by
purple-colored shapes. Protein samples from control (21% O, n = 4) and hyperoxic-exposed (85% O, n = 4) mice were subjected to SSG enrichment (upper panel),
which consisted of NEM blocking of free thiols (denoted by green text), selective reduction of PSSG with glutaredoxin (Grx; denoted by blue text), RAC-based
enrichment (yellow circle denotes resin), on-resin digestion and TMT labeling, and finally elution off the resin using DTT. A pooled sample was enriched for
total thiol (middle panel), in which NEM blocking is omitted, the reduction was performed with DTT to reduce all reversible forms of oxidation (red text), and RAC is
used to capture all free thiols in the sample to represent the total thiol content of the samples. The lower panel represents the total oxidation workflow, where free
thiols are alkylated with NEM, all reversible forms of thiol oxidation are reduced with DTT, and nascent free thiols are enriched. All TMT-labeled samples were
pooled and analyzed by LC-MS/MS. The TMT labeling scheme used for global and redox proteomic workflows for either genotype is shown below the total oxidation
workflow. Note: total thiol sample prep was included in either the protein-SSG or total oxidation workflows. Two sets of experiments were performed for wild type
and transgenic Scnnlb mice, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

with ultra-pure water. Finally, Cys-containing peptides were eluted off
the resin 2x with 20 mM DTT in 100 pL of ammonium bicarbonate after a
30 min incubation at room temperature with 850 rpm shaking and a
single 10 min incubation with 80% ACN with 0.1% TFA. Samples were
combined and concentrated by speedvac and subjected to standard C18
solid phase extraction (SPE) sample cleanup. Additional detailed steps
regarding enrichment with Thiopropyl Sepharose 6B resin, on-resin
trypsin digestion and labeling with TMT, and elution of enriched
cysteine-containing peptides can be found elsewhere [30-32,41].

To perform global proteomics analysis (Figs. 1A), 100 pg proteins
were aliquoted after the selective reduction in a redox proteomic
workflow. These samples were diluted with 25 mM HEPES, pH 7.7, to a
final urea concentration of 1 M (~40 pl final volume). Reduction and

alkylation were performed by incubating the samples first with 5 mM
DTT at 37 °C for 30 min, and then with 10 mM iodoacetamide for 1 hr in
the dark. The samples were digested with 2 pg of trypsin overnight at
37 °C. The resulting peptides were labeled with 70 pL of TMT10 plex
reagents (the same set used for redox proteomics) using the same la-
beling scheme as for the redox samples (Fig. 1B). The labeling reactions
were quenched by adding 8 pul of 5% hydroxylamine, followed by
shaking at 600 rpm for 30 min at room temperature. All samples were
pooled together, and SPE cleanup was performed prior to LC-MS
analysis.
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2.8. LC-MS/MS analysis

Prior to LC-MS/MS analysis, the pooled global and redox peptides
were acidified by trifluoroacetic acid and desalted by a ziptip C18 col-
umn (Agilent Technologies). Samples were then dissolved in 20 mM DTT
in HyO to prevent oxidation of cysteine thiols. For BALF samples, 1.5 pg
of peptide from each sample was diluted to a final concentration of 0.1
pg/pL with 0.1% formic acid. The final peptide samples were analyzed
on a Q Exactive Plus (Thermo Scientific) coupled with a nanoAcquity
ultra performance liquid chromatography (UPLC) system (Waters).
Elution of the peptides were performed on a reverse phase C18 column
(70 cm x 75 pm i.d., 3 pm particle size of Jupiter C18, Phenomenex) at
300 nL/min with buffer A (0.1% formic acid in H,O) and buffer B (0.1%
formic acid in acetonitrile) using the following gradient: 0.1-8% B for 4
min, 8-12% B for 32 min, 12-30% B for 100 min, 30-45% B for 40 min,
and 45-95% B for 5 min.

Mass spectra of the eluted peptides were collected using a data-
dependent acquisition method that consisted of a full MS scan and
subsequently up to 12 MS/MS scans for the most intense precursor ions.
Full MS scans (400-2800 m/z) were performed in the Orbitrap with the
following key parameters: resolution, 70 K; automatic gain control, 3E6;
and maximum ion injection time: 20 ms. Precursor ions were selected by
the quadrupole with an isolation window 2 m/z, and fragmentation was
performed by higher-energy collisional dissociation at a normalized
collision energy of 30. Scan parameters for MS/MS spectra were: reso-
lution, 35 K; automatic gain control, 1E5; and maximum ion injection
time: 100 ms.

2.9. Proteomic data processing and bioinformatics

Raw BALF data were analyzed with MaxQuant (v2.0.3.0) [43] with
the match between runs option enabled for label free quantification with
a matching time window of 0.7 min and alignment window of 20 min.
Additional parameters include: methionine oxidation and N-terminal
acetylation set as variable modifications, Cysteine carbidomethylation
set as a fixed modification, parent ion tolerance of 20 ppm, and fragment
ion mass tolerance of 0.5 Da. The LFQ intensities in the “proteinGroups.
txt” file were log-transformed and median centered across all samples
for statistical analysis using R.

Raw global and redox proteomics data were analyzed with MS-GF +
against the Uniprot Mus musculus database (release 2017_04, with
16,880 entries). Addition of N-ethyl maleimide on cysteine
(+125.0477), and oxidation of methionine (+15.9949) were set as dy-
namic modifications. Labeling of TMT reagents on peptide N terminus
and lysine residues (+229.1629) was set as the static modification. A
partial tryptic rule was applied for peptide identification. Similar pa-
rameters were used for global proteomics data, except that carbamido-
methylation of cysteine residues (+57.0215) is also set as a dynamic
modification since proteins were alkylated with iodoacetamide. Multi-
ple criteria were applied to filter peptide spectrum matches (PSMs) to
control <1% false discovery rate (FDR, calculated using a target-decoy
approach) at the peptide level: 1) MSGF SpecProb < 1E-8; 2) precur-
sor tolerance within 10 ppm; 3) PepQValue < 0.01.

Quantitative analyses of the proteomic data were performed as
previously described [44,45]. Briefly, TMT reporter ion signals were
first summed for PSMs corresponding to the same unique peptide.
Peptides with missing values in any of the quantification channels were
excluded. Raw TMT reporter ion intensities were then log2 transformed
as surrogates for relative peptide abundances. Redox proteomics data
was normalized against the non-cysteine containing peptides, assuming
that these non-specific binding peptides have an equal distribution of
peptide abundance across all channels. Non-Cys peptides and peptides
only containing an NEM-blocked Cys were removed prior to subsequent
analysis. To identify the Cys sites, each unique Cys-containing peptide
was mapped the mouse proteome to determine the positions of the Cys
residue on the protein. The unique peptide data was then aggregated to
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the unique Cys site level by combining the TMT reporter ion intensities
(non-log2-transformed) of peptides containing the same Cys site ID. The
student’s t-test was used for statistical analysis, where unique Cys sites
with log2 fold change of 0.3 or greater were further subjected to the
Benjamini-Hochberg p value adjustment method. Cys sites with adjusted
p value < 0.1 were then defined as significant. A similar workflow was
used for analysis of the global proteomics data except that TMT reporter
ion intensities and all subsequent analysis were performed at the protein
level. Integration of data between the two genotypes was performed by
merging SSG or global datasets together and only keeping Cys site or
proteins that are common to both datasets. Each genotype’s SSG data
was mean centered, where the mean represents the average SSG in-
tensity of all channels except total thiol. The global data was mean
centered in a similar manner, except that total thiol was included in the
calculation of the mean. The fold change of each replicate per genotype
were then calculated, used for statistics, and used to calculate the fold
change of hyperoxia response in Scnn1b overexpressing versus wild type
mice. Gene ontology analysis was performed with DAVID (https://davi
d.nciferf.gov/), where the background was set to all proteins identified
in each analysis.

3. Results

3.1. The neonatal transgenic Scnnlb lung phenotype under chronic
hyperoxia

Transgenic Scnnlb and WT littermates were maintained on FiO,
85% or at room air from the day of birth up to postnatal day 11 (PN 11).
At the end of exposure treatment, BALF was collected for i) neutrophil
counts and ii) proteomics analysis, while lungs were excised en bloc and
partitioned for iii) histological analysis, iv) redox measurements, and v)
measuring the level of transcripts of genes commonly associated with
epithelial lung injury in order to validate and strengthen our initial
observation indicating that epithelial sodium channels play an impor-
tant role in attenuating oxidative injury [25]. Alveolar septal damage
and emphysematous space (i.e. destructive index; DI) were calculated
from histological sections (not shown) obtained from transgenic Scnnlb
and WT lungs housed as indicated in Fig. 2A. As expected, chronic FiO,
85% inhalation in WT pups and Scnn1b overexpression (at room air) can
independently increase the destructive index (DI; Fig. 2A); neutrophil
infiltration (Fig. 2B), and oxidative stress (Fig. 2C) compared to control
WT pups housed at 21% O. The DI of neonatal WT lung (housed at 21%
0,) increases from 26.5% + 3.9%-50.0% =+ 3.2% (when housed at FiO,
85% for 11 days). Interestingly, chronic high O, exposure significantly
decreases the DI of Scnnlb overexpressing lung from 68.75% =+ 3.6%-—
43.08% + 8.9%, lowers neutrophil infiltration, and decreases oxidative
stress (Fig. 2A-C; n = 3 pups from 3 distinct litters with standard error
shown).

Deposition of collagen and actin reorganization are key steps in the
response to lung injury and inflammation. Fig. 2D-F shows that mRNA
levels of genes involved in the pro-fibrotic responses namely FN1, ACTA-
2, and COL4A1 are significantly lower in transgenic Scnnlb lungs vs WT
lungs maintained under chronic 85% FiO, exposure; baseline levels (i.e.
room air) of hydroxyproline quantitation of collagen have recently been
reported in Ref. [25]. We also collected bronchoalveolar lavage fluid
(BALF) for proteomics analyses (Supplemental Data 8). Fig. 2G-I further
shows that the levels of markers used to monitor lung injury and stress
(NGAL [46], LG3BP [47], BIP(GRP78) [48,49]) in BALF as analyzed by
MS proteomics are significantly higher for transgenic Scnnlb mice
under normoxia compared to WT; however, hyperoxia further induces
the levels of these markers in BALF only for the WT mice. Together,
these data suggest that overexpression of Scnnlb, while itself exhibits
elevated level of lung injury and inflammation, could potentially confer a
protective effect against high oxygen exposure-mediated lung dam-
age/inflammation and fibrosis. To better understand this effect and the
role of oxidative modifications on hyperoxia-induced lung injury, we
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conducted a proteome-wide analysis of lung tissues from neonatal wild 3.2. S-glutathionylation proteomes and global proteomes of neonatal
type and transgenic Scnnlb littermates housed under FiO; 85% and mouse lung
room air.

To quantify the SSG proteomes in mouse lung under both normoxia
and hyperoxia, a RAC-TMT based redox proteomics approach was used
(Fig. 1B). For each genotype, lung samples from mice kept at either 21%
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or 85% O, (n = 4) were processed for the detection of in vivo S-gluta-
thionylation levels. In addition, a “Total Thiol” sample was created by
pooling a small fraction from each of the SSG samples in the same TMT
set. For the “Protein-SSG” samples, the workflow consisted of blocking
protein free thiols with NEM, selective reduction of protein-SSG modi-
fications with a glutaredoxin enzyme cocktail [50], enrichment of the
nascent thiols (products of reduction of protein-SSGs) with Thiopropyl
Sepharose 6B resin, on-resin trypsin digestion, and subsequent TMT
labeling (Fig. 1B). For the “Total Thiol” sample, a similar processing
scheme was used except that NEM blocking was omitted and the
reduction was performed using DTT (Fig. 1B), thus this sample repre-
sents all free and reversibly oxidized thiols present in the sample.
Quantification of total thiols reveals the overall level of protein thiols
(both reduced and oxidized) present in the sample, which allows for
stoichiometric estimation of average S-glutathionylation occupancy at
individual Cys sites. Following TMT labeling, cysteine-containing pep-
tides from each channel were eluted, combined, and subjected to
LC-MS/MS analysis. TMT label 130N was omitted from the labeling
scheme to avoid channel crosstalk from the 131N total thiol channel. In
addition, we speculated that exposure to long term hyperoxia (>10 days
in this study) could also result in changes in protein abundance.
Therefore, we incorporated global proteome measurements into the
redox proteomics workflow to detect any changes in protein abundance
(Fig. 1A). Following the selective reduction step, an aliquot of 75 pg
proteins from each sample (except for total thiol) were subjected to
reduction, alkylation, trypsin digestion, TMT labeling, and LC-MS/MS
analysis for global proteome profiling.

SSG proteome measurements identified >10,000 unique cysteine-

A
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containing peptides, which accounted for >98% of all identified pep-
tides in both datasets, demonstrating the specificity of resin-based
enrichment (Fig. S1A; Supplemental Data 1 and 2). These unique pep-
tides cover more than 7600 Cys sites that correspond to ~3000 proteins
for each genotype. Nearly ~6000 Cys sites and ~2600 proteins were
commonly identified from both datasets (Figs. S1B-C; Supplemental
Data 1 and 2), allowing comparisons between genotypes. For global
proteomics, > 3000 proteins were identified from single-shot LC-MS/MS
analysis in both datasets, with 2511 proteins present in both datasets
(Fig. S1D; Supplemental Data 3 and 4). The quantitative measurement of
SSG and global protein abundance levels was highly reproducible
among biological replicates, with median coefficients of variation (CVs)
on TMT reporter ion intensities around 10% (Figs. S1E-F). Furthermore,
the identified SSG proteins are distributed throughout various cellular
compartments (Fig. S2A), indicating a broad coverage of the redox
proteome by our workflow.

3.3. Hyperoxia-induced changes in global protein expression

To identify proteins with significant changes in their abundance
following hyperoxia exposure in each genotype, we used a threshold of a
log2 fold change that is greater than +0.3 (upregulated or down-
regulated) followed by a cutoff of an adjusted p value that is less than
0.1. Volcano plots illustrate the distribution of proteins that meet these
criteria, where hyperoxia induces changes in the abundance of 32 pro-
teins (15 increase; 17 decreased) in wild type mice, while transgenic
Scnnlb mice exhibited 95 significantly changing proteins (35 increased;
60 decreased) (Figs. S3A-B). Gene ontology analysis shows that
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“oxidation-reduction process” is the most significant and only pathway
common to both genotypes (Fig. 3A). NADH dehydrogenase 1 alpha
subcomplex subunit 6 (NDUA6) and NADH-ubiquinone oxidoreductase
75 kDa subunit (NDUS1) are observed in both genotypes for this
pathway, where each exhibited reduced abundance under hyperoxic
conditions (green boxes; Fig. 3B). Other proteins related to this process
and observed exclusively for either genotype include NADH dehydro-
genase iron-sulfur protein 4/8 (NDUS4/NDUSS8) in wild type or NADH-
ubiquinone oxidoreductase chain 2 (NU2M), NADH dehydrogenase
flavoprotein 2 (NDUV2), or NADH dehydrogenase iron-sulfur protein 5
(NDUS5) in Scnnlb overexpressing lung. This abundance of down-
regulated mitochondrial complex I proteins in either genotype empha-
sizes this pathway as potentially sensitive to hyperoxia. Other pathways
such as “mitochondrial respiratory chain complex I assembly” and
“cellular respiration” in wild type mice indicate a perturbation to bio-
energetic processes following hyperoxia treatment. Downregulated
expression of these proteins could lead to mitochondrial dysfunction,
especially NDUS1, NU2M, or NDUV2, which are core subunits for
function and structure of complex I in the mitochondria [51,52]. A
similar finding on reduced expression of complex I mitochondrial pro-
teins following 85% oxygen was previously reported [53] and
hyperoxia-induced mitochondrial damage is also proposed to cause
simplification of lung structure, or bronchopulmonary dysplasia (BPD)
in infant lungs [54].

In contrast, Scnnlb overexpressing lung show significant changes in
protein expression for a wider range of processes, including immune and
inflammatory signaling. Interestingly, transgenic Scnnlb mice main-
tained under chronic hyperoxia show perturbed chitin catabolism based
on recovery of “chitin catabolic process” (Fig. 3A). Chitinase-like protein
3/4 (CHIL3; CHIL4) and the acidic mammalian chitinase (CHIA) are
significantly downregulated in Scnnlb overexpressing lungs (Fig. 3C).
These proteins bind and degrade chitin and other forms of saccharides
that are found on pathogens, but also extends to chitin polymers present
in airways of lungs with fibrotic diseases [55]. Different cell types found
within the lung, such as macrophages and neutrophils, can secrete chi-
tinases [56,57]. In our study, we observed a significant reduction in
chitinase content in transgenic Scnnlb lungs maintained under chronic
hyperoxia (Fig. 3C), which may result from the marked reduction of
neutrophil infiltration in these mice (Fig. 2B). A previous study found
that deficiency of chitinase CHIA, leads to the accumulation of chitin
polymers and a fibrotic lung phenotype [58]. Other members of the
chitinase family were identified in our dataset (CH3L1: Chitinase-3-like
protein 1 and CHID1: Chitinase domain-containing protein 1; Supple-
mental Data 4), however they did not exhibit significant changes in
expression. Together, the global proteomics data revealed that hyper-
oxia induces more diverse changes in protein expression in transgenic
Scnnlb mice than wild type mice.

3.4. Hyperoxia-induced changes in protein-SSG modifications

To find proteins and pathways that are responsive to hyperoxia via
SSG regulation, we first identified differentially modified Cys sites. The
impact of hyperoxia on the S-glutathionylation proteome is visualized
by plotting the extent of change (log2 fold change) of all identified S-
glutathionylated unique Cys sites (Figs. S3C-D). These plots show that
the S-glutathionylation proteome was altered by hyperoxia in both ge-
notypes, however the perturbation is greater in transgenic Scnnlb mice.
The distribution of proteins with altered Cys site S-glutathionylation
were found across all major subcellular compartments (Figs. S2B-C),
suggesting that long-term exposure to hyperoxia caused a systematic
change in the SSG proteome across multiple organelles. Cys sites with
significant changes in SSG levels were identified on the basis that they
met the same criteria as defined for the global data (log2 fold change >
+0.3 and adjusted p value < 0.1). In wild type mice, 85 proteins yielding
110 unique Cys sites showed a significant increase (25) or decrease (85)
in S-glutathionylation, respectively (Fig. S3C). Transgenic Scnnlb mice
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exhibited a greater abundance of proteins (269) with 425 significantly
altered S-glutathionylated Cys sites (190 increased and 235 decreased)
(Fig. S3D). Notably, while S-glutathionylation of Cys98 of lung p-ENaC
subunit protein was detected in wild type and Scnnlb overexpressing
lung, there was no significant change in SSG at this site following
hyperoxia for either genotype (Supplemental Data 1 and 2). Given the
rapid and continuous oxidation of thiols that can occur in vivo, it remains
unclear whether glutathionylation of -ENaC subunit directly mediates
channel function, or if intermediate redox-sensitive modulators (yet to
be identified) alters effective ion transport in the lung under oxidative
stress. Consequently, we examined what other proteins exhibit signifi-
cant changes in SSG levels to uncover alternative processes that may
contribute to the protective effect of Scnnlb overexpression during
hyperoxia. Gene ontology of these proteins with significant changes in
SSG modifications showed that a variety of biological processes are
distinctly over-represented in either wild type or transgenic Scnnlb
mice under hyperoxia (Fig. 4A). Their enrichment not only highlights
what biological processes are perturbed by hyperoxia, but more
importantly provides a list of novel candidate proteins that may mediate
the effect of hyperoxia via SSG regulation.

“Cell adhesion” was identified as the most over-represented category
in transgenic Scnnlb mice, which is in agreement with the assertion that
cell adhesion molecules/proteins are a major part of fibrotic lung pa-
thologies [59]. Strong representation of cell-adhesion in transgenic
Scnnlb mice is supported by the presence of many perturbed Cys sites in
the dataset, while wild type mice have fewer Cys sites (Fig. 4B), resulting
in less significant representation (p value = 0.0915; Fig. 4A). Nonethe-
less, either genotype contains significantly altered cell adhesion-related
glutathionylation Cys sites that are predominantly downregulated
(Fig. 4B). In particular, five downregulated integrin alpha-1 (ITA1)
glutathionylation Cys sites were observed in both wild type and trans-
genic Scnnlb datasets (green boxes; Fig. 4B), suggesting that this protein
is sensitive to redox regulation under hyperoxia. A previous study found
glutathionylation of neutrophil ITA4 was necessary for its interaction
with vascular adhesion molecule 1 (VCAM-1) on endothelial cells [60],
which may be relevant to the observation of reduced neutrophil cell
count in lung tissue that overexpresses Scnnlb under hyperoxic condi-
tions (Fig. 1B). In contrast to “cell adhesion”, a group of high-ranking
biological processes related to blood clotting (Fig. 4A; “blood coagula-
tion”, “hemostasis”, “fibrinolysis”) have proteins with Cys sites that
exhibited predominantly upregulated glutathionylation following
hyperoxia in transgenic Scnnlb mice (as represented by “blood coagu-
lation” in Fig. 4C). This suggests that blood clotting may be a
hyperoxia-sensitive process and a contributor to the protective effect of
Scnnlb overexpression. These upregulated Cys sites may play a poten-
tially important redox-dependent role since the corresponding proteins
belong to processes that are involved in fibrotic lung pathology [61].

A more in-depth view of the “proteolysis” category revealed a variety
of proteins that have Cys sites with altered SSG levels (Fig. 4D). Notably,
the Calcium-activated chloride channel regulator 1 (CLCA1) has 7 Cys
sites that exhibited a strong and consistent downregulation of gluta-
thionylation following hyperoxia. CLCAl functions as a protease to
regulate mucus production in the colon [62,63] as well as the lung [64]
and has additional putative roles in cancer and inflammatory and im-
mune responses [65]. Among the CLCA1 Cys sites we identified, 2 are
highly conserved and are located within the metalloprotease domain of
the catalytic region (positions 125 and 187) that is used for its
self-cleavage and activity [66]. Cys sites 754 and 856 recovered in our
dataset correspond to the C-terminal region, which may participate in
intermolecular disulfide bridges that form C-terminal homodimers and
lead to large oligomers, as was shown in a previous report [62]. The von
Willebrand factor (VWF) type A (VWA) domain is another region of
CLCA1 that is important for interaction with and activation of the
calcium-activated chloride channel TMEM16A [67]. This VWA domain
contains 3 highly conserved Cys sites (positions 309, 387, and 422),
where sites 387 and 422 form a disulfide to promote folding and
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stability, while site 309 may contribute to domain folding [68]. We
observed sites 309 and 422 in our datasets, suggesting that gluta-
thionylation could be a potential regulatory mechanism of CLCA1’s
VWA domain and may be important for modulating TMEM16A activity.
Interestingly, the VWA domain is found within many proteins associated
with cell adhesion, including integrins [69,70], meaning that gluta-
thionylation of this domain could be a common regulatory mechanism
of interaction with other binding partners in lung physiology.

Since we observed that hyperoxia induces both increases and de-
creases in SSG levels, we next quantified the redox occupancy to see
whether hyperoxia leads to an overall shift of S-glutathionylation. Under
normal conditions, the median SSG occupancy was 3.24% in wild type
(Fig. S4A), consistent with our observations on basal SSG occupancy
levels in cultured cells and other mouse tissues such as heart and muscle
[41,71]. No apparent shift of the SSG occupancy distribution was
observed under hyperoxia (Fig. S4C), suggesting that hyperoxia did not
cause an overall change in redox status. Likewise, similar SSG occupancy
distributions were seen in both control and hyperoxia exposed Scnnib
overexpressing lung (Fig. S4B,D).

3.5. Hyperoxia-induced changes in protein total oxidation

To further corroborate our findings on protein-SSG, we performed an
independent experiment to measure protein thiol total oxidation, which
includes all forms of reversible oxidation and thus represents the overall
redox status in transgenic Scnnlb mice. A similar workflow was used,
where free thiols are initially blocked with NEM (except for the total
thiol sample) and DTT was used as the reductant to reduce all reversible
protein oxidation, in contrast to the selective reduction of protein-SSG
by glutaredoxin utilized in SSG workflow (Fig. 1B; compare “Total
Oxidation” to “Protein-SSG™). We identified a total of 10,836 unique
peptides, 10,629 of which were cysteine-containing peptides (Fig. S1A)
and amounts to more than 7700 Cys sites (Supplemental Data 5). Like
PSSG and global protein abundance, the quantitative measurement of
total oxidation levels was highly reproducible among biological repli-
cates, with median coefficients of variation being less than 10%
(Fig. S1G). Consistent with the SSG data, we observed that hyperoxia
causes a similar bidirectional change of protein total oxidation
(Fig. S3E). Therefore, we used the same cutoff for significance (log2 fold
change > +0.3 and adjusted p value < 0.1) to identify 428 proteins with
764 Cys sites exhibiting a significant increase (517) or decrease (247) in
total oxidation upon hyperoxia exposure.

Proteome-wide estimations of stoichiometry also showed a minimum
shift in total Cys site oxidation occupancy, with the median value
increasing from ~31.5% under normal air to ~32.6% under hyperoxia
(Figs. S4E-F). We note that the median total oxidation occupancy in the
lung was much higher than a typical 10-15% occupancy observed in
cultured mammalian cells and other tissue types. Indeed, the higher
median occupancy observed in the total oxidation of the lung tissue
obtained from Scnnlb overexpressing mice is comparable to what is
found in the rat lung [42], suggesting the lung as a highly oxidized
environment. These findings suggest that SSG may not be a primary
oxidative modification in the lung under normal or hyperoxic condi-
tions, as it only makes up a small fraction of total site occupancy. Next,
we explored the correlation between Cys site SSG and total oxidation. To
this end, we plotted the extent of changes of significant Cys sites
commonly identified in both SSG and total oxidation datasets (122 sites
total) (Fig. 5A). We observed a strong correlation between the two
datasets, supporting the confidence level in quantifying Cys SSG and
total oxidation in two separate experiments. The data also highlighted
proteins whose Cys site oxidation levels show consistent perturbation by
hyperoxia at the SGG or total oxidation level, suggesting that SSG is a
good surrogate for protein cysteine oxidation levels. Prominent exam-
ples such as Alpha-fetoprotein (FETA) and Kininogen-1 (KNG1) showed
increases greater than 1.5X, while others such as chitinase-like protein 3
(CHIL3) and Calcium-activated chloride channel regulator 1 (CLCA1)
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Fig. 5. Total thiol oxidation of Cys sites in Scnnlb overexpressing mice
following hyperoxia. (A) Correlation of log2 fold change values for Cys sites
found in both SSG and total thiol oxidation datasets. (B) Representative Cys
sites found in both datasets showing an increase or decrease in thiol oxidation
following exposure to hyperoxia. Cys sites are plotted as raw, non-log-
transformed fold changes. Dashed lines denote fold change thresholds of 0.5
(decrease), 1 (no change), and 1.5 (increase), as plotted on y axis.

show a decrease in both SSG and total oxidation levels (Fig. 5B).

3.6. Differential regulation of the global proteome contributes to the
protective role of SCNN1B

The redox and global proteomics data showed that hyperoxia alters
the abundance or redox status of specific proteins under hyperoxia in
both the wild type and transgenic Scnnlb mice. Next, we aimed to
identify proteins that could contribute to the protective role of p-ENaC
against hyperoxia-induced lung injury. Fig. 2 shows that overexpression
of Scnnib contributes to lung injury at room air, but dampens lung
destruction, neutrophil migration, and redox status at FiOy 85%. The
specific protein(s) that may play a protective role against oxidative
conditions in these Scnnlb transgenic mice remain unclear. To compare
the effect of hyperoxia on the two genotypes directly and quantitatively,
we integrated the hyperoxia induced fold-change data for both geno-
types. We used the same cutoff (log2 fold change > +0.3 and adjusted p
value < 0.1) to identify any significant differences in hyperoxia induced
perturbation at the SSG and protein abundance levels between the two
genotypes (Supplemental Data 6-7). At the SSG level, only 1 Cys site
was identified as significant: Cys 734 on ATP-dependent RNA helicase A
(DHX9) (Supplemental Data 6). Similar analysis of total protein
abundance revealed 62 differentially regulated proteins between wild



T. Zhang et al.

type and transgenic Scnnlb mice (Fig. S3F, Supplemental Data 7). These
proteins were involved in diverse biological processes including protein
folding, ATP synthesis, and organelle organization (Fig. 6A). Many of
these proteins show increased abundance in the wild type (Fig. 6B) mice,
including the proteins belonging to the single most significantly
enriched category, protein folding (Fig. 6C), a process tightly associated
with oxidative stress. In line with our previous observation of oxidative
stress as a prominent theme in wild type mice (Fig. 3A), upregulation of
protein folding might be a compensatory response to hyperoxia, where
protein folding is needed to prevent accumulation of aberrantly oxidized

A

response to hypoxia

leukocyte migration involved in inflammatory response
response to nutrient

vitamin transport

organelle organization

ATP biosynthetic process

protein folding
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and misfolded proteins [72]. This may be further corroborated by the
observation of the next highest ranking category “ATP biosynthetic
process”, as ATP is a necessary cofactor for the protein folding/cha-
perone function of some proteins, such as heat shock protein 90B1
(ENPL; endoplasmin) [73].

4. Discussion

The current study provides quantitative profiling of the proteome
and thiol redox proteome of the mouse lung under both normoxia and

Fig. 6. Overexpressing Scnnlb results in
differential regulation of hyperoxia-induced
protein abundance changes. (A) Gene
ontology analysis showing biological pro-
cesses enriched from proteins that exhibit
significant changes in abundance following
exposure to hyperoxia and are significantly
different between transgenic Scnnlb and
wild type mice. The dashed line denotes the
cutoff for category significance (p < 0.05) on
the -log10 transformed x axis. (B) Heat map
representing the log2 fold changes (hyper-
oxia versus control) of each significant pro-
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hyperoxia conditions, through utilization of a wild type and a geneti-
cally altered mouse model overexpressing Scnnlb, the gene that codes
for B-ENaC. The lung is a highly complex tissue comprised of over 40 cell
types [74]—constantly exposed to both highly oxidative conditions and
environmental toxins, and thus must maintain redox homeostasis for
proper function. In addition to the many exogenous sources that pro-
mote ROS generation, lung cells also generate ROS either as byproducts
of aerobic metabolism or by various highly controlled biological path-
ways in immune defense and other cellular processes [75,76]. The role
of ROS as signaling molecules has been firmly established, and specific
modifications of thiols on redox sensitive proteins represents a central
mechanism by which ROS mediates downstream cellular activities. This
study not only created a comprehensive atlas of the lung redox proteome
with site-specific occupancy estimates, but also evaluated the overall
impact of hyperoxia on the redox proteome.

4.1. Hyperoxia is not a strong inducer of protein S-glutathionylation

Comparing the SSG proteomes under normoxia and hyperoxia con-
ditions for both genotypes (WT and hemizygous Scnnlb mice) revealed
that hyperoxia does lead to increasing or decreasing changes in Cys site
glutathionylation (Figs. S3C-D). However, this does not induce a sig-
nificant overall increase in redox occupancy (Fig. S4), most likely due to
a newly established redox homeostatic baseline under hyperoxia con-
ditions. Instead, non-stochastic redox regulation of specific proteins was
observed under hyperoxia exposure. We found that the basal level of
SSG modifications is low, with a median level no greater than 4.2% in
both wild type and transgenic Scnnlb mice under normoxia conditions
(Figs. S4A-B). This data aligns well with the overall SSG occupancy
observed in other tissue types [41], suggesting that a basal level of ROS
production may mediate formation of redox modifications to maintain
lung homeostasis without any apparent oxidative stress. At the most, we
observed that roughly 5% of all quantified Cys sites exhibited significant
differential SSG modification between normoxia and hyperoxia for each
genotype. Given this outcome, it is not surprising that our bio-molecular
attempts at measuring oxidized Cys sites using fluorescein-5-maleimide
(F5M) labeling and SDS-PAGE analysis (as described in Ref. [77]) could
not delineate significant differences in redox sensitive Cys modifications
in WT and Scnnlb overexpressing mouse lung protein. Normalized F5M
for WT and transgenic Scnnlb pups maintained on chronic 85% O3 were
0.99 + 0.08 and 1.05 + 0.15, respectively, from 6 independent obser-
vations/litters (data not shown). Hyperoxia-induced changes of the SSG
proteome were small compared to the overall shift in SSG levels
observed in other biological systems such as macrophages in response to
nanomaterial treatment [78] and mouse skeletal muscle under fatiguing
contractions [41].

The notion that hyperoxia does not result in drastic perturbation of
the overall redox status is also supported by only moderate changes
observed in abundance changes for proteins involved in ROS clearance.
For example, we found the protein abundances of SODM (superoxide
dismutase Mn, mitochondrial) and PRDXs 3 and 4 (Thioredoxin-
dependent peroxide reductase), which are important intracellular ROS
scavenging enzymes, only exhibited moderate, but still significant in-
creases in wild type or transgenic Scnnlb mice under hyperoxia
(Fig. 3B). A similar observation was made in mouse lung under 75% O
using immunoblot [79]. Other forms of SOD such as SODC and SODE, as
well as catalase, do not show significant increases in protein abundance
under hyperoxia. As multiple non-enzymatic and enzymatic antioxidant
defense systems exist in the lung, it is likely that a new redox balance
and baseline are established in response to long term hyperoxia under
our experimental conditions. This is in contrast to short durations of
hyperoxia, in which significant increases in mitochondrial ROS are
observed [80].

Further evidence supporting the overall small impact of hyperoxia on
redox homeostasis of the lung is provided by examining proteome-wide
total oxidation, where the overall shift of the median occupancy from
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normal to hyperoxic conditions was roughly ~1% (Figs. S4E-F). Inter-
estingly, we observed a high correlation between our SSG and total
oxidation data, which suggests that the biological change and response
is consistent between this specific modification, versus overall Cys site
oxidation (Fig. 5). These findings also support the notion that multiple
forms of thiol modifications could coexist on the same cysteine residues
[81-83], where SSG only comprises a small fraction of total oxidation
sites.

It is also noteworthy that basal oxidation occupancy in the lung is
relatively high (~31.5% as the median; Fig. S4E). While previously we
observed ~22% oxidation in rat lung [42], using a similar experimental
approach, 5-20% total oxidation in cyanobacteria [84] and 11.9% total
oxidation in mouse macrophages were observed [32]. Using a thiol
trapping technique, (OXxICAT, reviewed in Ref. [85], Leichert et al.
report that >20% of the E. coli proteome is reversibly oxidized under
aerobic growth conditions. Moreover, Xiao et al., recently reported that
the lung has the highest average oxidation level compared to other types
of murine tissue studied [86]. Theoretical estimates by D.P. Jones
indicate that 5% of the global thiol content could be oxidized per minute
[87]. Given these published reports, and since the lungs are constantly
exposed to high levels of oxygen [88], it is plausible that a large pro-
portion of the lung proteome is indeed oxidized (and that the high basal
measurements are not in large part due to artifacts in tissue
storage/preparation).

4.2. SSG changes points to potential regulatory mechanisms at the
molecular level

We and others, have shown that Scnnlb overexpression attenuates
normal lung development, enlarges airways, and increases susceptibility
to spontaneous infection during the early neonatal period [22,25,35].
Interestingly, exposing transgenic Scnnlb pups to chronic FiOy 85%
facilitated normal alveologenesis [25] and accordingly decreased the %
DI and neutrophil infiltration in the present study (as shown in Fig. 2
compared to Scnnlb overexpressing pups maintained at room air and
hyperoxic WT pups). Subsequently, proteomics of lung BALF revealed
that the protein abundances of markers associated with lung injury or
stress in transgenic Scnnlb pups maintained under chronic hyperoxia
were not elevated compared to the normoxia group (Fig. 2G-I). Given
these observed differences in Scnnlb over-expressing and WT lung
phenotypes at 21% and 85% O, we were surprised to observe no sig-
nificant change in ENaC glutathionylation in response to hyperoxia for
either genotype in our current data, and as such, we evaluated alter-
native post-translational mechanisms that may be involved. Moreover,
prior research has shown increased levels of GSSG (whether adminis-
tered by insufflation or induced by hyperoxia) leads to attenuated ENaC
activity [17,25]. This observation also warranted additional research
into translational and post-translational regulation using a mass spec
approach, especially since high oxygen tensions are known to increase
ENaC expression in fetal distal lung epithelial cells [89,90]. The per-
turbed biological processes identified in Fig. 4 (and discussed below)
may provide insight into the underlying mechanisms behind the pro-
tective effect of ENaC overexpression during hyperoxia.

Depending on the specific protein being modified, the reversible
nature of SSG modifications could have a direct regulatory role on
protein function. For instance, formation of protein-SSG on the active
site of glyceraldehyde-3-phosphate dehydrogenase (G3P) protects the
protein from irreversible oxidation, resulting in complete inactivation of
enzyme under oxidative stress [91]. In addition to some of the molecular
mechanisms that were highlighted for proteins with significantly altered
SSG status (ITA1, CLCA1; see Results section), the data in this study is
rich in many other potentially biologically significant sites. Our study
identified 2 significantly altered glutathionylation sites in Scnnlb
overexpressing mice that are found at or near annotated active sites
(Supplemental Data 2), suggesting that SSG-modifications on these Cys
sites provides a direct link between redox regulation and its biological
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consequences. Mitochondrial thiosulfate sulfurtransferase (THTR; TST)
was identified in our dataset as a protein with significant down-
regulation of SSG at the active site Cys248 in mice overexpressing
Scnnlb in the lungs. (Supplemental Data 2). This enzyme was
described to have a role cyanide detoxification, likely through its cata-
lytic Cys248 site, which uses sulfur-containing donors such as thiosul-
fate to form persulfides at the active site, which are then transferred to
an acceptor, such as cyanide or even glutathione [92,93]. Persulfidated
glutathione is capable of serving as the sulfur donor for THTR as well,
and is more catalytically efficient in this way [92], leading to regener-
ation of reduced glutathione. Downregulated SSG at the catalytic site in
transgenic Scnnlb mice might be indicative of a more active THTR
enzymatic state, however more work is needed to better understand the
implications of this mechanism.

The active site in the catalytic subunit of the calcium regulated thiol
protease Calpain-2 (CAN2) contains a Cys site at position 105, which
was also identified in our data as having significantly upregulated glu-
tathionylation in Scnnlb overexpressing mice following hyperoxia,
along with Cys 98 on the same peptide of origin (Fig. 4D). While we are
unable to resolve whether one or both sites underwent a significant
change in SSG, a modification on the active site Cys105 and/or in close
proximity at Cys98, which is near a Calcium ion binding site [94], is
suggestive of modulation of Calpain function. Studies have shown that
inhibition of Calpain by calpeptin leads to a reduction in
bleomycin-induced pulmonary lung fibrosis, which was also evidenced
by a marked reduction in transforming growth factor p1 that contributes
to lung fibrosis by inducing synthesis of matrix proteins [95,96]. Glu-
tathionylation may have a similar effect on Calpain as calpeptin, giving
rise to an anti-fibrotic response in the lung that may also have benefits
that extend beyond the lung, based on Calpain’s ubiquitous expression
and involvement in other pathologies [97]. Together, our data uncov-
ered numerous glutathionylation sites that may exert a variety of
modulatory effects on proteins and related biological processes that are
responsible for the protective role of Scnnlb overexpression under a
hyperoxic environment.

4.3. Several biological processes are involved in the protective effect of
SCNN1B against hyperoxia

Individual SSG proteome-wide analysis between normoxia and
hyperoxia for each genotype revealed the differential effects of high O,
concentrations, leading us to uncover protein signatures and mecha-
nisms that contribute to the protective role of f-ENaC in the lungs. In
wild type mice, hyperoxia appears to induce an immunoregulatory
response, based on the recovery of the top ranking category “comple-
ment activation, alternative pathway” (Fig. 4A). In contrast, the most
significantly enriched biological process in transgenic Scnnlb mice was
cell adhesion, suggesting that regulation of adhesion molecules is a
critical factor determining the outcome of hyperoxic lung injury. This is
consistent with other findings that adhesion molecules contribute to the
protective effect of nitric oxide inhalation against hyperoxic lung injury
[98]. Intriguingly, comparison of cell adhesion Cys sites found in both
wild type and transgenic Scnnlb mice both show the same trends of
hyperoxia-induced modulation of glutathionylation (green boxes;
Fig. 4B), suggesting that this process could be part of a common pathway
used in response to high oxygen exposure. In transgenic Scnnlb mice,
this response pathway is likely more complicated due to the altered
physiological state of the fibrotic lung, hence the enrichment of other
pathways like blood coagulation and proteolysis (Fig. 4C-D), which may
help to confer protection against hyperoxia. Indeed, proteins belonging
to these categories exhibited significant changes in Cys site SSG levels
that may be important. A previous report demonstrated the modulatory
effects of shifts in the GSH/GSSG equilibrium, where increased levels of
GSSG prolongs clotting time and thiol oxidation was speculated as the
mechanism of inhibition [99]. For example, thrombomodulin (TRBM),
an inhibitor of the pro-fibrotic role of the enzyme thrombin [100], shows
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several downregulated SSG Cys sites that may lead to its activation and
therefore prevent thrombin-mediated deposition of fibrin in the lung.
Coincidentally, fibrinogen (FIBB) has a strongly upregulated SSG site,
which may impair its ability to be cleaved by thrombin and polymerize
into a blood clot or a matrix deposition in the lung. Glutathionylation of
multiple Cys sites on plasminogen (PLMN) could prevent it from proper
function, which includes binding and dissolving fibrin-containing clots
[101]. Collectively, these results suggest that up- or down-regulation of
SSG on different proteolysis proteins may be part of a combinatorial
mechanism where coagulation and protein degradation are selectively
modulated in response to hyperoxia to confer protection against high
oxygen levels in transgenic Scnnlb mice.

Direct comparison of the hyperoxia induced protein abundance
changes between the wild type and transgenic Scnnlb mice (Supple-
mental Data 7) revealed fewer significant biological processes
compared to the genotype specific SSG analysis. Nonetheless, we found
that protein folding is the most significant biological process that is
altered between wild type and transgenic Scnnlb mice in terms of sig-
nificant changes in protein expression (Fig. 6A). Together with the redox
proteomics data, these datasets provide novel candidate proteins and
biological processes to further study the mechanisms behind p-ENaC as a
protective molecule against lung hyperoxia.

5. Conclusion

Our data presents a unique landscape of the lung thiol redox prote-
ome, which together with the global proteome indicates that hyperoxia
does not elicit a drastic perturbation in redox homeostasis. In addition,
we found Scnnlb overexpression may protect against hyperoxia-induced
lung injury via modulation of specific processes such as cell adhesion,
blood coagulation, and proteolysis. Novel findings including regulation
of SSG on specific proteins deepen our understanding of the landscape of
redox regulation of the lung in response to high O,. Together with the
quantification of protein total oxidation, our current study underlines
the importance of redox regulation in lung.
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