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A B S T R A C T   

The retina is one of the highest oxygen-consuming tissues because visual transduction and light signaling pro
cesses require large amounts of ATP. Thus, because of the high energy demand, oxygen-rich environment, and 
tissue transparency, the eye is susceptible to excess production of reactive oxygen species (ROS) resulting in 
oxidative stress. Oxidative stress in the eye is associated with the development and progression of ocular diseases 
including cataracts, glaucoma, age-related macular degeneration, and diabetic retinopathy. ROS can modify and 
damage cellular proteins, but can also be involved in redox signaling. In particular, the thiol groups of cysteines 
can undergo reversible or irreversible oxidative post-translational modifications (PTMs). Identifying the redox- 
sensitive cysteines on a proteome-wide scale provides insight into those proteins that act as redox sensors or 
become irreversibly damaged upon exposure to oxidative stress. In this study, we profiled the redox proteome of 
the Drosophila eye under prolonged, high intensity blue light exposure and age using iodoacetamide isobaric 
label sixplex reagents (iodo-TMT) to identify changes in cysteine availability. Although redox metabolite analysis 
of the major antioxidant, glutathione, revealed similar ratios of its oxidized and reduced form in aged or light- 
stressed eyes, we observed different changes in the redox proteome under these conditions. Both conditions 
resulted in significant oxidation of proteins involved in phototransduction and photoreceptor maintenance but 
affected distinct targets and cysteine residues. Moreover, redox changes induced by blue light exposure were 
accompanied by a large reduction in light sensitivity that did not arise from a reduction in the photopigment 
level, suggesting that the redox-sensitive cysteines we identified in the phototransduction machinery might 
contribute to light adaptation. Our data provide a comprehensive description of the redox proteome of Drosophila 
eye tissue under light stress and aging and suggest how redox signaling might contribute to light adaptation in 
response to acute light stress.   

1. Introduction 

Oxidative stress increases in the aging eye, and strongly affects the 
development and progression of age-associated ocular disease [1–4]. 
The retina experiences considerable oxidative stress because of its 
energy-intensive, oxygen-rich environment [1,2,5]. Moreover, while 
absorption of light is required for vision, light exposure also increases 

levels of oxidative stress in the eye [6]. Oxidative stress is driven by an 
imbalance between reactive oxygen species (ROS) and antioxidants, 
which can result in oxidative damage to proteins, lipids, and nucleic 
acids [7]. The specific type, level, and location of ROS is critical for its 
function in the cell; although high ROS levels lead to cell death, low 
concentrations of specific ROS such as hydrogen peroxide (H2O2) can act 
as signaling intermediates [7,8]. Thus, low levels of ROS during 
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development are protective and enhance stress resistance during aging 
[9], but high levels of ROS are associated with damage and cell death [7, 
10–13]. In addition, since proteins can be oxidized at specific residues, 
these oxidative modifications can either allow a protein to function as a 
redox sensor and/or impair its activity [7,10–13]. For example, ROS 
signaling induces protective gene expression programs by releasing and 
activating the transcription factor Nrf2 [14], or by inhibiting activity of 
epigenetic factors such as the histone methyltransferase Set1/MLL via 
intramolecular disulfide bond formation [15]. 

Cysteine residues have multiple oxidation states that can be classi
fied into two categories—reversible and irreversible [4]. Reversible 
modifications, which are often observed during redox signaling, include 
S-nitrosylation, S-glutathionylation, sulfenic acid, and inter- and 
intra-molecular disulfide bonds. In contrast, irreversible cysteine mod
ifications such as sulfinic and sulfonic acids may alter or impair the 
activity of the protein, depending on the position of the cysteine residue 
[7]. In addition, recent work has shown that cysteines can form a co
valent crosslink with lysine residues via a nitrogen–oxygen–sulfur (NOS) 
bridge [16,17]. In all of these cases, identifying the position of the 
cysteine residues that become modified can provide insight into how a 
given cell type responds to, or is damaged by, increasing ROS levels. The 
emergence of increased sensitivity mass-spectrometry instruments to 
characterize redox induced PTMs at not only the protein level, but at the 
specific amino acid residue, has enhanced researchers’ abilities to 
investigate the redox proteome [8]. 

The fruit fly, Drosophila melanogaster, is a widely used model system 
for studying the impact of oxidative stress on development and disease 
[10,11]. Drosophila provides advantages for proteomic studies because 
of the relatively small size of its proteome relative to humans due to less 
redundancy [12]. The Drosophila eye has been used extensively as a 
model to identify genes involved in development and patterning of the 
retina, and to characterize phototransduction [18–21]. In flies, the 
photoreceptor neurons are organized into repeating units called 
ommatidia within the compound eye. The phototransduction machinery 
is housed within a specialized light-sensing signaling compartment, the 
rhabdomere, composed of ~40,000 densely packed microvilli [9]. In 
Drosophila, phototransduction is mediated via a bistable photopigment 
rhodopsin (Rh1 in outer photoreceptors), which is a G-protein-coupled 
receptor (GPCR) [22]. Upon light absorption, the Rh1 photopigment is 
converted into the active pigment state, meta-rhodopsin [9,21,23]. This 
in turn activates the heterotrimeric Gq-protein where the Gqα protein 
subunit associates with the phospholipase Cβ (PLCβ) known as no re
ceptor potential A (norpA gene) [9,21,23]. NorpA then hydrolyzes a 
minor membrane phosphatidylinositol 4,5-bisphosphate (PIP2) pro
ducing diacylglycerol (DAG), inositol tris phosphate (IP3), and a proton, 
leading in a still unclear mechanism to the opening of the light sensitive 
transient receptor potential (TRP) and TRP-like (TRPL) channels [9,21, 
23]. The major signaling proteins, TRP, PLCβ, and eye-specific protein 
kinase C (encoded by the inactivation no afterpotential C, inaC gene) are 
attached to a scaffolding protein, encoded by the inactivation no after
potential D (inaD) gene. INAD in its reduced form binds the TRP channel 
[24–27]. Visual transduction processes are known to be associated with 
light-dependent changes in redox potential [23,24]. For example, the 
scaffolding protein, INAD, can be oxidized forming a disulfide bond at 
cysteine residues 606 and 645, which releases INAD from the TRP 
channels and is associated with phototransduction termination [24]. In 
addition, redox glutathione ratios change in the Drosophila eye under 
normal diurnal light cycles relative to dark [28], suggesting that redox 
signaling may have roles in phototransduction [24]. However, increases 
in ROS levels caused by acute blue light stress are damaging, inducing 
retinal degeneration [28–30]. 

Prolonged exposure to blue light is an acute stress model in which 
light activates the GPCR Rh1, leading to a cascade of events that results 
in excessive calcium influx through the TRP channels [31,32]. Absorp
tion of blue light converts the Rh1 rhodopsin (R) state (peak absorption 
~485 nm) into the physiologically active meta-rhodopsin (M) state 

(peak absorption ~580 nm). During long wavelength illumination 
(green, orange, or white lights) the photopigment is continuously pho
toconverted between the R and M states, resulting in most photopigment 
molecules residing in the R state at light off [9,21,23]. However, if flies 
are exposed to intense, prolonged blue light in the absence of long 
wavelength light, there is a net photopigment conversion from R to M 
inducing prolonged activation of the phototransduction cascade at its 
maximal capacity called the prolonged depolarizing afterpotential 
(PDA) [33]. This prolonged activation leads to calcium excitotoxicity, 
increased oxidative stress, and retinal degeneration [29]. Specifically, 
blue light exposure increases levels of H2O2 and the lipid peroxidation 
indicator malondialdehyde in Drosophila eyes [29]. Prolonged blue light 
exposure also leads to excessive endocytosis of phosphorylated M 
attached to phosphorylated Arrestin 2 (Arr2), which also contributes to 
retinal degeneration [34–38]. In the acute light stress model, the retinal 
degeneration induced by exposing flies to strong blue light can be sup
pressed either by inactivating phototransduction or by decreasing levels 
of H2O2 and lipid peroxides [29]. Aging is also associated with increased 
oxidative stress and is a major risk factor for several ocular diseases [6, 
39,40]. In Drosophila, aging correlates with decreased visual function, 
altered gene expression, and retinal degeneration [41,42]. Identifying 
the proteins in the eye that are sensitive to redox changes under acute 
light stress or aging could provide insight into both the protective redox 
signaling mechanisms employed by cells to withstand high ROS levels, 
and into the events that lead to retinal degeneration during aging or 
under acute light stress. 

Several strategies have been developed to identify changes in 
cysteine oxidation state on a proteome-wide scale [43–53] and some of 
these techniques have been applied to Drosophila tissues [54–59]. Most 
recently, two approaches utilizing iodoacetamide (IAA) to label cysteine 
residues have been developed. The first approach uses stable isotope 
labeling with IAA (SICyLIA) [53], while the second method employs 
iodoacetyl tandem mass tags (iodo-TMT) that allow for sample multi
plexing [60]. In SICyLIA, free thiol groups are labeled with heavy or 
light IAA, thereby enabling the identification of “nonreactive” cysteines 
that are potentially oxidized under experimental conditions. This la
beling is then followed by a reduction step and a second labeling using 
N-Ethylmaleimide (NEM), enabling the identification of cysteines that 
were in a reversible oxidation state such as a disulfide bond. In contrast, 
iodo-TMT reagents are independent isobaric tags that possess a 
mass-reporter used to differentiate between biological samples during 
mass-spectrometry analysis [43,60]. These independent tags bind to free 
thiol groups followed by a reduction and second labeling step with IAA. 
The presence of an iodo-TMT tag in a sample indicates an increase in 
cysteine availability or reduction, whereas the absence of a tag indicates 
a decrease in cysteine availability corresponding to potential oxidation. 
A limitation to this method is that we cannot differentiate between 
reversible or irreversible modifications unless an IAA labeled cysteine is 
present on the same peptide as an iodo-TMT tagged cysteine. In contrast 
to SICyLIA, the iodo-TMT approach has an optional enrichment step for 
TMT-tagged peptides. This is especially important for redox profiling of 
cysteine availability because these residues are lowly abundant in the 
proteome, accounting for only 2.2% or less of amino acid residues in 
higher eukaryotes [45,61–63]. In this study, we evaluated iodo-TMT and 
SICyLIA approaches in cultured Drosophila cells and found that 
iodo-TMT was more cost-effective and efficient than SICyLIA, identi
fying more than twice as many oxidized or reduced peptides in a single 
mass spectrometry run. We then utilized iodo-TMT reagents to charac
terize the redox proteome of eyes exposed to acute light stress or during 
aging, revealing distinct and conserved changes in cysteine oxidation 
under both conditions. We identified distinct changes in cysteine 
availability in components of the phototransduction machinery upon 
exposure to acute light stress relative to aging, suggesting that these 
conditions have distinct effects on redox signaling that could differen
tially impact phototransduction. 
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2. Results 

2.1. Iodo-TMT is an effective approach for redox proteomic profiling in 
cultured Drosophila cells 

Several proteomic approaches have been developed to examine 
cysteine availability, which can indicate its oxidation status, but many of 
these approaches require specialized reagents that are not commercially 
available [45,63]. We sought to characterize the redox proteome of 
Drosophila tissues with approaches that could be performed using readily 
available commercial reagents, leading us to focus on SICyLIA and 
iodo-TMT [53,64]. To identify which of these approaches would work 
most effectively with Drosophila samples, we compared these techniques 
in cultured Schneider 2 (S2) cells. To do this, we exposed S2 cells to 15 
min of treatment with 20 mM H2O2. We used a relatively high concen
tration of H2O2 based on previous studies [53,65] with the rationale that 
short-term high exposure to H2O2 would result in substantial changes in 
cysteine availability, allowing us to readily evaluate the two approaches 
in cultured cells. Under these conditions, we observed significant 
oxidative stress as determined by targeted metabolite analysis of redox 
ratios of nicotinamide adenine dinucleotide (NADH:NAD+), nicotin
amide adenine dinucleotide phosphate (NADPH:NADP+), and gluta
thione (GSH:GSSG), with little cell death (Fig. S1). 

We then directly compared the redox proteome of S2 cells exposed to 
15 min of H2O2 treatment relative to untreated controls using either 
SICyLIA, as described in Ref. [53], or using an iodo-TMT approach 
developed by our group (see methods). We examined two biological 
replicates for treated and control samples using SICyLIA, with each 
treated and control pair being run on an independent LC/MS/MS anal
ysis (Fig. 1A). In contrast, because the iodo-TMT-sixplex reagents have 
independent isobaric tags that possess a mass-reporter, we could analyze 
three biological replicates each for treated and control within a single 
LC/MS/MS analysis (Fig. 1B). We also enriched the iodo-TMT-labeled 
peptides using anti-TMT resin and analyzed both the enriched and un
enriched fractions to obtain the widest possible coverage of 
iodo-TMT-labeled peptides. We then compared the total number of 
cysteine peptides identified using either technique and found that 
SICyLIA identified 4722 unique total cysteine-containing peptides, of 
which 2669 were quantified, corresponding to 1431 proteins (Fig. 1E) 
(Table S1). In contrast, in the S2 cell-based experiment, our newly 
developed iodo-TMT approach identified 6617 unique total 
cysteine-containing peptides, of which 6258 were quantified, corre
sponding to 2068 proteins (Fig. 1E) (Table S2). We next identified sig
nificant changes in availability of the quantified cysteine-containing 
peptides (p < 0.05) using each approach; in both methods, decreased 
ratios (log2 Fold Change; log2FC < 0) represent potential cysteine 
oxidation while increased ratios (log2FC > 0) correspond to reduction. 
When comparing both approaches, we used unadjusted p-values because 
SICyLIA is performed with two biological replicates per treatment group 
whereas iodo-TMT has three biological replicates. However, for further 
analysis focusing solely on the results obtained using the iodo-TMT 
approach we obtained corrected FDRs via the PolySTest, which is a 
robust statistical test developed for proteomic data [66]. Using SICyLIA, 
we identified 333 oxidized and 296 reduced cysteine-containing pep
tides corresponding to 278 and 256 proteins, respectively (Fig. 1C and 
E). We identified more than twice as many significantly changed 
cysteine-containing peptides using the iodo-TMT approach: 1209 
oxidized and 57 reduced peptides, corresponding to 632 and 43 pro
teins, respectively (Fig. 1D and E). Moreover, when we examined the 
abundance of the potentially oxidized and reduced peptides identified 
using each approach, we found that SICyLIA was biased towards 
moderately abundant peptides (Fig. 1C). In contrast, the iodo-TMT 
approach showed enhanced ability to identify greater fold changes 
across a variety of peptide abundances, potentially due to the enrich
ment of iodo-TMT labeled peptides prior to analysis (Fig. 1D). 

Next, we compared the peptides from each approach to see if we 

identified commonly oxidized or reduced cysteine-containing peptides 
using both approaches. Surprisingly, there was relatively little overlap 
between the two methods with only 86 oxidized peptides and one 
reduced peptide being identified by both SICyLIA and iodo-TMT (Fig. 1F 
and G). Since the cells were treated with the same concentration of 
H2O2, we attribute these discrepancies to differences in the two redox 
proteomic techniques. Notably, most of these differences were due to 
peptide identification because many of the peptides identified and 
quantified using iodo-TMT were not identified using SICyLIA. Moreover, 
because we had three biological replicates for the iodo-TMT analysis, we 
were able to identify high confidence oxidized and reduced events using 
FDR with this approach. Based on this preliminary data, we concluded 
that SICyLIA and iodo-TMT provide complementary approaches to 
characterizing the redox proteome of Drosophila, but that the enhanced 
peptide identification and multiplexing afforded by iodo-TMT increased 
our ability to identify oxidation and reduction of peptides across a wide 
range of abundance levels with high confidence. In addition, the iodo- 
TMT approach was more cost effective in our laboratory, despite the 
high initial cost of the reagents, because we were able to process samples 
in-house and multiplex samples within a single LC-MS/MS run. 

Because significant changes in the availability of quantified cysteine- 
containing peptides between H2O2-treated S2 cells and the untreated 
control could be caused by changes in the abundance of those proteins, 
we next analyzed the global abundance of proteins in each sample used 
for the iodo-TMT labeling. Global protein abundance analysis is also 
available using SICyLIA; however, because of the superior peptide 
identification observed with the iodo-TMT method we only proceeded 
with global analysis for the iodo-TMT samples. To do this, we reserved a 
fraction of each sample prior to iodo-TMT labeling, and then labeled 
these using traditional tandem mass tags as performed in Ref. [67]. 
Because these TMT tags label free amines, which are present on the 
N-termini of most digested peptides rather than only the 
cysteine-specific peptides, we then used these to determine the relative 
abundance of each protein in H2O2-treated S2 cells versus control (n =
3). To account for oxidation of other residues such as Trp or His, which 
could occur under H2O2 treatment, we included these modifications in 
the proteomic search parameters. Using this approach, we quantified 
2123 proteins of which 45 showed significantly increased abundance in 
H2O2-treated S2 cells while 46 showed decreased abundance (FDR 
<0.05) (Fig. 1H) (Table S3). We considered that any significant changes 
in cysteine availability that were accompanied by a significant change in 
protein abundance in the same direction (i.e., decreased cysteine 
availability and decreased protein abundance) and to the same extent 
(difference in log2FC < 0.5) were false positives. Using this approach, we 
excluded 31 significant peptides from the iodo-TMT analysis as false 
positives. Therefore, after normalization for changes in protein abun
dance, we identified 177 and 21 peptides that showed significant de
creases or increases, respectively, corresponding to 125 and 20 proteins 
(Fig. 1H and I) (Table S4). We interpret these changes in cysteine 
availability as reflecting potential oxidation or reduction of the cysteine 
residues in these proteins upon exposure to H2O2 in S2 cells. Thus, our 
data indicate that under the strong H2O2 treatment conditions used for 
S2 cells, the majority of cysteine modifications represent oxidation 
events rather than reduction. Supporting this, we identified several 
proteins that are known to be oxidized reversibly upon exposure to ROS 
such as catalase (Cat), heat shock protein 83 (Hsp83), superoxide dis
mutase 1 (Sod1), and superoxide dismutase 2 (Mn) (Sod2) [40,68–71] 
(Table S4). Based on these data, we proceeded forward with Drosophila 
tissue studies using the iodo-TMT approach. 

2.2. Prolonged blue light exposure leads to oxidation of proteins involved 
in translational initiation, rhodopsin homeostasis, and phototransduction 
in the eye 

The retinal degeneration induced by blue light can be suppressed by 
genetic or pharmacological amelioration of oxidative stress [29]. 
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Fig. 1. Quantitative analysis of cysteine availability in Drosophila S2 cells comparing Iodo-TMT to SICyLIA. (A) Schematic of SICyLIA labeling method in S2 
cells treated with 20 mM H2O2 versus control for 15 min followed by LC-MS/MS analysis. (B) Schematic of iodo-TMT labeling method in S2 cells treated with 20 mM 
H2O2 versus control for 15 min followed by LC-MS/MS analysis. (C) Volcano plot displaying log2 ratio of redox peptides identified in H2O2 Treated/Control versus 
the -log10(p-value) identified using SICyLIA method. Scatterplot displaying grouped abundances of redox peptides identified in H2O2 treated versus control. (D) 
Volcano plot and scatterplot as described in C using iodo-TMT method. Peptides with significant changes are highlighted in pink (oxidation) or blue (reduction). p- 
value <0.05. (E) Table outlining peptide identification and quantification for iodo-TMT and SICyLIA methods. (F) Bar plot displaying significantly oxidized (left) or 
reduced (right) peptides identified using SICyLIA that were either not-identified, oxidized, non-significant, or reduced in iodo-TMT method. (G) Bar plot as described 
in F using iodo-TMT compared to SICyLIA. (H) Overview of Iodo-TMT method normalization for S2 cells. Global protein abundance was used to account for changes 
in total protein levels pre- and post-treatment. (I) Normalized volcano and scatterplot displaying log2 ratio of redox peptides identified in H2O2 Treated/Control 
versus the -log10(p-value) using iodo-TMT method. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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However, it is unknown how acute blue light stress impacts the redox 
proteome of the eye, and whether these changes enhance or protect 
against retinal degeneration. Here, we sought to identify proteins with 
altered cysteine availability, indicative of oxidative modifications, upon 
blue light exposure in the eye. To do this, we exposed white-eyed w1118 

flies to 8 h of blue light, which significantly decreases redox GSH:GSSG 
ratios relative to untreated controls (Fig. 2C) [30]. Retinal degeneration 
occurs progressively after the 8 h blue light exposure, and our previous 
studies generally assessed retinal degeneration 7–10 days post-exposure 
using confocal and/or electron microscopy [29,72]. Here to identify 

changes in the redox proteome that preceded retinal degeneration, we 
collected samples immediately after exposure to be processed using the 
same iodo-TMT approach that we developed for S2 cells. We identified 
8811 unique total cysteine peptides in blue light versus control, of which 
8421 could be quantified, corresponding to 2429 proteins (Fig. 2A) 
(Tables S5 and S6). We then identified significant changes in cysteine 
availability of 50 peptides (FDR <0.05), of which six were excluded as 
potential false positives after global normalization. Thus, after normal
ization, we identified 28 and 16 peptides with significant decreases or 
increases, respectively. This corresponds to a total of 23 and 15 

Fig. 2. 38 proteins show significant changes in redox cysteine availability upon blue light exposure of w1118 flies. (A) Overview of Iodo-TMT method 
normalization for w1118 eyes. Global protein abundance was used to account for changes in total protein levels pre- and post-treatment (B) Normalized volcano and 
scatterplot as described in Fig. 1C. (C) Bar graph displaying redox GSH:GSSG ratios for blue light exposed w1118 flies relative to untreated control. Graph depicts ±
standard deviation (S.D.) of three biological replicates. p-value (* < 0.05) Student’s T-test, data reused from Ref. [30]. (D) Enriched GO process (GOP) categories for 
significantly oxidized proteins identified in the eye. (E) Domain map of inaC displaying protein kinase C-like, phorbol ester/diacylglycerol-binding domain 
(PE/DAG-bd) (purple) with oxidation modifications listed, C2 domain (green), protein kinase domain (pink), and protein kinase, C-terminal (blue) (Pfam). Alphafold 
prediction of Drosophila inaC with oxidized cysteine residues shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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potentially oxidized and reduced proteins under blue light exposure 
relative to controls (Fig. 2A &B) (Table S7). 

We identified oxidized proteins involved in translation initiation and 
elongation, actin remodeling, transcription factors, and metabolism. For 
example, we identified eukaryotic translation initiation factor 3 subunit 
e (eIF3e) and eukaryotic translation elongation factor 5 (eEF5) as 
oxidized under blue light, both of which were also identified as oxidized 
following H2O2 exposure in S2 cells (Table S4). Additionally, we iden
tified oxidation events on actin remodeling proteins such as twinstar 
(tsr) and failed axon connections (fax). Tsr is involved with several 
cytoskeleton processes such as F-actin turnover [73], and we observed 
potential oxidation at C64 which forms an intramolecular disulfide bond 
(Table 1). Interestingly, fax interacts with a tyrosine kinase known as 
Abelson (Abl) to form axon bundles [74]. Here, we observed oxidation 
of C332, which is on an alpha helix with the potential to disrupt the 
structure upon oxidation (Table 1). One of the most significantly 
oxidized proteins identified was adenosylhomocysteinase (Ahcy), which 
catabolizes the metabolite S-adenosylhomocysteine (SAH) into adeno
sine and homocysteine (Hcy) [75–78]. Ahcy was oxidized at C195, 
which is a critical residue for its catalytic function [79] and may impair 
its enzymatic activity in vivo (Table 1). As in S2 cells, we identified 
thioredoxin reductase-1 (Trxr-1) as oxidized in blue light-treated eyes, 
consistent with its known reversible oxidation [80] (Table S7). 

Gene Ontology (GO) enrichment analysis revealed that the blue 
light-oxidized proteins were enriched for biological processes associated 
with the detection of and response to light stimulus or photo
transduction (Fig. 2D). Many of these proteins are expressed predomi
nantly in the eye including components of the phototransduction 

machinery, and proteins that maintain photoreceptor health. For 
example, multiple components of the phototransduction signaling 
cascade were oxidized under blue light including inaC, INAD, and 
retinal degeneration B (rdgB). The eye-specific protein kinase C, inaC, is 
necessary for the inactivation of light response [81], and it is known to 
interact with INAD and the TRP channels [82]. We did not observe 
oxidation at the active site of inaC; however, we identified oxidation at 
C167, C170, and C178 within the diacylglycerol-binding domain 
(Fig. 2E) (Table 1). The scaffolding protein INAD was oxidized at resi
dues C31 and C62 in the PDZ1 domain, which interact with the 
eye-specific phospholipase C, norpA (Table 1) [83]. Lastly, rdgB was 
oxidized at residue C101 (Table 1), which is located on a beta sheet 
where an oxidation modification may disrupt its structure. The catalytic 
function of rdgB is to transfer phosphatidylinositol (PI) and phosphatidic 
acid (PA) between membranes [84], and rdgB mutants undergo rapid 
light-induced retinal degeneration [85]. 

2.3. Blue light suppresses the maximal ERG response amplitude, similar to 
light adaptation 

Because we identified several proteins involved in phototransduction 
that were oxidized upon exposure to prolonged blue light, we next asked 
if blue light treatment altered the ability of the eye to respond to light 
after the flies were removed from this acute light stress. Indeed, when we 
performed electroretinograms (ERGs) on flies exposed to prolonged blue 
light relative to white light, we found that the blue light-induced 
oxidation was accompanied by a large reduction in the sensitivity to 
light that did not arise from a reduction in the photopigment level 
(Fig. 3). Briefly, we exposed the flies to 8 h of blue illumination, using 8 
h of white light exposure as a control, and then kept flies in the dark until 
tested. For each fly tested, intense orange light was applied for 5 min in 
order to convert maximal M molecules into the R state. Then, the fly was 
left in the dark for 20 min to ensure maximal dark adaptation. We tested 
the sensitivity to orange light by applying consecutive light pulses with 
an increasing light intensity, starting from dim lights (designated 
Intensity-Response Relationship). The peak amplitudes of the ERG re
sponses (Fig. 3A and B) were plotted as a function of orange light in
tensity for the blue and white treated flies. Strikingly, prolonged blue 
light exposure shifted the Intensity-Response-Relationship to higher 
levels of light intensities and suppressed the maximal response ampli
tude reminiscent of light adaptation by continuous background light. 
This observation was unexpected given that the flies had been adapted 
to dark prior to performing the ERGs, and thus suggests that the pro
longed blue light exposure alters the efficiency of phototransduction. 

To test if the light adaptation phenotype resulting from prolonged 
blue light exposure was simply caused by a reduction in the levels of Rh1 
photopigment, we used the PDA protocol. The PDA provides a conve
nient and reliable measure of the Rh1 photopigment level in vivo [33]. 
The paradigm of the assay included two intense orange light pulses 
followed by an intense blue light pulse, which converted ~80% of the 
available Rh1 photopigment molecules from R to M pigment state in the 
flies (w1118), resulting in a PDA that continued in the dark long after the 
light was turned off. An additional intense blue light elicited small re
sponses superimposed on the PDA that originated from the central cells 
(R7-8) in which PDA was not induced, whereas the R1-6 cells were 
non-responsive (inactivated) due to maximal activation of the 
TRP/TRPL channels. The following orange light, which converted 
virtually all M to R suppressed the PDA after light was turned off. The 
observation of maximal PDA after both white and blue prior 8 h lights 
indicated that the prolonged blue illumination did not reduce the pho
topigment level. Thus, we conclude that prolonged blue light exposure 
results in changes to the eye reminiscent of light adaptation, potentially 
via the cysteine oxidations in the phototransduction machinery 
observed in our redox proteomics. 

Table 1 
Oxidized proteins identified in the eye under blue light exposure.  

Protein Cysteine 
Position 

Function 

Eukaryotic translation initiation 
factor 3 subunit e (Eif3E) 

C11 Translation initiation factor 
activity 

Heat shock protein 83 (Hsp83) C557 Unfolded protein binding 
Inactivation no afterpotential C 

(inaC) 
C167; 
C170; 
C178 

Protein kinase C activity 

Suppressor of Hairless (Su(H)) C142; 
C146 

DNA-binding transcription 
factor activity 

Retinal degeneration B (rdgB) C101 Phospholipid transporter 
activity 

Twinstar (tsr) C64 Actin filament binding 
Flapwing (flw) C244 Protein serine/threonine 

phosphatase activity 
Glutamate dehydrogenase (Gdh) C163 Oxidoreductase activity 
Thioredoxin reductase 1 (Trxr1) C594; 

C595 
Oxidoreductase activity 

Rudimentary-like (r-l) C279 Orotate 
phosphoribosyltransferase 
activity 

Inactivation no afterpotential D 
(INAD) 

C31; C62 Signaling receptor complex 
adaptor activity 

Helicase at 25E (Hel25E) C195 RNA helicase activity 
Sine oculis (so) C134 Protein binding 
Adenosylhomocysteinase (Ahcy) C34; C195 Catabolizes SAH 
Failed axon connections (fax) C332 Axonogensis 
Eukaryotic translation elongation 

factor 5 (eEF5) 
C143 Translation elongation factor 

activity 
Regulatory particle non-ATPase 2 

(Rpn2) 
C105 Enzyme regulator activity 

Neither inactivation nor 
afterpotential B (ninaB) 

C70 Carotenoid dioxygenase 
activity 

Barrier to autointegration factor 
(baf) 

C81; C89 DNA binding 

Cytochrome P450 4d21 
(Cyp4d21) 

C79 Oxidoreductase activity 

GTPase activating protein and 
VPS9 domains 1 (Gapvd1) 

C1293 Guanyl-nucleotide exchange 
factor activity 

Proteasome alpha1 subunit 
(Prosalpha1) 

C78 Peptidase activity  
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2.4. Aging leads to oxidation of proteins involved in G-protein-coupled 
receptor signaling and regulation of rhodopsin in the eye 

Because prolonged blue light exposure acts as an acute light stress on 
the Drosophila eye, we wondered how more chronic stress associated 
with aging in the eye [10,86] would impact the redox proteome. To do 
this, we compared OregonR (OrgR) flies at day 50 (D50) relative to day 
10 (D10) in 12:12 light dark conditions. To assess relative oxidative 
stress, we measured redox glutathione ratios and observed a significant 
change in the ratios consistent with increased oxidative stress in old eyes 
versus young (Fig. 4C). Moreover, the decrease in redox glutathione 
ratios was similar in aging eyes relative to young eyes exposed to blue 
light (compare Figs. 2C and 4C). When we examined the redox proteome 
of aging eyes using the iodo-TMT approach, we identified 1847 quan
tifiable peptides out of 2638 unique peptides, corresponding to 2331 
proteins (Fig. 4A) (Tables S9 and S10). Of these quantifiable peptides, 16 
oxidized and 12 reduced peptides showed significant changes (FDR 
<0.05) with 81 peptides being excluded as false positives after global 
normalization (Fig. 4A and B). Thus, after normalization for changes in 
protein abundance, we identified 12 and 10 proteins with significant 
oxidation or reduction, respectively, in aged eyes relative to controls 
(Table S10). Interestingly, although aging and blue light exposure result 
in similar redox glutathione ratios, we observed fewer significantly 
oxidized proteins in the aging eye. We note that redox glutathione ratios 
only provide one measure of relative oxidative stress, and that lipid 
peroxidation was implicated in the retinal degeneration induced by blue 
light in young flies [29]. Moreover, we observed substantially more 
retinal degeneration in blue light-exposed young flies relative to old 

(D50) flies, consistent with the acute light stress induced by blue light 
exposure. 

We next performed GO enrichment analysis on all significantly 
oxidized proteins and identified categories such as deactivation of and 
regulation of rhodopsin signaling or cellular response to light stimulus 
(Fig. 4D). Similar to the blue light redox dataset, we observed oxidation 
of phototransduction components including retinal degeneration A 
(rdgA) and G protein beta-subunit 76C (Gβ76C). RdgA is a DAG kinase, 
which converts DAG to PA [87]. RdgA mutants result in constitutive dark 
activity of the TRP and TRPL channels, most likely due to DAG accu
mulation, followed by a toxic increase in cellular Ca2+ leading to retinal 
degeneration [88]. RdgA was oxidized at C641, which has the potential 
to form disulfide bonds with two separate cysteine residues. The 
decrease in C641 availability we observe with age may indicate the 
formation of a disulfide with either of these available cysteine residues 
or could also represent an irreversible oxidation modification that may 
prevent the formation of these intramolecular disulfide bonds (Table 2). 
We also observed oxidation of Gβ76C, which is a subunit of the heter
otrimeric G proteins that is responsible for the attachment of the Gqα to 
the plasma membrane and suppression of spontaneous activation of 
phototransduction [89]. In addition, several other eye-specific proteins 
were oxidized in old eyes including arrestin 1 (Arr1) and chaoptin (Chp). 
Arr1 is necessary for photoreceptor maintenance [90], and also partic
ipates indirectly in termination of the phototransduction cascade 
because it is essential for endocytosis of Rh1 [91]. Flies carrying mu
tations in arr1 undergo premature light-dependent retinal degeneration 
because of the overactivation of the phototransduction pathway [91]. 
We identified an oxidized C1252 within the catalytic domain of Chp, 

Fig. 3. ERG measurements of the Intensity-Response Relationship and the PDA after blue and white light exposures.(A,B) ERG voltage responses to 
increasing intensity of orange (Schott 590 edge filter) light (in -log scale) of blue illuminated (A) and white illuminated (B) 5 days-old male flies. (C). The peak ERG 
amplitudes in response to the increasing light intensities were plotted as a function of relative light intensity. (D, E) PDA is induced by intense blue (B; Schott, BG 28 
broad-band filter) light pulses and suppressed by orange (O; Schott OG 590 edge filter) light pulses applied to previously blue illuminated (D) (n = 11) and white 
illuminated (E) (n = 13) 5 day-old male flies. The paradigm of the assay included two intense orange light pulses followed by an intense blue light pulse, resulting in a 
prolonged depolarization of R1-6 photoreceptors (PDA, appears negative in the ERG) that continued in the dark long after the light was turned off. An additional 
intense blue light elicited small responses that originated from the central cells (R7-8) in which PDA was not induced, whereas the R1–6 cells were non-responsive 
(inactivated) due to maximal activation of the TRP/TRPL channels. The following orange light suppressed the PDA after light was turned off and allowed additional 
ERG responses to the orange light. Graphs depict ± standard error of the mean (SEM). p-value (* < 0.05, ** < 0.01, *** < 0.001) Student’s T-test. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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which is a glycosylphosphatidylinositol (GPI)-anchored glycoprotein 
necessary for photoreceptor cell morphogenesis [92,93]. These data 
suggest that the aging eye undergoes very different changes in the redox 
proteome relative to the acute blue light stress model, that based on the 
targets identified could contribute to an increased risk of retinal 
degeneration. 

Similar to S2 cells and blue light exposed flies, in the aging eye we 
identified oxidized proteins involved with translation such as ribosomal 
protein S21 (RpS21) and ribosomal protein S5a (RpS5a) (Table 2). 
RpS21 is not a core structural subunit of the ribosome, but it acts as a 
translation initiation factor [94]. RpS5a is a structural component of the 
ribosome with predicted function in assembly and translation [94,95]. 
Only two proteins were identified as being oxidized both in old eyes and 
under acute blue light stress: neither inactivation nor afterpotential B 
(ninaB) and proteasome alpha1 subunit (Prosα1). NinaB catalyzes the 
oxidative cleavage of carotenoids and is necessary for visual pigment 
production [96]. Although the modified cysteine residues in NinaB 
differ between blue light exposure and age, these cysteines are both 
located in areas that could disrupt the structure of the protein. 

Interestingly, Prosα1, a subunit of the proteasome complex, was 
oxidized at the same position under blue light exposure and age: C78, 
located inside the catalytic chamber on a beta sheet. 

3. Discussion 

Several studies have examined redox proteomic changes in 
Drosophila tissues [56,57] and other organisms [45,48–53,64], but to 
our knowledge, this is the first study to characterize the redox proteome 
of either Drosophila S2 cells or the fly eye. Tissue-specific studies for 
redox proteomics remain relatively rare and can provide valuable 
insight into those proteins and pathways that are susceptible to oxida
tive modifications in particular cell types or tissues. Here, we used 
iodo-TMT reagents to profile the cysteine redox proteome of Drosophila 
eyes and cultured cells exposed to different stress conditions. Previous 
Drosophila redox studies have utilized oxidative isotope-coded affinity 
tags (OxICAT) to profile the redox proteome; however, fewer than 500 
proteins were identified due to limitations of this technique [56]. 
Menger et al., 2015 used OxICAT to measure cysteine residue redox 

Fig. 4. 22 proteins show significant changes in redox cysteine availability observed in the aging eye of OregonR flies. (A) Overview of Iodo-TMT method 
normalization for aging eyes. Global protein abundance was used to account for changes in total protein levels pre- and post-treatment (B) Normalized volcano and 
scatterplot as described in Fig. 1C. (C) Bar graph displaying redox GSH:GSSG ratios for aging eyes relative to young eyes. Graph depicts ± S.D. of three biological 
replicates. p-value (** < 0.005) Student’s T-test. (D) Enriched GO process (GOP) categories for oxidized proteins identified in the aging eye. 
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states under aging and fasting conditions in heads and thoraces of flies 
[56]. They observed more significant changes in the redox state of the 
cell after 24 h of fasting compared to aging, specifically in proteins 
involved with translation, redox-sensing, and glycolysis [56]. More 
sensitive techniques such as SICyLIA and iodo-TMT multiplexing have 
been developed since OxICAT methods, and these newer techniques 
have proven to be more efficient for redox profiling. SICyLIA was 
designed to directly compare cysteine oxidation levels between two 
sample groups labeled with either light or heavy IAA and does not 
require enrichment steps [53]. However, in our hands, the lack of 
enrichment steps with SICyLIA resulted in biased proteome sensitivity 
leading to the identification of moderately abundant peptides at the 
expense of less abundant proteins. Based on these limitations of SICyLIA 
in our studies, we turned to the iodo-TMT multiplex reagents. These 
iodo-TMT reagents allow for increased statistical power and decreased 
mass spectrometry costs through multiplexing, resin enrichment for 
TMT-tagged peptides, additional controls for global protein abundances 
across treatment groups, and the ability to perform FDR corrections 
ensuring high confidence identification of oxidized and reduced pro
teins. Our data demonstrate that iodo-TMT is compatible with both cells 
and whole-tissue lysates using relatively small amounts of input 
material. 

The redox proteome of mammalian cells and tissues has also been 
profiled using several different approaches, including an alternative 
method based on the iodo-TMT reagents used in our study. In this 
alternative approach, iodo-TMT reagents were used to identify revers
ibly oxidized cysteines in mouse hematopoietic stem and progenitor 
cells (HSPCs) comparing fetal and adult mice, and human embryonic 
stem cells (hESC) [64]. Reversibly oxidized cysteines such as disulfide 
bonds were identified by labeling free thiol groups with iodo-TMT tags, 
followed by a reduction step, and the addition of another iodo-TMT tag 
to label those thiols that has been reversibly modified [64]. In addition, 
a recent study characterized the proteome of human corneal endothelial 
cells (iHCEC) exposed to blue light using chemoproteomic probes, which 
are not currently commercially available [63]. When comparing this 
dataset to our in vivo blue light redox proteomics dataset, we observed 
oxidation of five proteins that have potential orthologs in Drosophila: 
heat shock protein 90 alpha family class B member 1 (HSP90AB1), 
cofilin 1 (CFL1), glutamate dehydrogenase 1 (GLUD1), DExD-box heli
case 39B (DDX39B), and proteasome 20S subunit alpha 6 (PSMA6) 
(Table 3). The modified cysteine residues were not described for the 
iHCEC data, so could not be compared with our Drosophila redox 

proteomic data. Hsp83 (HSP90AB1) was also identified as oxidized in 
H2O2-treated S2 cells, suggesting that this protein might be a common 
target for oxidation across multiple cell types. We expect that the pho
totransduction proteins that were enriched in our analysis of blue 
light-treated eyes were not identified in the corneal cells because these 
proteins are not expressed in these cells. 

When we compared the redox proteome induced by H2O2 treatment 
in cultured cells relative to eyes, either under acute light stress or during 
aging, we observed that very few proteins were oxidized under more 
than more than one condition and no proteins were oxidized in all three 
datasets (Fig. 5A). These data suggest that the specific changes in the 
redox proteome are heavily dependent on both the type of stress con
dition and on the tissue or cell type being examined. In eyes, we found 
that proteins involved in phototransduction were oxidized under both 
blue light and aging, although the specific proteins and cysteine residues 
differed under the two conditions (see next paragraph). In contrast, some 
broad categories of proteins were reproducibly oxidized in all three 
models including proteins involved in translation such as eIF and ribo
somal subunits. Notably, these proteins were also identified as oxidized 
in mammalian HSPCs [64] and mouse embryonic kidney cells treated 
with H2O2 [53]. There were five overlapping oxidized proteins when we 
compared our two acute stress models, H2O2 treatment in cells and 
prolonged blue light exposure in eyes, including eIF subunits, Hsp83, 
regulatory particle non-ATPase 2 (Rpn2), a regulatory subunit of the 26S 
proteasome, and the metabolic enzyme Ahcy. Ahcy is an essential 
enzyme in methionine metabolism that breaks down S-adenosylhomo
cysteine (SAH), which can inhibit methyltransferase activity [97–102]. 
Ahcy was oxidized at a conserved cysteine (C195) that was also iden
tified in mouse kidney cells using the SICyLIA approach [53], and is 
essential for its activity [79], suggesting that Ahcy activity could be 
impacted negatively by redox signaling. 

In the eye, we identified oxidation of key phototransduction com
ponents including inaC, INAD, and rdgB in blue light, and Arr1, rdgA, 
and Gβ76C in aging (Fig. 5B and C), suggesting that acute light stress and 
aging might differently affect phototransduction processes. Indeed, in 
vivo functional assays performed by measuring the sensitivity to light 
using the ERG response revealed a large (~10 fold) reduction in the 
sensitivity to light after intense 8 h blue light relative to intense 8 h 
white light of equal energy. Strikingly, this reduction in sensitivity to 
light is reminiscent of light adaptation during background light [103], 
except that in the current study all measurements were carried out in a 
dark-adapted state. This reduction in sensitivity to light was not 
accompanied by a reduction in photopigment level, suggesting that 
there are longer-term changes in phototransduction efficiency caused by 
blue light. One of the blue light oxidized phototransduction kinases that 
regulates light response termination, inaC, is a candidate for regulating 
this alteration in phototransduction efficiency because inaC mutants 
display defects in light adaptation [81,104]. Moreover, inaC is inhibited 

Table 2 
Oxidized proteins identified in the aging eye.  

Protein Cysteine 
Position 

Function 

Ribosomal protein S21 (RpS21) C56; C68 Structural constituent of 
ribosome 

Chaoptin (chp) C1252 Required for photoreceptor 
cell morphogenesis 

Arrestin 1 (Arr1) C182 Regulates photoreceptor cell 
deactivation 

Corkscrew (csw) C326; C329 Tyrosine phosphatase activity 
G protein beta-subunit 76C 

(Gbeta76C) 
C32 Signaling receptor complex 

adaptor activity 
Protein on ecdysone puffs (Pep) C321; C324 Single-stranded DNA/RNA 

binding 
Retinal degeneration A (rdgA) C641 Diacylglycerol kinase activity 
Cappuccino (capu) C965 Microtubule binding 
Ribosomal protein S5a (RpS5a) C90 Structural constituent of 

ribosome/mRNA binding 
CCHC-type zinc finger nucleic 

acid binding protein (CNBP) 
C7; C70; 
C111 

Single-stranded DNA/RNA- 
binding 

neither inactivation nor 
afterpotential B (ninaB) 

C189; C303 Carotenoid dioxygenase 
activity 

Proteasome alpha1 subunit 
(Prosalpha1) 

C78 Peptidase activity  

Table 3 
Oxidized proteins identified in blue light treated Drosophile eyes and in blue 
light treated human iHCEC cells.  

Drosophila Protein Human Protein Ortholog 

Heat shock protein 83 (Hsp83) Heat Shock Protein 90 Alpha Family Class B 
Member 1 (HSP90AB1) 

Inactivation no afterpotential 
C (inaC) 

Protein Kinase C Iota (PRKCI) 

Twinstar (tsr) Cofilin 1 (CFL1) 
Glutamate dehydrogenase 

(Gdh) 
Glutamate Dehydrogenase 1 (GLUD1) 

Helicase at 25E (Hel25E) DExD-Box Helicase 39B (DDX39B) 
Proteasome alpha1 subunit 

(Prosα1) 
Proteasome 20S Subunit Alpha 6 (PSMA6) 

Overlapping oxidized proteins identified in redox proteomic dataset of blue 
light-treated Drosophila and blue light-treated iHCEC cells [63]. Human ortho
logs of Drosophila proteins were obtained from DRSC integrative ortholog pre
diction tool (DIOPT). 
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by increased concentrations of Ca2+ [105], and preventing Ca2+ influx 
by trp mutations rescues blue light-induced retinal degeneration [29]. 
One possibility is that the cysteine oxidation in inaC shifts this kinase 
into an inactive conformation, similar to that resulting from high Ca2+

levels. However, identifying the mechanism that underlies the striking 
reduction in sensitivity to light caused by blue light exposure will 
require careful analysis of point mutants in these phototransduction 
proteins, and it is likely that more than one target could contribute to the 
phenotype we observed. Thus, one limitation to our study is that we 
have not directly shown which phototransduction proteins are respon
sible for the ERG phenotype. Other groups have performed ERGs in old 
flies and observed decreased transient amplitudes [106], differing from 
our observations under blue light, consistent with the idea that the 
different phototransduction proteins identified as oxidized under each 
condition result in different physiological outcomes. Since we only 
measured glutathione ratios in the eye under light stress and aging, 
which is a limitation of our study, it is possible that there could be 
changes in the levels and/or localization of specific ROS under these two 
different conditions. In addition, there are both overlapping and distinct 
gene expression changes in photoreceptors within the eye under blue 
light versus aging [30], suggesting that each of these conditions have 
some unique effects on the eye. For example, aging is associated with 
chronic inflammation and expression of proteins associated with the 
innate immune response [67] whereas blue light stress induces hyper
activation of the phototransduction pathway and perturbs calcium ho
meostasis in the eye [29]. Thus, further studies will be necessary to 
determine why there are such distinct changes in the redox proteome in 
light stress relative to aging, and to determine how these changes impact 
the physiology of the eye. 

4. Materials and methods 

4.1. S2 cell culture, H2O2 treatment, and viability assays 

S2 cells were cultured at 1 × 106 cells/mL in 1X Schneider’s 
Drosophila medium (Gibco, Cat #21720024), 1% Pen-Strep, and 10% 
FBS for 24 h prior to treatment with H2O2 (Sigma, Cat #7722-84-1). 
Cells were stained with Trypan blue to determine cell count and viability 
using a Thermo Countess II Cell Counter (Invitrogen, Cat 
#AMQAX1000). 

4.2. Drosophila culture and blue light treatment 

All experiments were conducted with male w1118 (blue light), or 
OregonR flies (aging). Flies were raised on cornmeal agar food (6.07 g 
agar type 2, 32 g sugar, 50 g yeast, 50 g cornmeal, 3.2 g methyl paraben 
for preservation in 1.3 L water) at 25 ◦C and 65–75% humidity under a 
12:12 light:dark cycle. Flies were collected 3 days post eclosion and aged 
for 5 days with transferring to fresh food every 3 days. Flies were 
exposed to blue light using a custom designed light stimulator at 8000 
lux (2 mW/cm2, λ = 465 nm) for 8 h [72]. 

4.3. GSH:GSSG, NAD:NADH, and NADP:NADPH targeted metabolomic 
assays 

1 × 106 cells/mL S2 cells or 25 dissected eyes were analyzed per 
biological replicate for each targeted redox metabolite assay. GSH:GSSG 
ratios were analyzed as described previously [28]. For NAD:NADH and 
NADP:NADPH assays, S2 cells were washed in PBS and resuspended in 
methanol. We analyzed samples using an Agilent 1290 Infinity II liquid 
chromatography (LC) system coupled to an Agilent 6470 series QQQ 
mass spectrometer (MS/MS) (Agilent Technologies, Santa Clara, CA) 
with a Waters HSS T3 2.1 mm × 100 mm, 1.7 μm column used for LC 
separation (Water Corp, Milford, MA). Buffers included (A) water + 10 
mM ammonium acetate (pH 6) and (B) acetonitrile with the following 
linear LC gradient: time 0 min, 0% B; time 5 min, 0% B; time 20 min, 
40% B; time 21 min, 90% B; time 21.1 min, 0% B; time 25 min, 0% B at a 
flow rate of 0.3 mL/min. Data were acquired in positive electrospray 
ionization (ESI) mode. The jet stream ESI interface had a gas tempera
ture of 325 ◦C, gas flow rate of 8 L/min, nebulizer pressure of 45 psi, 
sheath gas temperature of 250 ◦C, sheath gas flow rate of 7 L/min, 
capillary voltage of 4000 V in positive mode, and nozzle voltage of 1000 
V. The ΔEMV voltage was 400 V. Agilent Masshunter Quantitative 
analysis software was used for data analysis (version 8.0). For targeted 
metabolite studies: significance analysis was performed using ANOVA 
and Tukey’s post-hoc with p ≤ 0.05. 

4.4. Drosophila S2 cell SICyLIA protein isolation and labeling 

The following protocol was modified from a SICyLIA based approach 
as described in Ref. [53]. Cells were washed in PBS and lysed in 300 μL 
of 8 M urea/50 mM Tris-HCl pH 8.5. One replicate of the treated cells 
and one replicate of the untreated cells were labeled with IAA light 
(12C2H4INO) (Sigma, Cat #144-48-9), and the other corresponding 

Fig. 5. Phototransduction machinery is oxidized upon blue light exposure and during age in the eye. (A) Venn diagram of overlapping oxidized proteins 
identified from blue light exposed flies, aging flies, and S2 cells. (B, C) Model of phototransduction proteins with oxidized proteins identified under blue light 
exposure and age. Oxidation is indicated by a star symbol (pink). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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replicates were labeled with IAA heavy (13C2D2H2INO) (Sigma). Sam
ples were incubated for 1 h at room temperature (RT) protected from 
light. Protein was quantified with Qubit 4 fluorometer (Thermo Fisher 
Scientific™, Cat #Q33238). 150 μg of protein from light and heavy 
carbamidomethylated samples at each time point (0 light with 15 min 
heavy and 0 min heavy with 15 min light labeled) were mixed, reduced 
with TCEP and alkylated with N-methylmaleimide (NEM) at room 
temperature in the dark. Following overnight at 4 ◦C trichloroacetic acid 
precipitation (TCA added at 20% final v/v) and centrifugation for 30 
min at 14,000×g, pellets were resuspended in 8 M Urea in 100 mM 100 
mM Tris pH 8.5. Urea was diluted to <2 M with 50 mM Tris-HCl, pH 8.5 
and proteins were digested overnight at room temperature with tryp
sin/LysC (ratio of 1:50, Promega, Cat #V5072). After quenching the 
digestion with 0.5% TFA, samples were fractionated with a Pierce high 
pH basic reversed-phase peptide fractionation kit (Thermo Fisher Sci
entific™, Cat #84858) using the protocol for label free peptide 
fractionation. 

4.5. Nano-LC-MS/MS analysis of Drosophila cells using SICyLIA 

Nano-LC-MS/MS analyses were performed on an EASY-nLC HPLC 
system (SCR: 014993, Thermo Fisher Scientific™) coupled to Orbitrap 
Lumos Tribrid™ mass spectrometer (Thermo Fisher Scientific™). 1/5 of 
each peptide fraction was loaded onto a reversed phase EasySpray™ C18 
column (2 μm, 100 Å, 75 μm × 25 cm, Thermo Scientific™, Cat #ES902) 
at 400 nL/min. Peptides were eluted from 4 to 30% with mobile phase B 
(Mobile phases A: 0.1% FA, water; B: 0.1% FA, 80% Acetonitrile 
(Thermo Fisher Scientific™, Cat #LS122500)) over 160 min, 30–80% B 
over 10 min; and dropping from 80 to 10% B over the final 10 min. The 
mass spectrometer was operated in positive ion mode with a 3 s cycle 
time data-dependent acquisition method with advanced peak determi
nation and Easy-IC (internal calibrant). Precursor scans (m/z 400–1600) 
were done with an orbitrap resolution of 120000, RF lens% 30, auto max 
inject time, standard AGC target, MS2 intensity threshold of 5e3, 
including charges of 2–7 for fragmentation with 60 s dynamic exclusion. 
MS2 scans were performed with a quadrupole isolation window of 1 m/ 
z, 35% CID CE, Rapid ion trap scan rate, 20% normalized AGC target, 
dynamic maximum IT. 

4.6. Drosophila iodo-TMT protein isolation, labeling, and enrichment 

1 × 106 cells/mL or 250 eyes were analyzed per biological replicate 
(n = 3 control; n = 3 treatment) for cysteine availability analysis. Cells 
were harvested and resuspended in 1 mL cold PBS, and then spun at 
20,000×g for 2 min at 4 ◦C. This was repeated twice to avoid media 
contamination. Cell pellets were lysed in 1 mL of HES (50 mM HEPES pH 
8.0, 1 mM EDTA, 0.1% SDS) and ultrasonicated using a Covaris E220 
(Covaris, Cat #500239). Eyes were manually dissected, directly added 
in HES buffer, and ultrasonicated as previously described. Lysates were 
collected centrifuged at 10,000×g for 10 min at 4 ◦C and quantified 
using Qubit 4 fluorometer (Thermo Fisher Scientific™, Cat #Q33238). 
All samples were set to 250 μg, and 50 μg was reserved from each sample 
to be used for global analysis. Each 200 μg replicate received an inde
pendent iodoTMT reagent (Thermo Fisher Scientific™, Cat #90066) 
that was solubilized in 10 μL LC/MS-grade methanol (Fisher Chemical, 
Cat #A452-4). The reaction proceeded for 1 h at 37 ◦C protected from 
light. All samples were reduced with 4 μL of 0.5 M DTT (Thermo Fisher 
Scientific™, Cat #A39255) for 15 min at 37 ◦C protected from light. 
After reduction, a second labeling with 55 mM IAA dissolved in (10 M 
Urea, 1 M Tris-HCl pH 8.5, and water) was added to each sample. Equal 
amounts of all samples were combined into one tube and precipitated 
using 6 vol of pre-chilled acetone overnight. The sample was then 
centrifuged at 10,000×g for 10 min at 4 ◦C, the acetone was decanted, 
and then centrifuged once more to remove remaining acetone. The 
acetone-precipitated pellet was dissolved with 50 mM ammonium bi
carbonate buffer pH 8.0 and was digested with MS-grade trypsin 

protease (Thermo Fisher Scientific™, Cat #90057) overnight at 37 ◦C. 
After digestion, the sample was acidified by adding 4 μL of 10% tri
fluoroacetic acid (TFA) (Thermo Fisher Scientific™, Cat #28904). The 
sample was then flash frozen in liquid nitrogen and lyophilized. The 
sample was resuspended in 100 μL of 1X tris-buffered saline (TBS), and 
the anti-TMT resin (Thermo Fisher Scientific™, Cat #90076) was 
washed 3 times with 1 column volume 1 X TBS. 100 μg was reserved as 
an unfractionated sample for direct analysis of non-enriched peptides. 
The remaining sample was added to the resin and incubated for 2 h at RT 
with end-over-end rotation. The resin was then washed 3 times with one 
column volume of 1 X TBS, 3 times with one column volume of water, 
and then enriched peptides were eluted with 4 column volumes of TMT 
elution buffer (Thermo Fisher Scientific™, Cat #90104). 

4.7. Global TMT protein isolation, labeling, and analysis 

25–50 μg protein lysate (cells or eye tissue) was denatured by 
addition of 2x volume 8 M urea in 100 mM 100 mM Tris pH 8.5, reduced 
with 5 mM tris(2-carboxyethyl) phosphine hydrochloride (TCEP, Sigma- 
Aldrich, Cat #C4706) for 30 min at RT, and alkylated with 10 mM 
chloroacetamide (CAA, Sigma Aldrich, Cat #C0267) for 30 min at RT in 
the dark. Samples were diluted with 50 mM Tris HCl, pH 8.5 to a final 
urea concentration of 2 M and then digested overnight at 35 ◦C with 2 μg 
Trypsin/Lys-C (1:25 ratio, Mass Spectrometry grade, Promega Corpo
ration, Cat #V5072). Digestions were acidified with trifluoracetic acid 
(TFA, 0.5% v/v) and desalted on Waters Sep-Pak cartridges, (Waters™, 
Cat #WAT054955) with a wash of 1 mL 0.1% TFA followed by elution in 
70% acetonitrile containing 0.1% formic acid (FA). Peptides were dried 
by speed vacuum and resuspended in 24 μL of 50 mM triethylammonium 
bicarbonate pH 8.0 (TEAB). Peptide quantitation was performed using 
Pierce Colorimetric Peptide Assay kit (Thermo Fisher Scientific™, Cat 
#23275). For each global experiment, equivalent peptide amounts were 
then TMT labeled for 2 h at RT with 0.2 mg of Tandem Mass Tag (TMT, 
Thermo Fisher Scientific™, TMT™ Isobaric Label Reagent Set; Cat 
#90111, lot no. VH306777 (126, 127C and 128C for controls; 129C, 
130C and 131 for experiment) for S2 cells and WC306775 (129C, 130C 
and 131 for control; 126, 127 N and 128 N for experiment) for eye tissue. 
Labelling reactions were quenched by adding 0.2% hydroxylamine 
(final v/v) to the reaction mixtures at RT for 15 min. Labeled peptides 
were then combined, mixed, and dried by speed vacuum. After drying, 
samples were fractionated with a Pierce high pH basic reversed-phase 
peptide fractionation kit (Thermo Fisher Scientific™, Cat #84858) as 
described above. 

4.8. Nano-LC-MS/MS analysis of Drosophila cells and eye tissue using 
iodo-TMT reagents 

Nano-LC-MS/MS analyses were performed on an EASY-nLC HPLC 
system (SCR: 014,993, Thermo Fisher Scientific™) coupled to Orbitrap 
Eclipse™ mass spectrometer (Thermo Fisher Scientific™) with a FAIMS 
pro interface. Peptides were separated on a 25 cm aurora column (Ion
Opticks, AUR2-25075C18A) at 400 nL/min with a gradient of 5–28% 
with mobile phase B (Mobile phases A: 0.1% FA, water; B: 0.1% FA, 80% 
Acetonitrile (Thermo Fisher Scientific™, Cat #LS122500)) over 160 
min, 30–80% B over 10 min; and dropping from 80 to 10% B over the 
final 10 min. The mass spectrometer was operated in positive ion mode 
with 3 FAIMS CVs (− 45, − 55, − 70) and 1.3 s cycle time per CV. Data- 
dependent acquisition method with advanced peak determination and 
Easy-IC (internal calibrant) were used. Precursor scans (m/z 400–1600) 
were done with an orbitrap resolution of 120,000, RF lens% 30, 
maximum inject time 105 ms, standard AGC target, MS2 intensity 
threshold of 2.5e4, precursor fit threshold of 70% and 0.7 m/z window, 
including charges of 2–6 for fragmentation with 60 s dynamic exclusion, 
single charge state per precursor dependent scan. MS2 scans were per
formed with a quadrupole isolation window of 0.7 m/z, 38% HCD CE, 
50,000 resolution, 200% normalized AGC target, dynamic maximum IT 
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fixed first mass of 100 m/z. The data were recorded using Thermo Fisher 
Scientific Eclipse Tune (v 3.3.2782.34) software (Thermo Fisher 
Scientific™). 

4.9. Mass spectrometry data analysis 

Resulting RAW files were analyzed in Proteome Discover™ 2.5 
(Thermo Fisher Scientific™, RRID: SCR_014477) with a Drosophila 
melanogaster UniProt FASTA plus common contaminants (downloaded 
Feb 2021, 3629 total sequences). SEQUEST HT searches were conducted 
with a maximum number of 3 missed cleavages; precursor mass toler
ance of 10 ppm; and a fragment mass tolerance of 0.02 Da. For iodoTMT 
samples, a max of 5 dynamic mods were allowed per peptide and dy
namic modifications of oxidation (Met, His, Trp), iodoTMT6plex (Cys), 
carbamidomethyl (Cys); dynamic protein terminus modifications of 
acetylation (N-terminus), Met-loss or Met-loss plus acetylation (N-ter
minus). For global proteome samples, the same precursor/fragment/ 
missed cleavage/max dynamic mod settings were used in addition to 
static modifications of TMT6plex on lysines (K) and carbamidomethy
lation on cysteine (C) residues; Dynamic modifications of oxidation on 
(M, H, W), TMT label on the N-termini of peptides, phosphorylation on 
(S,T,Y); dynamic Protein terminus modifications of acetylation (N-ter
minus), Met-loss or Met-loss plus acetylation (N-terminus). Percolator 
False Discovery Rate was set to a strict setting of 0.01 and a relaxed 
setting of 0.05. IMP-ptm-RS node was used for all modification site 
localization scores. In the Proteome Discover 2.5 consensus step, total 
peptide amount was used as the normalization mode. In this mode, the 
total sum of abundance values for each channel over all peptides is 
calculated, the channel with the highest total is used as a reference, and 
all other channels are then corrected by a constant factor so that at the 
end the total abundance is the same for all channels. Co-isolation 
thresholds of 50% and average reporter ion S/N cutoffs of 5 were used 
for quantification. Lot specific isotopic impurity levels were applied. 
Protein Abundance based protein ratio calculation with no imputation 
and ANOVA (individual proteins) was performed. The Reporter Ions 
Quantifier node was set to consider a peptide unique if it is included in 
only one protein group. Unique and razor peptides were used for protein 
quantification. All shared peptides were used for the quantification of 
the protein that has more identified peptides, but not for the other 
proteins they are contained in. Peptides are considered shared/not used 
for quantification if they reference proteins from different protein 
groups. The best master protein is the protein with the largest number of 
unique peptides, and if multiple proteins have the same identification 
score, equal number of peptides and equal number of PSMs, the protein 
with the longest sequence was designated the master protein. Strict 
protein grouping parsimony was applied so that all protein groups are 
excluded that are not strictly necessary to explain the identified pep
tides. Resulting normalized abundance values for each sample type 
(iodo-TMT labeled peptides or global proteins), abundance ratio and 
log2 (abundance ratio) values; and respective unadjusted p-values (t- 
test) from Proteome Discover™ were exported to Microsoft Excel. These 
normalized abundance values were used for subsequent statistical 
analysis, as outlined below and in the flow-charts shown in the figures. 
Six biological replicates were collected for iodo-TMT based redox pro
teomics and all targeted metabolomic studies. Two biological replicates 
were collected for SICyLIA-based redox proteomics. There were two 
experimental groups for S2 cells: H2O2-treated S2 cells and untreated/ 
control S2 cells. For blue light exposure analysis there were two 
experimental groups for w1118 fly experiments: blue light exposed day 5 
flies and non-exposed/control day 5 flies. For aging experiments, there 
were also two experimental groups: aged OregonR flies at D50 and 
young OregonR flies at D10. For all proteomic studies: oxidized proteins 
with an FDR <0.05 and log2FC < 0 with the difference between redox 
and global protein abundance log2FC > 0.5 were considered significant. 
Reduced proteins with FDR <0.05 and log2FC > 0 with the difference 
between redox and global protein abundance log2FC > 0.5 were 

considered significant. FDR corrections were calculated using a Poly
STest [66]. 

4.10. Electroretinogram (ERG) 

ERGs were recorded from immobilized male flies at the age of 5 days, 
as described previously [107]. Extracellular ERG light responses were 
measured at 20 ◦C with standard glass micropipettes filled with Ringer’s 
solution (130 mM NaCl, 2 mM KCl, 5 mM MgCl2, 2 mM CaCl2, 10 mM 
Hepes, pH 7.0) introduced through the cornea into the extracellular 
matrix of the eye under dim red light (Schott 630 nm edge filter). Flies 
were grounded via a reference electrode that was placed on the thorax in 
a drop of electrode gel. Light from a xenon high-pressure lamp (PTI, LPS 
220, operating at 50 W) passed via red (Schott 590 nm orange edge 
filter) or blue (Schott BG 28 broad band blue filter) filters was delivered 
to the compound eye via a light guide. The blue light, which is absorbed 
by fly Rh1, rhodopsin ensured strong activation of Rh1-rhodopsin. At 
the same time, the orange light ensures an efficient M to R photo
conversion, but also activation of phototransduction during light. 
Accordingly, the use of orange light that is absorbed by the long 
wavelength range of R absorption spectrum prevented the induction of 
the prolonged depolarizing afterpotential (for a review see Ref. [33]), 
which constitutes a saturated response that extends in the dark for many 
minutes. The PDA was induced by intense blue (B; Schott, BG 28 
broad-band filter) light pulses and suppressed by orange (O; Schott OG 
590 edge filter) light pulses. Signals were amplified using a homemade 
amplifier. The maximal luminous intensity at the eye surface was about 
3.5 logarithmic intensity units above the intensity for a half-maximal 
response. To measure the Intensity-Response Relationships the peak 
ERG amplitudes in response to increasing intensities of the orange light 
pulses were measured up to saturated amplitude. 
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