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Abstract

Exposure to Paraquat and RNA interference knockdown of Mn or mitochondrial superoxide 

dismutase (Sod2) are known to result in significant lifespan reduction, locomotor dysfunction, and 

mitochondrial degeneration in Drosophila melanogaster. Both perturbations increase the flux of 

the progenitor ROS, superoxide, but the molecular underpinnings of the resulting phenotypes are 

poorly understood. Improved understanding of such processes could lead to advances in the 

treatment of numerous age-related disorders. Superoxide toxicity can act through protein 

carbonylation. Analysis of carbonylated proteins is attractive since carbonyl groups are not present 

in the twenty canonical amino acids and are amenable to labeling and enrichment strategies. Here, 

carbonylated proteins were labeled with biotin hydrazide and enriched on streptavidin beads. On-

bead digestion was used to release carbonylated protein peptides, with relative abundance ratios 

versus controls obtained using the iTRAQ MS-based proteomics approach. Western blotting and 

biotin quantitation assay approaches were also investigated. By both western blotting and 

proteomics, Paraquat exposure, but not Sod2 knockdown, resulted in increased carbonylated 

protein relative abundance. For Paraquat exposure versus control, the median carbonylated protein 

relative abundance ratio (1.53) determined using MS-based proteomics was in good agreement 

with that obtained using a commercial biotin quantitation kit (1.36).
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1. Introduction

Damage caused by endogenous ROS is closely associated with aging [1], cancer [2], 

cardiovascular disease [3], diabetes [4], and neurodegenerative disorders [5]. The 
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mitochondrial electron transport chain (ETC) is often regarded as the chief source of the 

progenitor ROS, superoxide, O2
•−, but the relative importance of the numerous cellular 

sources is far from certain [6]. Mitochondrial O2
•− production sites have been studied 

extensively, but most work relies on ETC inhibitors that produce artificial conditions [7]. 

However, progress is being made toward the determination of native O2
•− production rates 

[8]. O2
•− toxicity in the membrane environment is likely to proceed through protonation of 

O2
•− to produce HO2

•, a powerful lipid peroxidation agent [9], while in aqueous 

environments the exceptionally reactive species HO• can be produced in the iron-catalyzed 

reaction of O2
•− with H2O2 [10]. Synergistically, elevated O2

•− levels have been shown to 

result in the release of protein-bound iron in yeast [11]. Toxicity is reduced by the 

superoxide dismutases, which catalyze the disproportionation of O2
•− to H2O2 and O2 [12]. 

While O2
•− will undergo spontaneous disproportionation at a lower rate in the absence of 

superoxide dismutases, the importance of rapid destruction and low steady-state 

concentrations of O2
•− is illustrated by the inactivation of catalase by O2

•− [13].

Although numerous products of ROS damage to biomolecules are being actively studied, 

here we focus on carbonylated proteins due to the introduction of a functional group that is 

both relatively stable and amenable to labeling and enrichment strategies. Protein carbonyls 

can result from direct oxidation by ROS [14] and addition of lipid peroxidation products 

[15]. Similarly to ROS in general, increases in protein carbonylation have been observed on 

aging [16] and during age-related conditions such as Alzheimer’s disease [17], diabetes [18], 

kidney disease [19], and Parkinson’s disease [20]. The impact and analysis of protein 

carbonylation have been extensively reviewed [21–24], with a recent example listing 179 

carbonylated proteins associated with aging [25]. The present study is based on our working 

hypothesis that protein carbonylation is not a random process, but is localized to sites with 

features such as transition metals able to catalyze HO• generation or hydrophobic pockets 

that promote interactions with lipid peroxidation products.

In this work, using Drosophila melanogaster as a model system, we have investigated the 

impact on protein carbonylation levels resulting from two contrasting approaches, one 

exogenous and one endogenous, intended to increase O2
•− concentrations. Oxidative stress 

was increased first by application of Paraquat (methyl viologen; 1,1’-dimethyl-4,4’-

bipyridinium dichloride) and second by the RNA interference knockdown of the antioxidant 

enzyme, Mn or mitochondrial superoxide dismutase (SOD2), which is localized to the 

mitochondrial matrix. Paraquat, which is a redox cycling agent capable of producing O2
•− 

on reduction by a suitable electron donor (typically an oxidoreductase enzyme that uses 

NADH or NADPH as electron donor [26]), has been used to induce oxidative stress in 

cultured mammalian cells [27], isolated mitochondria [28], D. melanogaster [29], 

Caenorhabditis elegans [30], and mice [31]. Paraquat exposure in D. melanogaster is known 

to result in significantly reduced lifespan and locomotor dysfunction [32] and mitochondrial 

degeneration [33]; furthermore, Paraquat application has been used to model Parkinson’s 

disease [34]. Paraquat-induced O2
•− generation would be expected throughout the cell, with 

perhaps greatest flux in mitochondria [35,36]. In contrast, removal of SOD2 would be 

expected to produce much higher steady-state O2
•− concentrations localized to the 

mitochondrial matrix. As with Paraquat exposure, silencing of Sod2 in D. melanogaster has 
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been shown to result in significant lifespan reduction, locomotor dysfunction, and 

mitochondrial degeneration [37,38]. However, normal lifespan in these flies can be restored 

by hypoxia [39] and in an investigation of Sod2 knockout in yeast grown under aerobic 

conditions, while a number of carbonylated proteins were identified, no increase in 

aggregate carbonylation levels was observed [40].

Hydrazide chemistry is commonly used for labeling protein carbonyls [41]. There have been 

numerous reports in recent years of carbonylated proteins being labeled with biotin 

hydrazide reagents and then enriched using avidin affinity [42–48]. However, streptavidin, 

which has similar affinity for biotin, is often used in place of avidin due to reduced non-

specific binding [49]. Streptavidin, which has been shown to be resistant to denaturation 

with high-concentration urea solutions [50], is especially suitable for SPE enrichment 

approaches since harsh washing conditions can be employed. Soreghan et al. [51] employed 

streptavidin affinity-based enrichment of biotin-labeled carbonylated proteins in a high-

throughput proteomics investigation of carbonylation in mouse brain. Here we use 

immobilized streptavidin for the isolation of biotinylated carbonylated proteins. Tryptic 

digestion was performed on-bead as efficient elution of bound proteins proved to be 

challenging. The resulting peptide samples from Paraquat-exposed, Sod2 knockdown, and 

associated control flies were labeled with iTRAQ reagents [52] to allow relative 

carbonylated protein abundances to be obtained. For both the endogenous and exogenous 

oxidative stress systems we were able to collect abundance ratios that were in close 

agreement across full biological replicates, suggesting the robustness and repeatability of 

our analytical method.

2. Materials and methods

2.1. Materials

Biotin hydrazide, calcium chloride, iodoacetamide, sodium cyanoborohydride, SDS, and 

triethylammonium bicarbonate were purchased from Sigma (St. Louis, MO). Ammonium 

bicarbonate was supplied by J.T. Baker (Phillipsburg, NJ) and DMSO, DTT, and HPLC-

grade water and methanol were obtained from Fisher Scientific (Pittsburgh, PA). 

Sequencing-grade modified trypsin was from Promega (Madison, WI) and iTRAQ reagent 

kits were purchased from AB SCIEX (Framingham, MA).

2.2. Fruit fly oxidative stress systems

Flies for all experiments were reared under standard conditions [53]. RNA interference Sod2 

knockdown was achieved using da-Gal4 to drive ubiquitous expression of the UAS-Sod2-

IR24 transgene as previously described by Martin et al. [38]. Two control populations of 

flies were produced for the Sod2-knockdown study, the first expressing the da-Gal4 driver 

alone and the second expressing only the UAS-Sod2-IR24 transgene. w1118 flies (Stock 

Number 5905; Drosophila Stock Center; Bloomington, IN) were used in Paraquat-exposure 

studies, which were performed essentially as described by Goddeeris et al. [54].
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2.3. Aging or Paraquat exposure and initial preparation

Mixed populations of males and females were grown to adulthood, collected under brief 

CO2 anesthesia, placed into food vials (25 flies per vial), allowed to recover overnight, and 

then aged (Sod2-knockdown studies) or exposed to Paraquat until ~50% were dead. Age-

matched populations of control flies were handled in parallel. Batches of ~500 living flies 

per group were frozen at −20°C overnight and then homogenized with 15 strokes of a 

Dounce homogenizer in 5 mL ice-cold buffer (100 mM sucrose, 100 mM KCl, 50 mM Tris-

HCl, 1 mM KH2PO4, 0.1 mM EGTA, adjusted to pH 7.3) containing the protease inhibitors 

aprotinin, leupeptin, and pepstatin A at 500 ng/mL. Homogenates were centrifuged at 300 × 

g for 20 min at 4°C to remove large debris. Supernatants were stored at −20°C until further 

processing could be performed. Protein concentrations in the homogenates were determined 

using the Lowry protein assay (DC Protein Assay; Bio-Rad; Hercules, CA).

2.4. Biotinylation of protein carbonyls

Biotin hydrazide was added to Paraquat-exposed, Sod2-knockdown, and associated control 

fly homogenates (500-µg total protein aliquots) to 5 mM. Samples were then incubated for 1 

h at room temperature with gentle shaking before SDS was added to 2% (w/v). The labeling 

reaction was allowed to proceed for a further 2 h after a second biotin hydrazide addition 

had been made. Parallel experiments where biotin hydrazide addition was omitted were 

performed to allow assessment of non-specific binding. Hydrazone-bond reduction (thus 

fixing the label) was achieved by adding sodium cyanoborohydride to 15 mM and then 

incubating at 4°C for 1 h. Samples were then desalted using PD midiTrap G-25 columns 

(GE Healthcare; Piscataway, NJ) and protein concentrations were determined using the 

bicinchoninic acid (BCA) assay (Pierce Biotechnology; Rockford, IL).

2.5. Western blotting for protein carbonyls

Beginning with unlabeled homogenates, OxyBlot kits (Millipore; Billerica, MA) were used 

as recommended by the manufacturer to visualize protein carbonyls through derivatization 

with 2,4-dinitrophenylhydrazine (DNPH) followed by western blotting with an antibody 

specific for the dinitrophenyl group. Enhanced chemiluminescence kits (GE Healthcare; 

Piscataway, NJ) were used for visualization. Alternatively, starting with homogenates 

labeled with biotin hydrazide as described above, western blotting with HRP-conjugated 

streptavidin (Pierce Biotechnology), with visualization achieved using TMB substrate 

(Promega), was investigated.

2.6. Peptide biotin quantitation assay

Urea and DTT were added to biotinylated protein samples (and parallel samples where 

biotin hydrazide addition had been omitted) to achieve final concentrations of 8 M and 10 

mM, respectively. Denaturation and reduction was allowed to proceed for 1 h at 37°C. 

Cysteines were capped by adding iodoacetamide to 55 mM and then continuing incubation 

at room temperature in the dark for 1 h. Samples were prepared for digestion by diluting 10× 

in PBS and then adding calcium chloride to 1 mM and trypsin to achieve a circa 1:50, 

trypsin:protein ratio. Digestion was allowed to proceed for 16 h at 37°C and then terminated 

by acidification with 10% (v/v) TFA (aq). The resulting peptide solutions were desalted 
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using RP, C18 SPE cartridges (Sep-Pak; Waters; Milford, MA) and then dried by centrifugal 

evaporation. To determine aggregate biotinylation levels, the amount of peptide-bound 

biotin was measured using a biotin quantitation kit (Pierce Biotechnology), based on the 

displacement of 4’-hydroxyazobenzene-2-carboxylic acid (HABA) from avidin, as 

recommended by the manufacturer.

2.7. Enrichment of biotinylated proteins and on-bead tryptic digestion

Biotinylated protein samples were added to streptavidin UltraLink resin (Pierce 

Biotechnology), which had previously been washed three times with PBS, and incubated at 

room temperature overnight. Unbound proteins were removed by washing the resin three 

times with PBS followed by washing once with 8 M urea and 10 mM DTT in PBS. Bound 

proteins were denatured and reduced by incubating with 8 M urea and 10 mM DTT in PBS 

for 1 h at 37°C. Cysteines were then alkylated by adding iodoacetamide to 55 mM and 

continuing the incubation for a further 1 h at room temperature in the dark. Excess reagents 

were removed prior to digestion by washing three times with 50 mM ammonium 

bicarbonate (aq). Digestion with trypsin (1:50, trypsin:protein ratio; calcium chloride added 

to 1 mM) was allowed to proceed for 16 h at 37°C before being terminated by acidification 

with 10% (v/v) TFA (aq). Peptides were recovered by extensive washing of the beads with 

50 mM ammonium bicarbonate (aq) followed by SPE (same method as biotin quantitation 

assay) and centrifugal evaporation.

2.8. iTRAQ labeling of peptides

Prior to labeling, entire dried peptide samples were dissolved in 30 µL of iTRAQ dissolution 

buffer (0.5 M triethylammonium bicarbonate, pH 8.5). For the Paraquat-exposure study, 

where a single control was used, two iTRAQ 4-plex reagents were required, while for the 

Sod2 knockdown experiment, where two controls were necessary, three iTRAQ 4-plex 

reagents were used. Parallel experiments where duplicate aliquots not labeled with biotin 

hydrazide were prepared required all four iTRAQ 4-plex reagents for the Paraquat-exposure 

studies. After allowing the labeling reaction to proceed for 2 h at room temperature, samples 

to be compared were combined and then dried in a centrifugal evaporator. Prior to LC–

MS/MS analysis, the combined peptide samples were suspended in 20 µL of 0.1% formic 

acid (aq).

2.9. LC–MS/MS

Combined, iTRAQ-labeled samples were analyzed using an LTQ Orbitrap Velos mass 

spectrometer (Thermo Scientific; Waltham, MA) interfaced with a Waters nanoACQUITY 

UPLC system. The injection volume in each case was 2 µL, with a nanoACQUITY trapping 

column being used to reduce loading time. Labeled peptides were separated with a RP, C18 

nanoACQUITY capillary analytical column (1.7 µm particles, 100 µm × 100 mm). Elution 

was achieved using a gradient of 0.1% formic acid in acetonitrile (B) versus 0.1% formic 

acid in water (A) at a flow rate of 0.4 µL min−1. Beginning with an equilibration mobile 

phase of 1% B, the linear gradient initially ran to 15% B over 25 min, then to 25% B over 35 

min, then to 35% B over 40 min, and finally to 85% B over 20 min. Eluting peptides flowed 

into a nano-scale ESI source that was operated at 3.5 kV. Full scan mass spectra (m/z = 400–
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2000), which were collected at 60,000 resolution in the Orbitrap, were followed by ten data-

dependent MS/MS spectra, using higher-energy C-trap dissociation (HCD) [55] to access 

iTRAQ reporter ions. HCD parameters included normalized collision energy set to 40 and 

activation time at 0.1 ms. Ions selected twice for fragmentation within a 30 s window were 

excluded for 180 s.

2.10. Data processing and analysis

Peptides were identified using the X! Tandem code fork included with version 4.6.3 of the 

Trans-Proteomic Pipeline (TPP) software package (Institute for Systems Biology; Seattle, 

WA). The protein sequence database used was generated from the whole D. melanogaster 

proteome (FlyBase version R5.35, FB2011_03; 23361 proteins), 112 common contaminant 

proteins (Global Proteome Machine; Common Repository of Adventitious Proteins; 

downloaded on April 8, 2011), and reversed versions of these sequences included for false 

positive rate estimation. Search parameters included a precursor ion mass tolerance of ±15 

ppm, a requirement for at least one trypsin-conforming peptide terminus, and a maximum of 

one missed cleavage. Fixed mass shifts were applied for alkylation with iodoacetamide at 

cysteine (+57.021464 Da) and addition of 4-plex iTRAQ labels at lysine and the peptide N-

terminus (+144.102063 Da). Differential mass shifts were included for methionine sulfoxide 

(+15.994915 Da) and for the 4-plex iTRAQ reagents at tyrosine. PeptideProphet [56], a 

component of the TPP software package, was used to filter identifications proposed by X! 

Tandem, with peptide-spectrum matches (PSMs) scoring ≥ 0.9 being accepted. The PSM 

false positive rate was estimated as described by Elias and Gygi [57] (2 × decoy PSM count/

total accepted PSM count). PSMs were organized into protein groups defined by parent 

gene, rejecting PSMs that indicated more than one gene. Relative abundance ratios were 

calculated for each PSM having no missing reporter ions and then combined to produce 

consensus values for each gene-based protein group by calculating the geometric mean. 

These ratios were corrected independently for each preparation using the ratio observed for 

trypsin autolysis peptides. Only groups supported by at least five measurements were 

accepted.

3. Results

Approximate times to a 50% death rate were five days for Sod2 knockdown and three days 

for Paraquat exposure. Control flies exhibited few (~1%) deaths through the duration of 

these experiments. Sod2 knockdown fly stocks and associated controls were maintained 

from an earlier study in which successful minimization of SOD2 activity was confirmed 

[38].

3.1. Visualization of carbonylated proteins by western blotting

Protein carbonylation levels were initially assessed using two contrasting western blotting 

approaches. Loading controls could not reliably be used since widespread changes in protein 

carbonylation were expected in the Paraquat-exposure and possible in the Sod2-knockdown 

system. Instead, gel-loading amounts were equalized using spectrophotometric protein 

concentration assays. Approximately equal loading was confirmed by assessment of SDS-

PAGE gels stained with Coomassie Brilliant Blue G-250 (a comparison of Paraquat-exposed 
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with control whole-fly homogenates is provided as Supporting Information Figure S1). 

OxyBlot results for Paraquat-exposed and control flies are shown in Figure 1a. Paraquat 

exposure can clearly be seen to result in elevated levels of carbonylation when compared 

with control flies, which exhibit some level of background oxidation. Figure 1b gives the 

picture obtained when western blotting with HRP-conjugated streptavidin was applied to 

Paraquat-exposed and control samples that had been labeled with biotin hydrazide. These 

results also clearly indicate a higher degree of protein carbonylation in Paraquat-treated 

versus control flies. Figure 1c shows the result of applying the HRP-conjugated streptavidin 

method to the Sod2-knockdown system (a Coomassie-stained SDS-PAGE gel that was run 

in parallel with the gel that was transferred to create Figure 1c is provided as Supporting 

Information Figure S2). In this case, the difference between the Sod2 knockdown and 

controls (da-Gal4 driver alone and UAS-Sod2-IR24 transgene alone) was much less 

pronounced. From the western blotting, Paraquat exposure appears to be a more intense 

oxidative stress system than Sod2 knockdown.

3.2. Biotin quantitation assay

Since the dynamic range of western blots can be narrow, judgments based solely on the 

darkness of the numerous observed bands have the potential to be misleading. Therefore, a 

spectrophotometric assay based on the displacement of HABA from avidin by biotin-labeled 

carbonylated proteins was used to compare protein carbonylation levels between Paraquat-

exposed and control samples (reduction in absorbance of the HABA-avidin complex is 

measured). Using the third full repeat for the Paraquat-exposure system, peptide-bound 

biotin concentrations were determined. The assay was repeated three times and peptides 

originating from a control sample that had not been labelled with biotin hydrazide were also 

included. Expressed as average ± standard deviation, the results obtained were 2.6 ± 0.7, 

32.1 ± 0.5, and 42.7 ± 3.7 pmol biotin per µg peptide for non-biotinylated control, 

biotinylated control, and biotinylated Paraquat-exposed samples, respectively. Subtracting 

the background amount from each, this implies a 36% increase in protein carbonylation on 

exposure to Paraquat.

3.3. Non-specific binding estimation by mass spectrometry

Retention of unlabeled proteins on streptavidin beads is a concern. Therefore, the degree of 

non-specific binding was estimated by creating duplicate samples that were not exposed to 

the labeling reagent, biotin hydrazide. This comparison was performed for the Paraquat-

exposure system only, with three replicate LC–MS/MS runs performed for a single sample 

preparation. In the case of extensive non-specific binding, many proteins would be expected 

with non-biotinylated to biotinylated ratios of close to one for both the Paraquat-exposed 

and control pairs. After filtering, the dataset consisted of 6373 PSMs, four of which 

indicated decoy proteins (implying a PSM false positive rate of 0.13%). Processing into 

gene-based protein groups resulted in 101 groups. The distribution of observed ratios is 

provided as Supporting Information Figure S3, with ratios provided separately for each 

protein group in Supporting Information Table S1. Median non-biotinylated versus 

biotinylated ratios for control and Paraquat-exposed samples were 0.23 and 0.18, 

respectively, indicating some level of non-specific binding. For the control comparison, 

ratios greater than 0.5 were found for nine protein groups, while for the Paraquat 
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comparison, three groups exceeded 0.5 (two of these overlapped with the nine from the 

controls). These ten protein groups were excluded from further analysis due their 

demonstrated propensity for non-specific binding. Interestingly, two protein groups had non-

biotinylated to biotinylated ratios in excess of one for both the control and Paraquat-exposed 

samples. Acetyl-CoA carboxylase (FBgn0033246) gave non-biotinylated to biotinylated 

ratios of 3.36 for the control and 4.12 for the Paraquat-exposed comparison while CG1516 

(FBgn0027580) gave 2.12 for the control and 2.00 for the Paraquat-exposed samples.

3.4. Mass spectrometry quantitation of Paraquat-induced changes in protein carbonylation

Paraquat exposure was expected to result in a significant increase in protein carbonylation 

levels over those found in the control. Three replicate LC–MS/MS runs were recorded for 

each sample preparation and the entire experiment was repeated three times, which resulted 

in 25621 PSMs after filtering. Only twelve of these identifications indicated decoy proteins, 

giving an estimated PSM false positive rate of 0.09%. Quantitative information was 

obtained for 249 protein groups after removal of non-specific binding proteins. The full list 

of quantified carbonylated proteins is provided with combined ratios for all repeats as 

Supporting Information Table S2 and with separate ratios for each repeat as Supporting 

Information Table S3. Those proteins found to exhibit at least a doubling of carbonylation 

levels over the control on exposure to Paraquat are shown in Table 1.

For the whole set, the median Paraquat-exposed to control ratio was 1.53. A histogram 

illustrating the ratio distribution is provided as Figure 2a. Of the 28 carbonylated proteins 

found to be at least doubled in relative abundance on exposure to Paraquat, SOD2, 

thioredoxin reductase-1, and catalase stand out as key antioxidant enzymes. Six proteins 

showed Paraquat-exposed to control ratios of less than one. While it would seem unlikely 

that the degree of carbonylation for any protein would fall on exposure to Paraquat, proteins 

falling in relative abundance in response to Paraquat is certainly possible. Functional 

analysis, using the DAVID (Database for Annotation, Visualization, and Integrated 

Discovery) Bioinformatics Database (Release 6.7; http://david.abcc.ncifcrf.gov) [58,59], 

was used to search for connections between the whole set of 249 detected carbonylated 

proteins, which might best be regarded as a list of background carbonylated proteins. Since 

functional analysis tools usually manipulate gene lists only, the practice of defining protein 

groups by parent genes was beneficial. All 249 genes were recognized, although FlyBase 

secondary identifiers were required in some cases. Using the whole D. melanogaster 

proteome as background, strong associations were seen with the lipid particle (86 genes 

associated with GO:0005811; p = 1.5 × 10−61) and mitochondrion (81 genes associated with 

GO:0005739; p = 2.6 × 10−26) Gene Ontology cellular component classifications (37 

proteins were annotated to both GO:0005811 and GO:0005739).

FlyBase (using the more recent FB2014_01 version) and DAVID annotations were 

combined with MitoDrome (http://mitodrome.ba.itb.cnr.it) [60] functional classifications to 

investigate the distribution of carbonylated mitochondrial proteins. Combining these 

information sources increased the total number of protein groups associated with 

mitochondria to 85. The distribution of these carbonylated mitochondrial proteins among 

MitoDrome classes is illustrated in Figure 3a. Briefly, twelve genes were associated with 
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ETC Complex I (GO:0005747), two with Complex II (GO:0005749), six with Complex III 

(GO:0005750), five with Complex IV (GO:0005751), and ten with ATP synthase (GO:

0005753). Similarly, fifteen genes were associated with the citric acid cycle (GO:0006099), 

although in this case there was significant overlap with other functional classifications. Of 

these gene-organized protein groups, three were found at double or greater relative 

abundance in the Paraquat-exposed versus control samples (all three repeats combined): 

NADH:ubiquinone reductase 42kD subunit precursor (FBgn0019957) at 2.42, Tcp1-like 

(ATP Synthase; FBgn0003676) at 2.07, and malate dehydrogenase 2 (FBgn0262559) at 

2.01. Finally, three mitochondrial genes were associated with the MitoDrome cell rescue, 

defense, and death classification (this category includes antioxidant enzymes). Of these, the 

two that exceeded the significance threshold have been mentioned above: SOD2 

(FBgn0010213) at 2.73 and thioredoxin reductase-1 (FBgn0020653) at 2.38.

3.5. Mass spectrometry quantitation of Sod2 knockdown-induced changes in protein 
carbonylation

Higher protein carbonylation levels were also expected for the Sod2 knockdown system. As 

with Paraquat exposure, three replicate LC–MS/MS runs were collected for each of three 

full repeat experiments. Applying a PeptideProphet score acceptance threshold of 0.9, 27910 

PSMs were obtained, of which 23 were hits to decoy proteins (implying a PSM false 

positive rate of 0.16%). Rejecting the non-specifically bound proteins, 276 gene-based 

protein groups were obtained. The whole set is presented with repeat runs combined as 

Supporting Information Table S4 and with repeat preparations separated as Supporting 

Information Table S5. The Sod2 knockdown results differ from the Paraquat-exposure 

results in having two controls: the da-Gal4 driver alone and the UAS-Sod2-IR24 transgene 

alone. Comparing reporter ion ratios between these controls provides a measure of 

experimental precision. Over 24473 measurements (PSMs with a complete set of reporter 

ions that indicate D. melanogaster proteins), the average (geometric mean) da-Gal4 driver 

alone to UAS-Sod2-IR24 transgene alone control ratio was 0.92, with a two standard 

deviation range of 0.61 to 1.40. Thus, adding uncertainty due to non-specific binding, it 

seems sensible to only consider a doubling or halving of relative abundance as significant in 

this work. Using DAVID on the whole set of 276 carbonylated proteins, results are similar 

to Paraquat exposure (lipid particle remains the most significant term) with the interesting 

exception of an increase in significance for the ribosome Gene Ontology cellular component 

classification (GO:0005840; from 31 proteins/p = 3.66 × 10−11 in Paraquat exposure to 51 

proteins/p = 5.73 × 10−27 in Sod2 knockdown).

Figure 2b displays the distribution of Sod2 knockdown to da-Gal4 driver alone and UAS-

Sod2-IR24 transgene alone control ratios. When compared with exposure to Paraquat 

(Figure 2a), it is clear that Sod2 knockdown produces a much smaller increase in global 

protein carbonylation levels. The median relative abundance ratios are 1.13 (versus da-Gal4 

driver alone control) and 1.05 (versus UAS-Sod2-IR24 transgene alone control) and both 

distributions are similar. Against the da-Gal4 driver alone control, three proteins are 

observed to exceed a doubling in relative abundance on Sod2 knockdown; for the UAS-

Sod2-IR24 transgene alone control, four proteins exceed this threshold. Two proteins exceed 

doubling in abundance in both Sod2 knockdown versus control comparisons: FBgn0036766 
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(CG5506) and FBgn0031830 (CG11015). While little information is available for 

FBgn0036766 (protein BLAST can provide no functional annotation), FBgn0031830 has 

been annotated as cytochrome c oxidase subunit Vb. The observed relative abundance ratio 

for cytochrome c oxidase subunit Vb on Sod2 knockdown is 2.39 versus the da-Gal4 driver 

alone and 2.26 versus the UAS-Sod2-IR24 transgene alone control. The protein group 

defined by FBgn0031830 contains a single protein, FBpp0078918, which is supported by a 

single peptide (35 detections) with sequence, ENPNLIPSAFDAR. Since the significance of 

cytochrome c oxidase subunit Vb rests on a single peptide, the MS/MS spectrum is provided 

as Figure 4. Identification is supported by clear, unbroken runs of singly charged b- and y-

ions (six consecutive b- and twelve consecutive y-ions) in combination with few prominent, 

unexplained peaks.

Considering the complete set of 279 gene-based carbonylated protein groups identified in 

the three Sod2 knockdown repeats, a broadly similar picture is expected to that for Paraquat 

exposure (since the whole set effectively provides a list of background carbonylated 

proteins). As expected, there was extensive overlap between the systems (190 genes were 

indicated by both). Using MitoDrome, FlyBase, and DAVID annotations, 90 of 279 genes 

were associated with mitochondria. Figure 3b provides details of the distribution of these 

mitochondrial proteins using MitoDrome functional classifications. Clearly, the pattern for 

Sod2 knockdown is very similar to that for Paraquat exposure. Considering the 

mitochondrial ETC complexes, seventeen, one, eight, seven, and eleven genes associated 

with Complex I, II, III, IV, and ATP synthase, respectively. Similarly, thirteen genes were 

associated with the citric acid cycle and two with cell rescue, defense, and death (both 

antioxidant enzymes). Given the similarity of the functional classification distributions 

illustrated in Figure 3, it is clear that differences between Paraquat exposure and Sod2 

knockdown lie mostly in the magnitude of changes in carbonylated protein relative 

abundances.

4. Discussion

Paraquat exposure and Sod2 knockdown both result in significant lifespan reduction, 

locomotor dysfunction, and mitochondrial degeneration in D. melanogaster. Paraquat 

exposure is expected to result in increased O2
•− concentrations at numerous locations 

throughout the cell while the effects of Sod2 knockdown are expected to be localized to the 

mitochondrial matrix. In yeast, Sod2 knockout has been shown to result in increased 

carbonylation for specific proteins but not to lead to a significant increase in aggregate 

carbonylation [40]. Therefore, it was not surprising to observe similar levels of protein 

carbonylation for Sod2 knockdown and associated control samples using the HRP-

conjugated streptavidin western blotting approach (Figure 1c) and median carbonylated 

protein relative abundance ratios close to one for the iTRAQ approach. In contrast, elevated 

protein carbonylation was observed in the Paraquat-exposure system as expected. Western 

blot bands (Figure 1a and Figure 1b) were noticeably darker when comparing Paraquat-

exposed with control samples and the median carbonylated protein iTRAQ relative 

abundance (1.53) and biotin quantitation assay (1.36) ratios, which were broadly in 

agreement, indicated a substantial increase in aggregate carbonylation on Paraquat exposure. 

This would seem to indicate that while the impacts of Sod2 knockdown and Paraquat 
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exposure are comparable, the mechanisms through which they act are dissimilar. The Sod2-

knockdown phenotype could well be generated through an oxidative stress-related process 

that generates few carbonylated proteins. For example, the destruction of catalytic protein 

[4Fe-4S] clusters has been proposed as a mechanism for Sod2 knockout-associated O2
•− 

toxicity in yeast [11].

Applying data mining software (DAVID) to the whole set of identified carbonylated 

proteins for both Paraquat exposure and Sod2 knockdown highlighted the Gene Ontology 

cellular component term, lipid particle (GO:0005811). Lipid particles, or lipid droplets, 

consist of a neutral lipid core surrounded by a phospholipid monolayer with numerous 

associated proteins [61,62]. Cermelli et al. [63] found the lipid droplet proteome in D. 

melanogaster to be unexpectedly complicated and proposed a role for the droplets in storage 

or sequestration of excess or incorrectly folded proteins. In this work, the carbonylated 

proteins associated with the lipid particle annotation clearly include both mitochondrial and 

ribosomal proteins. Rather than actually being in storage, mitochondrial proteins might be 

present in lipid droplet preparations as impurities [64]; however, association between lipid 

droplets and RNA has been observed [65], thus indicating ribosomal localization is 

conceivable. In contrast to the uncertain association with lipid particles, the connection to 

mitochondria seems obvious. Many ETC and citric acid cycle proteins were found to be 

carbonylated, with SOD2 found to be the second most increased in abundance with respect 

to the control in the Paraquat-exposure study.

While many carbonylated proteins become more abundant in D. melanogaster exposed to 

Paraquat, none stand out. However, for Sod2 knockdown, two gene-defined protein groups 

are prominent: FBgn0036766 (from protein FBpp0074923) and FBgn0031830 (from protein 

FBpp0078918; FBgn0031830 is associated with two distinct transcripts, but only one 

protein is found in the database because the resulting sequences are identical). Since both 

stand-outs are increased in abundance on Sod2 knockdown, it seems reasonable to rule out 

off-target RNA interference effects [66]. Unfortunately, little information is available for 

FBpp0074923, but FBpp0078918 is cytochrome c oxidase (ETC Complex IV) subunit Vb. 

Complex IV catalyzes electron transfer from cytochrome c to molecular oxygen. The 

mammalian form of Complex IV is composed of fourteen subunits [67], three of which are 

encoded by mitochondrial DNA. Subunit Vb is nuclear-encoded and necessary for proper 

regulation and assembly of the complex; knockouts have been shown to lead to reduced 

Complex IV activity and increased ROS production [68]. Furthermore, age-related declines 

in mitochondrial respiration in D. melanogaster have been associated in particular with 

decreases in cytochrome c oxidase activity [69,70]. Moreover, cytochrome c oxidase subunit 

Vb concentrations were found to be reduced with respect to the mitochondria-encoded 

subunits in prostate cancer [71]. Thus, the association between subunit Vb and Sod2 

knockdown is clearly worthy of further investigation.

Immobilization of carbonylated proteins on streptavidin beads is central to this work. 

However, while the beads offered an effective means to sequester carbonylated proteins, 

since tight binding allowed extensive washing for minimization of non-specific binding, 

efficient elution could not be achieved. Therefore, on-bead tryptic digestion was performed, 

with the iTRAQ approach applied to the subsequently-eluted peptides for determination of 
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relative abundance ratios. The chief disadvantage of this approach is that, since peptides 

containing carbonylation sites remain bound to the beads, site localization is not possible. 

Efficient elution of carbonylated proteins (or carbonylated peptides after digestion) from the 

beads was difficult because the harsh conditions required typically necessitated extensive 

clean-up that resulted in significant sample losses. Conversely, the on-bead denaturation, 

reduction, and alkylation procedure performed before buffer exchange for digestion could 

have resulted in some protein loss from the beads; however, losses are expected to be small 

since streptavidin has been reported to be structurally stable in high-concentration urea 

solutions [50] and contains no disulfide bridges. Alternative approaches that promised 

carbonylated protein elution under mild conditions, such as monomeric avidin, were found 

incapable of sufficient enrichment of carbonylated proteins to be effective. However, if 

enrichment is not required, elegant alternative approaches such as the carbonyl-reactive 

iTRAQ reagents reported by Palmese et al. [72], which have the advantage of reducing the 

two labeling steps to one, become attractive. Finally, the HRP-conjugated streptavidin 

western blotting provides some indication of discrimination against high-mass proteins, 

possibly resulting from sample losses occurring during the biotin hydrazide-labeling 

procedure.

In conclusion, while the association of carbonylated proteins with lipid particles in 

conjunction with a proposed role for the lipid particle in sequestration of damaged proteins 

is interesting, it would indicate that many of the identified carbonylated proteins are merely 

awaiting destruction. In contrast, the association of carbonylated proteins with the 

mitochondria is important and anticipated. Paraquat was expected to result in widespread 

O2
•− generation and the general increase observed in carbonylated protein relative 

abundance is consistent with this expectation. Antioxidant enzymes were prominent in the 

set of carbonylated proteins most increased in abundance (Paraquat-exposed to control ratio 

> 2), but there were no outliers. Conversely, despite producing a similarly acute phenotype, 

Sod2 knockdown resulted in a much reduced global increase in carbonylated protein relative 

abundance. However, the two proteins that stood out clearly have the potential to elucidate 

aspects of the O2
•− generation process or Sod2 knockdown phenotype. Unfortunately, 

limited information is available for one of these outliers, but for the other, cytochrome c 

oxidase subunit Vb, data exists supporting a role in aging and age-related disease. Further 

research targeting these proteins could advance our understanding of the role of SOD2 and 

the mechanistic underpinnings of age-related disorders associated with mitochondrial 

dysfunction.
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Abbreviations

BCA bicinchoninic acid

DNPH 2,4-dinitrophenylhydrazine

ETC electron transport chain

HABA 4’-hydroxyazobenzene-2-carboxylic acid

HCD higher-energy C-trap dissociation

PSM peptide-spectrum match

SOD2/Sod2 Mn or mitochondrial superoxide dismutase (protein/gene)

TPP trans-proteomic pipeline
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Figure 1. 
Western blotting was used to compare protein carbonylation levels between controls and 

oxidatively stressed D. melanogaster. In all cases, whole-fly homogenates were analyzed. 

First, the OxyBlot system was used to visualize the effects of Paraquat exposure, with lanes 

shown for Paraquat-exposed and control flies along with samples processed in parallel 

where the DNPH label was omitted (a). Second, the HRP-conjugated streptavidin approach 

was applied to Paraquat exposure (b) and Sod2 knockdown (c). For Sod2 knockdown, 

“Gal4” and “IR24” indicate the controls while “Sod2” indicates the knockdown flies. 
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Elevated protein carbonylation levels are clearly visualized for Paraquat exposure, but not 

for Sod2 knockdown.
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Figure 2. 
Distribution of relative abundance ratios obtained when an MS-based proteomics approach 

was used to measure changes in carbonylated protein levels in response to Paraquat 

exposure (a) and Sod2 knockdown (b) in D. melanogaster. For the Sod2 knockdown case, 

separate distributions are provided versus the da-Gal4 driver alone and UAS-Sod2-IR24 

transgene alone control. Paraquat exposure was found to result in a greater increase in 

protein carbonylation than Sod2 knockdown.
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Figure 3. 
Distribution of MitoDrome functional classifications for the entire sets of identified 

carbonylated mitochondrial proteins from the Paraquat-exposure (a) and Sod2-knockdown 

(b) studies. Since numerous proteins were included in more than one functional class, some 

pie chart slices are annotated with a list of classification groups separated by semicolons. 

Proteins encoded by mitochondrial DNA and additional information from FlyBase and 

DAVID were also included. Carbonylated mitochondrial protein counts are 85 for Paraquat 

exposure (a) and 90 for Sod2 knockdown (b).

Narayanasamy et al. Page 20

Proteomics. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. 
MS/MS spectrum associated with the identification of cytochrome c oxidase subunit Vb 

peptide ENPNLIPSAFDAR. The inset shows the region of the spectrum containing the 

iTRAQ reporter ions: the peak at 114 represents the da-Gal4 driver-alone control, 115 the 

UAS-Sod2-IR24 transgene-alone control, and 116 the Sod2 knockdown sample (117 was not 

used but some intensity is observed due to impurities in the other reporter ions).
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Table 1

List of carbonylated proteins found in an MS-based proteomics study in D. melanogaster to be at least 

doubled in relative abundance on exposure to Paraquat.

FlyBase gene
ID used for

protein-group
construction

Associated
FlyBase gene
symbol

Associated FlyBase gene name PSM
count

Paraquat-exposed
versus control
carbonylated

protein relative
abundance ratio

FBgn0010516 wal walrus 16 2.75

FBgn0010213 Sod2 superoxide dismutase 2 (Mn) 25 2.73

FBgn0031801 CG9498 5 2.53

FBgn0024289 Sodh-1 sorbitol dehydrogenase 1 6 2.52

FBgn0003067 Pepck phosphoenolpyruvate carboxykinase 9 2.45

FBgn0019957 ND42 NADH:ubiquinone reductase 42kD subunit precursor 37 2.42

FBgn0020653 Trxr-1 thioredoxin reductase-1 14 2.38

FBgn0000556 Ef1α48D elongation factor 1α48D 42 2.36

FBgn0029823 CG3011 23 2.30

FBgn0261014 TER94 TER94 76 2.27

FBgn0020513 ade5 ade5 86 2.26

FBgn0010482 l(2)01289 lethal (2) 01289 17 2.25

FBgn0000052 ade2 adenosine 2 5 2.22

FBgn0000319 Chc clathrin heavy chain 17 2.21

FBgn0036044 CG14168 11 2.20

FBgn0260439 Pp2A-29B protein phosphatase 2A at 29B 49 2.16

FBgn0037607 CG8036 48 2.16

FBgn0001219 Hsc70-4 heat shock protein cognate 4 31 2.14

FBgn0040349 CG3699 28 2.13

FBgn0003887 βTub56D β-tubulin at 56D 15 2.09

FBgn0004047 Yp3 yolk protein 3 842 2.09

FBgn0004419 me31B maternal expression at 31B 10 2.07

FBgn0003676 T-cp1 Tcp1-like 17 2.07

FBgn0000261 Cat catalase 82 2.06

FBgn0039737 CG7920 153 2.04

FBgn0012036 Aldh aldehyde dehydrogenase 43 2.01

FBgn0262559 Mdh2 malate dehydrogenase 2 637 2.01

FBgn0019830 colt congested-like trachea 9 2.01
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