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Abstract

Lysophosphatidic acid (LPA) is a growth factor for many cells including prostate and ovarian

cancer-derived cell lines. LPA stimulates H2O2 production which is required for growth.

However, there are significant gaps in our understanding of the spatial and temporal regulation of

H2O2-dependent signaling and the way in which signals are transmitted following receptor

activation. Herein, we describe the use of two reagents, DCP-Bio1 and DCP-Rho1, to evaluate the

localization of active protein oxidation after LPA stimulation by detection of nascent protein

sulfenic acids. We found that LPA stimulation causes internalization of LPA receptors into early

endosomes that contain NADPH oxidase components and are sites of H2O2 generation. DCP-

Rho1 allowed visualization of sulfenic acid formation, indicative of active protein oxidation,

which was stimulated by LPA and decreased by an LPA receptor antagonist. Protein oxidation

sites colocalized with LPAR1 and the endosomal marker EEA1. Concurrent with the generation of

these redox signaling-active endosomes (redoxosomes) is the H2O2- and NADPH oxidase-

dependent oxidation of Akt2 and PTP1B detected using DCP-Bio1. These new approaches

therefore enable detection of active, H2O2-dependent protein oxidation linked to cell signaling
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processes. DCP-Rho1 may be a particularly useful protein oxidation imaging agent enabling

spatial resolution due to the transient nature of the sulfenic acid intermediate it detects.

Keywords

protein oxidation; cysteine modifications; LPA signaling; proliferative signaling; lipid mediators

Lysophosphatidic acid (LPA) is a lipid growth factor that is found in high concentrations in

the ascites fluid and plasma of ovarian cancer patients [1, 2] and acts as an autocrine

mediator of prostate cancer cell growth [3] and migration [4]. LPA promotes proliferation,

survival, and migration in prostate cancer cells through LPA receptor 1 (LPAR1)-mediated

activation of NF-κB [5, 6], and multiple cell types respond to LPA through activation of

protein kinase B/Akt and extracellular signal-related kinase (Erk) [1, 4, 7]. LPA receptors

are members of the G-protein coupled receptor (GPCR) family and are strong positive

regulators of metastatic phenotypes [4, 8-10]. A number of cancer cell types, including

ovarian and prostate cancer-derived cell lines, exhibit elevated levels of both LPA synthetic

enzymes and receptor proteins linked with LPA signaling [5, 6, 11]. Thus, alterations in

LPA-dependent signaling appear to be key factors driving many metastatic cancers.

Reactive oxygen species (ROS), and particularly superoxide (O2*−) and H2O2, specifically

generated by NADPH oxidase (Nox) complexes in response to growth factor stimulation are

intimately involved in the regulation of signaling pathways downstream of receptor tyrosine

kinases like epidermal growth factor receptor (EGFR) and platelet-derived growth factor

receptor (PDGFR) [12-14]. PDGF was the original growth factor recognized in 1995 to

require H2O2 as a signaling mediator for effective mitogenic responses [14]; later the same

year, Chen et al. demonstrated that H2O2 is required for full activation of the MAP kinase

pathway by LPA in HeLa cells [15]. A later study of HaCaT keratinocytes by Sekharam et

al. demonstrated that H2O2 required for LPA-stimulated DNA synthesis was elicited by

lipoxygenases and their products in this cell type. Another study with vascular smooth

muscle cells in 2007 implicated Rac and Nox in ROS generation associated with LPA-

induced proliferation, a process which is potentially linked to atherogenesis [16]. Our 2010

studies with SKOV3 ovarian cancer cells demonstrated that LPA stimulation of cell growth,

ERK and Akt phosphorylation, and NF-κB activation all require the generation of ROS [7].

We also found that growth of the SKOV3 cells was blocked by the LPA receptor antagonist

VPC32183 which shows the role of endogenously-produced LPA in cell growth and

survival. The LPA-dependent signaling was also blocked by PEG-catalase, further

indicating the importance of H2O2 in proliferative signaling.

While the evidence for ROS and H2O2 in various signaling pathways is becoming more

established, questions regarding their spatial and temporal control remain. For example, how

is an ROS “burst” achieved in the relevant location without nonspecific or toxic effects on

other molecules? PMN have solved this dilemma in bacterial killing by concentrating

superoxide and other ROS in phagosomes. However, it is less clear how the localization and

specificity of ROS are controlled in non-phagocytic cells, particularly with highly diffusible

H2O2. Some stimuli, like the cytokine interleukin 1β (IL-1β), require the formation of
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endosomes for the appropriate signaling output to be achieved, whereas others, such as EGF

and PDGF, rely on endocytosis for specific subsets of downstream responses [17]. In those

pathways that are dependent on both ROS generation and receptor endocytosis, luminal

superoxide is generated by activated Nox in redox-active endosomes, subsequently forming

H2O2 through dismutation [18]. The neutral H2O2 can diffuse through membranes and

potentially oxidize proteins localized around the receptor-containing endosomes. These

specialized ROS signaling endosomes were previously referred to by Oakley et al. as

redoxosomes and we will adopt this nomenclature here [17].

While much has been learned in recent years about the roles protein oxidation by H2O2 may

play in cell signaling, we are clearly at a very early stage in achieving a molecular

understanding of how H2O2-mediated oxidation influences cell signaling. The overall

effects of Nox activation and H2O2 production are often characterized as promoting the

downstream signaling outputs, but the molecular effects may be better described as

“shaping” the overall context through which signal transduction interactions take place. It is

now well documented that H2O2 can enhance phosphorylation cascades through the

oxidative inactivation of protein tyrosine phosphatases (PTPs) [19, 20]. However, not every

oxidation will inhibit a protein and/or have overall signal-promoting effects. As with

phosphorylation, oxidation events will almost certainly have quite distinct effects depending

on the protein and site of oxidation as well as the timing, the subcellular location, and the

specific oxidation product(s) formed.

In H2O2-mediated oxidation, the most likely targets in proteins are cysteine residues. This

two-electron chemistry results in the formation of a cysteine sulfenic acid (R-SOH) on the

protein and the reduction of H2O2 to H2O. Sulfenic acids then readily react with proximal

thiols to generate disulfide bonds with cysteine thiols in proteins or with glutathione. In the

absence of thiols, R-SOH may be stabilized or form a variety of other products; further

reaction with additional peroxide molecules can form the irreversibly oxidized sulfinic and

sulfonic acids, or a proximal nucleophilic amine or amide nitrogen can attack the SOH and

reversibly form a sulfenamide and H2O. Thus, crosslinks, conformational changes and/or

reorganized local structures can result from the oxidation of cysteine residues [21]. It is now

well established that cysteine thiols vary greatly in their reactivity to oxidants and

electrophiles [22, 23]. The reactivity of cysteines toward H2O2 is minimal for protonated

thiols in the absence of catalysts like metals, greater for (deprotonated) thiolates (to a

maximum of ~20 M−1 s−1 in small molecules), and in some cases, like the specialized active

sites of peroxiredoxins (Prxs), as fast as 107 – 108 M−1 s−1, accelerated through strategic

positioning of active site threonine and arginine residues [24, 25]. There are kinetic

arguments that abundant antioxidant proteins like Prxs and perhaps glutathione peroxidases

would outcompete other proteins as “targets” for intracellular H2O2 [25, 26], but the

limitations in our ability to assess signaling-relevant protein oxidation, particularly in situ in

cells, have made this difficult to assess. The goal in this area continues to be to establish

signaling proteins and pathways influenced by oxidation as it occurs in cells, and to

determine the molecular and kinetic details associated with these changes in different

cellular settings.
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In an effort to determine molecular changes in cells associated with localized production of

signaling-relevant H2O2, we describe herein the use of recently-developed chemical

trapping reagents designed to label sulfenic acids in situ in cells as they are formed. These

reagents, among a set of new chemical probes recently introduced by us and others [22,

27-30], have the potential to report on the status of protein redox states not only from

proteins labeled during lysis and analyzed by Western blot or mass spectrometry, but also

after labeling intact cells, followed by biochemical or imaging analysis to evaluate sites of

protein oxidation relative to locations of other cellular components. In addition to our

affinity probe, DCP-Bio1 (for identification of oxidized proteins), we describe here the use

of a fluorescent oxidation-sensing probe, DCP-Rho1, for visualization of sites of protein

oxidation within both ovarian and prostate cancer-derived cells. Thus, for the first time, we

have been able to demonstrate the colocalization of protein oxidation sites with internalized

LPA receptors as well as an early endosome marker, consistent with the LPA-induced

formation of receptor-bearing endosomes associated with activated Nox components (i.e.,

redoxosomes). By targeting the first intermediary product, sulfenic acid, for labeling by our

fluorescent probe, our approach may allow a degree of temporal resolution as nascent

sulfenic acids are detected whereas subsequently formed disulfide-bonded proteins are not.

Furthermore, our data demonstrate the dependence of the observed protein oxidation on

LPA-mediated receptor activation, Nox activation, and H2O2 generation based on treatment

with targeted pharmacological agents. Notably, this new linkage of protein oxidation to

GPCR activation and subsequent redoxosome formation supports the view that targets of

oxidation should be colocalized with sites of ROS formation.

MATERIALS AND METHODS

Reagents and Antibodies

Primary antibodies for Western blots to p44/42 MAP Kinase (ERK), phospho-p44/42 MAP

Kinase (Thr202/Tyr204) (p-ERK), and phospho-SAPK/JNK (Thr183/Tyr185) (p-JNK) were

from Cell Signaling Technology. Antibodies to EEA1, SHP-2, Akt2, β-actin and p47-phox

were from Santa Cruz Biotechnology, and the antibody toward LPAR1 and the

corresponding blocking peptide were purchased from Cayman Chemical Company.

AlexaFluor fluorescent secondary antibodies, DCFH diacetate, RPMI 1640 medium,

Lipofectamine, and Opti-MEM I + Glutamax media were from Invitrogen. The pNiFty-

SEAP reporter plasmid was from InvivoGen; the plasmid for expression of HyPer was from

Evrogen. PEG-catalase was from Sigma, and apocynin and anti-PTP1B antibodies were

from Calbiochem. Antibody to Salmonella typhimurium AhpC was purified from rabbit

serum. Diphenyleneiodonium (DPI) chloride was from Calbiochem. Fetal bovine serum was

from Lonza. Nitrocellulose membranes were from Schleicher and Schuell and Western

Lightning chemiluminescence reagent was from Perkin Elmer. VPC32183 and alkyl- and

acyl-linked 18:1 lysophosphatidic acid [1-(9Z-octadecenyl)-2-hydroxy-sn-glycero-3-

phosphate (ammonium salt), and 1-oleoyl-2-hydroxy-sn-glycero-3-phosphate (sodium salt),

respectively] were from Avanti Polar Lipids, Inc.

DCP-Bio1 and DCP-Rho1 were synthesized as described previously [29].
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Cell Culture and Treatments

PC3 and SKOV3 cells (from ATCC stocks) were grown, maintained, and, unless otherwise

indicated, treated at 37°C with 5% CO2 in RPMI 1640 medium supplemented with 10%

fetal bovine serum, L-glutamine, penicillin and streptomycin. LPA, supplied in chloroform,

was dried under a stream of nitrogen, resuspended to a concentration of 1 mM in phosphate

buffered saline (PBS) containing 1% fatty acid free bovine serum albumin (BSA), then

diluted into culture medium to indicated concentrations. VPC32183 was resuspended and

stored at a concentration of 1 mM in PBS containing 3% fatty acid free BSA before dilution

into culture medium.

DCF Fluorescence Analyses

For ROS measurement by DCF fluorescence, cells were pre-incubated with serum-

containing media (and, where indicated, 400 U/mL PEG-catalase) overnight, then treated or

not with 1 μM VPC32183, 1 μM DPI, or 500 nM apocynin for 30 min prior to incubation

with or without 100 nM alkyl-LPA (18:1) for 30 min. Cells were incubated with 50 μM

DCFH diacetate for the final 10 min of LPA treatment, then washed and visualized using an

Olympus inverted epi-fluorescence microscope with FITC filters.

Western Blotting

For Western blotting, cells were plated at 2.5 × 105 cells per dish in 35 mm dishes, treated or

not with pharmacological agents, then washed with cold, calcium-free PBS, scraped into

lysis buffer (50 mM Tris-HCl, 100 mM NaCl, 2 mM EDTA, 0.1% SDS, 0.5% sodium

deoxycholate, 1 mM PMSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 50 mM NaF, and 1

mM sodium vanadate), sonicated, and centrifuged to remove cell debris. Protein

concentration was measured (Pierce BCA protein assay) and samples (typically 40 μg

protein/lane) were resolved on 10 or 12% SDS polyacrylamide gels, then transferred to

nitrocellulose membranes, probed with protein-specific antibodies and visualized using

Western Lightning chemiluminescence reagent.

DCP-Bio1 Labeling and Affinity Capture

PC3 or SKOV3 cells (~5 × 105) were grown in 100 mm plates for 48 h as described above,

and preincubated with 400 U/ml PEG-catalase (added the night before) in some cases, or in

other cases with reagents (1 μM VPC32183, 500 nM apocynin, or 20 mM N-acetylcysteine)

added 30 min prior to LPA treatment. After incubation of 100 nM alkyl-LPA with the cells

for 30 min, DCP-Bio1 was added with the lysis buffer to chemically trap sulfenic acid

proteins using previously described methods [31] with slight modifications. Lysis buffer was

freshly prepared without phosphatase inhibitors or EDTA (50 mM Tris-HCl, 100 mM NaCl,

0.1% SDS, 0.5% sodium deoxycholate, 1 mM PMSF, 10 μg/ mL aprotinin, and 10 μg/ mL

leupeptin) and supplemented with 1 mM DCP-Bio1, 10 mM NEM, 10 mM iodoacetamide,

100 μM DTPA and 200 U/mL catalase. Lysis buffer (150 μL/plate) was added to each plate,

then cell samples were scraped from the plates, transferred to Eppendorf tubes, incubated on

ice for 30 min and stored at −80°C. For affinity capture and elution of the labeled proteins

[32], unreacted DCP-Bio1 was removed immediately upon thawing using a BioGel P6 spin

column, then samples were assayed for protein concentration, diluted into 2M urea to 1.6
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mg/mL protein, and supplemented with pre-biotinylated AhpC (1 μg/500 μg of total lysate)

to control for the efficiency of the affinity capture and elution procedures. Samples were

precleared with Sepharose CL-4B beads (Sigma), then applied to plugged columns

containing high capacity streptavidin-agarose beads from Pierce and incubated overnight at

4 °C. Multiple stringent washes of the beads were performed (at least 4 column volumes and

two washes each) using, in series, 1% SDS, 4M urea, 1M NaCl, 10 mM DTT, 50 mM

ammonium bicarbonate and water, before elution with 50 mM Tris-HCl, pH 8, containing

2% SDS and 1 mM EDTA (1 μL/4 μL starting lysate) [32]. Samples were stored at −80°C as

needed and analyzed by Western blot as described above.

Immunofluorescence

For immunofluorescence studies, 5 × 104 cells were plated in 2 mL of media in 2-well

chambered coverslips and incubated for 48 h, then treated (or not) with LPA for 30 min in

the presence or absence of signaling or ROS modulators as described for the DCF and DCP-

Bio1 labeling procedures, rinsed with PBS, and fixed with 10% formalin for 20 min. Cells

were washed 3 times with 0.1 mM glycine in PBS containing 2% fetal bovine serum, then

permeablized for 15 min with 0.1% Triton-X100 in PBS (PBS-T). After washing 3 times

with PBS-T, samples were blocked with 2% BSA in PBS-T for one hour, then incubated

with primary antibodies (1:100 dilution) overnight at 4 °C in 2 % BSA in PBS-T. After

washing with PBS-T, AlexaFluor-labeled secondary antibodies diluted 1:1000 were added

and incubated for 2 h at 24 °C, then washed again with PBS-T and imaged. Labeled cells

were visualized by confocal microscopy using a Zeiss LSM510 laser scanning confocal

microscope with a 63X water-corrected lens, or a Zeiss LSM710 laser scanning confocal

microscope for cells prepared in conjunction with DCP-Rho1 labeling (see below). Imaging

of LPAR1 employed a goat anti-rabbit AlexaFluor488 secondary antibody with excitation at

488 nm and emission at 505 – 550 nm; p47-phox or EEA1 imaging (when combined with

LPAR1 labeling) employed donkey anti-goat AlexaFluor546 secondary antibodies detected

with excitation at 543 nm and a long pass 560 nm emission filter.

DCP-Rho1 labeling and visualization

Cells (5 × 104) were plated in chambered coverslips and grown for 48 hours. Where

indicated, cells were pre-incubated with 400 U/ml PEG-catalase overnight, or with 1 μM

VPC32183, 1 μM DPI, or 500 nM apocynin for 30 min, followed by treatment with or

without 100 nM alkyl-LPA for 30 min. DCP-Rho1 at 10 μM was added for the final 10 min

of LPA stimulation, then cells were washed extensively with RPMI containing 10% fetal

bovine serum, then PBS, before fixation in 10% formalin and subsequent

immunofluorescence analyses for other cellular components as described above. Cells were

imaged using a Zeiss LSM 710 confocal microscope, with excitation at 488 nm and

emission at 493 – 547 nm (for the LPAR1, β-actin or EEA1 signals) or excitation at 561 nm

and emission at 566-703 nm (for the DCP-Rho1 signal). For acquisition of the fluorescence

images, the gain, laser power and other settings were held constant between conditions,

intensity values were kept in the linear range, and the absence of crossover and bleedthrough

between channels was confirmed. As controls for specific fluorescence labeling of the cells,

one set of samples was simultaneously incubated with both the DCP-Rho1 and 50 μM

dimedone, a non-fluorescent compound which also reacts with sulfenic acids
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(Supplementary Fig. 1b). Another set was incubated with the synthetic precursor of DCP-

Rho1, DCP-Rho1SP (Supplementary Fig. 1a, showing the protecting group at the reactive

center) under the same conditions as the DCP-Rho1 labeling experiments (Supplementary

Fig. 1b).

Image Analysis and Quantitation

Analysis of the overall fluorescence intensity of the DCFH diacetate-treated samples was

conducted using Image J software. For DCP-Rho1-labeled samples, Volocity software

(Perkin-Elmer) was used to extract fluorescence intensity values for manually-defined cell

and background areas (with cell boundaries confirmed by DIC). To correct for background

fluorescence, an area-adjusted background intensity level was subtracted from the total

intensity measured for each cell and expressed on a per cell basis [33]. One way Analysis of

Variance (ANOVA) followed by Tukey’s Honestly Significant Difference (HSD) for Post-

Hoc Analysis was conducted for the multiple treatments used in the DCF fluorescence

analysis and DCP-Rho1 intensity analysis.

Image J (version 1.44p) software [Just Another Colocalisation Plugin (JACoP)] [34] was

used to evaluate colocalization of LPAR1 with EEA1 and p47, and of DCP-Rho1

fluorescence with LPAR1, EEA1 and β-actin. After setting thresholds (using the same

percentages of selected pixels across images and experiments), the Manders’ coefficients

were determined from the summed intensities of those pixels in the red channel (e.g., for the

DCP-Rho1 signal) for which the other (green) signal is also above the threshold, divided by

the summed intensities of all red pixels (defined as M2 according to [34]) (Fig. 4d). The

converse of M2, M1, gives the fraction of colocalized green pixel summed intensities.

Statistical analyses were conducted by Students’ two-tailed t-test for the effects of LPA on

Manders’ colocalization coefficients.

RESULTS

LPA Stimulation of SKOV3 and PC3 Cells Results in Nox-Mediated Hydrogen Peroxide
Production

In previous work with SKOV3 cells we established that both Nox activity and H2O2

generation were required for LPA-dependent NF-κB activation as well as ERK and Akt

phosphorylation [7]. To extend this observation to other cancers we tested PC3 prostate

cancer cells and found that they also exhibited increased ERK and JNK phosphorylation in

response to LPA (Supplementary Fig. 2a) as well as increased NF-κB-mediated

transcription (Supplementary Fig. 2b). As with the SKOV3 cells, exogenous alkyl-linked

LPA [1-(9Z-octadecenyl)-2-hydroxy-sn-glycero-3-phosphate] was more effective in

activating these pathways than was the corresponding acyl-linked LPA (1-oleoyl-2-hydroxy-

sn-glycero-3-phosphate) which had comparable effects at higher concentrations.

LPA is released by activated platelets and therefore present in serum [35], and is synthesized

by cancer cells like SKOV3 and PC3 even in the absence of serum; because of this, these

cells are continuously undergoing LPA stimulation. In support of this, addition of

VPC32183, a receptor antagonist of LPA receptors 1 and 3 (LPAR1 and LPAR3), to serum-
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deprived or serum-supplemented SKOV3 cells inhibits their growth based on decreased cell

number. On the other hand, addition of exogenous LPA further stimulates cell growth in

both conditions [7]. As ROS generation tracked with growth effects in SKOV3 cells treated

with LPA or VPC32183 in these experiments [7] and has also been observed in other LPA-

treated cancer cells, as well [15, 36], we began our assessments of ROS effects in LPA-

stimulated PC3 cells with experiments that utilized fluorescence detection of 2′,7′-

dichlorodihydrofluorescein (DCFH) diacetate oxidation to dichlorofluorescein (DCF). As

with SKOV3 cells, LPA stimulation of PC3 cells led to a strong increase in the DCF

fluorescence (Fig. 1) which was blocked by the receptor antagonist, VPC32183. This LPA-

linked increase in DCF fluorescence was also blocked by two Nox inhibitors,

diphenyleneiodonium (DPI), which is a general inhibitor of flavoproteins including Noxs

and nitric oxide synthases, and apocynin, which inhibits p47 recruitment to Nox2 complexes

[37] (Fig. 1b). These data strongly suggest that both receptor activation and Nox activation

(likely Nox2 based on the inhibition by apocynin) are responsible for ROS generation in

LPA-stimulated SKOV3 and PC3 cells.

Activation of Nox generates superoxide which is rapidly dismutated to H2O2 either

nonenzymatically or by superoxide dismutase. DCF fluorescence increases can be caused by

various ROS, including products of H2O2 and/or self-propagating redox cycling reactions

induced by the DCF radical once formed, and must be interpreted with caution [38]. To help

evaluate whether or not H2O2 was a key oxidant elicited by LPA signaling, we assessed the

ability for a specific cell permeable scavenger of H2O2, PEG-catalase, to modulate the DCF

fluorescence observed upon LPA addition. As the DCF fluorescence signal observed after

LPA addition was decreased by addition of PEG-catalase, H2O2 is likely involved in LPA-

induced processes leading to DCFH oxidation. Further proof that H2O2 levels are strongly

affected by LPA signaling was obtained using the H2O2-specific redox sensor HyPer [13],

which showed increases in fluorescence intensity from 5-30 minutes after LPA stimulation

(Supplementary Fig. 3).

LPA Receptor (LPAR1) Undergoes LPA-Induced Internalization and Colocalizes With Early
Endosomes and p47phox

Endocytic trafficking of LPA-stimulated LPAR1 occurs through both clathrin- and β-

arrestin-mediated pathways and plays multiple roles in signal transduction and

desensitization [39-41], and although not previously evaluated, receptor internalization

could be linked with the ROS generation observed above. To confirm that exogenous LPA

led to increased receptor internalization in PC3 cells, we exposed intact cells to a low

concentration of trypsin and performed a western blot of the resulting lysate to evaluate the

amount of un-cleaved LPAR1, which represents the protected, internalized fraction of the

receptor (Supplementary Fig. 4). We observed that PC3 cells treated with exogenous LPA in

either the presence or absence of serum respond by significantly increasing the fraction of

internalized LPA receptor (Supplementary Fig. 4).

In experiments designed to evaluate other components associated with LPA-stimulated

LPAR1 internalization in PC3 cells, immunofluorescence images collected with anti-LPAR1

antibody (see Supplementary Fig. 5 for control images with blocking peptide) show
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extensive association with an early endosomal marker, EEA1, both before and after

exogenous LPA addition (Fig. 2a, with a Manders’ colocalization coefficient of ~0.8 for the

fraction of summed EEA1 pixel intensities colocalized with LPAR1). Furthermore, the

LPAR1 signal significantly colocalizes (colocalization coefficient of ~0.85) with p47phox

(Fig. 2b), one of the cytosolic components recruited during Nox2 activation which serves an

organizing role in bringing p67phox and p40phox to join Nox2 (gp91phox) and p22 at the

membrane [42]. Thus, endosomes forming during LPA-stimulated LPA receptor

internalization contain activated Nox complexes, forming the ROS-generating endosomes

referred to as redoxosomes [17].

Evidence Using the Sulfenic Acid Probe DCP-Rho1 that LPA Induces Protein Oxidation
Around LPAR1-Containing Redoxosomes

Elevated H2O2 associated with receptor-containing redoxosomes resulting from signaling by

growth factors is likely to cause local protein oxidation, but a direct link between

redoxosome formation and protein oxidation has not been established. To detect actively-

occurring protein oxidation, we turned to our recently-developed chemical biology

approaches for labeling oxidized proteins at sulfenic acid sites [29, 31, 32, 43-46]. Two of

these probes, DCP-Bio1 and DCP-Rho1, covalently tether biotin or a rhodamine

fluorophore, respectively, to proteins bearing sulfenic acid modifications for subsequent

affinity capture or fluorescence detection (Fig. 3). Both DCP-Bio1 and DCP-Rho1 are cell

permeable and can be used to label sulfenic acid-containing proteins either in intact cells or

at the time of lysis [31, 32]. In experiments described below, we have found that after

labeling intact cells with DCP-Rho1, cells can be fixed, permeabilized, washed extensively

to remove unreacted probe, then visualized to observe the amount and location of sulfenic

acid-containing proteins.

Using DCP-Rho1 imaging after labeling of intact SKOV3 cells, we observed a significant

increase in DCP-Rho1 intensities of SKOV3 cells following treatment with LPA (Fig. 4)

indicating that protein oxidation is increased in SKOV3 cells in response to LPA

stimulation. In contrast, when cells were treated with the receptor antagonist, VPC32183,

the signal was decreased to a level significantly below that of untreated cells (Fig. 4b),

demonstrating the involvement of LPA receptors (likely LPAR1 or LPAR3) in mediating

the LPA-dependent enhancement of protein oxidation. Lower DCP-Rho1 fluorescence was

also detected when cells were pretreated with apocynin, DPI or PEG-catalase, further

supporting the role of Nox proteins and hydrogen peroxide in mediating protein oxidation in

this system. Importantly, control experiments using (i) pretreatment of cells with excess

dimedone prior to DCP-Rho1 addition, or (ii) replacement of DCP-Rho1 with its non-

reactive synthetic precursor (DCP-Rho1SP) demonstrated little or no fluorescent labeling of

the cells, highlighting the chemical specificity of the DCP-Rho1 labeling (Supplementary

Fig. 1).

To test the hypothesis that enhanced protein oxidation due to LPA signaling was localized to

the region surrounding the LPAR1-containing endosomes, we evaluated the degree to which

the DCP-Rho1 fluorescence colocalized with intracellular markers for β-actin, early

endosomes (EEA1), and LPAR1 in cells that were either untreated or treated with
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exogenous LPA (Fig. 5). DCP-Rho1 images and immunostaining for LPAR1 showed a

strong correlation between sites of protein oxidation and LPAR1-positive pixels in both PC3

(Fig. 5a) and SKOV3 cells (Fig. 5b), although the oxidation signal is typically more

widespread across the cell; this is expected since redox-linked processes are always active in

living cells. To quantitatively assess colocalization of the red and green signals, the

Manders’ coefficient was used to compute the fraction of summed DCP-Rho1 pixel

intensities that colocalized with the green signal (LPAR1, EEA1 or β-actin); thresholds were

set in order to select the same percentages of positive pixels across all images and

experiments. By this measure, the protein oxidation signal was shown to be significantly

correlated with pixels that were positive for LPAR1 in untreated cells (at 50%), and the

correlation increased to almost 70% upon addition of exogenous LPA (Fig. 5c). Analysis of

these data using the conversely-defined Manders’ coefficient (assessing the fraction of green

signal that colocalized with DCP-Rho1) gave very similar results (Supplementary Fig. 6a).

These findings were also corroborated in a separate analysis which showed that the pattern

with which DCP-Rho1 intensity increased or decreased across the cell was highly correlated

with the pattern of LPAR intensity (Supplementary Fig. 6b). In contrast, only ~20% of the

DCP-Rho1 signal colocalized with the green signal after counterstaining for β-actin;

importantly, the addition of LPA did not significantly change this relationship (Fig. 5c). By

this same approach, a modestly larger fraction of the DCP-Rho1 fluorescence colocalized

with EEA1 (~25%) which is representative of a heterogeneous population of early

endosomes; importantly, this fraction was significantly increased by the addition of LPA (to

35%), consistent with a greater fraction of the endosomes being ROS-producing

redoxosomes. Together, these data indicate that stimulation and internalization of LPAR1 by

LPA leads to the generation of H2O2 within and around these redoxosomes (presumably

through the activation and recruitment of Nox complexes) and leads to a high relative

concentration of oxidized proteins in and around these endosomes.

LPA-Stimulated Hydrogen Peroxide Oxidizes Key Signaling Proteins

Having established that protein oxidation in proximity of LPAR1-containing endosomes is

upregulated by LPA and Nox activation, we set out to determine whether several

oxidatively-regulated signaling proteins known to be involved in LPA-mediated growth

signaling were part of the redox-sensitive signaling networks regulated by redoxosome

formation. For this we chose two protein tyrosine phosphatases, PTP1B and SHP-2, that are

known to be inhibited by oxidation to sulfenic acid, its reversible condensation product

sulfenamide, and/or subsequent disulfide-bonded products. These two phosphatases are also

involved in LPA-mediated growth signaling [47-50]. We also chose an isoform of Akt,

Akt2, that is inhibited by oxidation in a way that functionally supports PDGF-regulated

glucose uptake in NIH 3T3 cells [45]. Importantly, all three proteins have previously been

shown to be labeled by DCP-Bio1 or closely-related dimedone-based probes [32, 45, 51].

For labeling of cellular proteins with a biotinylated sulfenic acid trapping agent and affinity

capture of proteins undergoing active oxidation, we lysed the cells in the presence of DCP-

Bio1 (on ice for 30-60 min) with precautions taken to minimize artifactual protein oxidation

[31, 32]. To suppress thiol-disulfide rearrangements, sulfenic acid-thiol reactions, and post-

lysis oxidations, cells were harvested into lysis buffer containing catalase to scavenge H2O2
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and both iodoacetamide and N-ethlymaleimide to covalently trap reactive thiol groups. This

protocol was shown to prevent the post-lysis oxidation of OxyR, a highly peroxide-sensitive

bacterial transcription factor used in our earlier work to assess and minimize artifactual

oxidation during lysis of cultured cells [31, 32]. PC3 cells grown in the presence of serum

were labeled with DCP-Bio1 without treatment and after addition of LPA for 30 min. The

labeled proteins were then affinity captured using streptavidin beads, washed extensively to

remove any associated unlabeled proteins, and subjected to identification of the affinity-

captured proteins by Western blot.

Using DCP-Bio1, PC3 cells show strong labeling of oxidized PTP1B protein after LPA

stimulation for 30 minutes (Fig. 6). We also observe that DCP-Bio1 incorporation is

significantly increased in Akt2 at 30 min after LPA stimulation. This signal likely

corresponds to oxidation of Cys124 in the linker region between the catalytic and regulatory

domains, as previously demonstrated in PDGF signaling [45]. In both Akt2 and PTP1B, the

labeling is not observed if receptor antagonist or redox modulators are added to the cells

(Fig. 6), suggesting that we are catching a biologically meaningful oxidation event.

Interestingly, SHP-2 is significantly labeled by this reagent, indicating that dimedone is able

to capture the sulfenic acid in spite of its propensity to form subsequent disulfides [47]. This

result indicates that SHP-2 is undergoing active redox cycling during normal, growth in

these cells. However, unlike PTP1B and Akt2, the degree of SHP-2 labeling does not change

with any of the treatments, suggesting that its oxidation is not directly mediated by LPA-

stimulated ROS. Lack of response of SHP-2 sulfenic acid levels to LPA signaling and ROS-

suppressing treatments strongly suggests distinct localization of these three proteins, with

only PTP1B and Akt2 undergoing localized oxidation proximal to the LPAR1- and Nox-

containing redoxosomes. SHP-2 is well known for its association with other signaling and

scaffolding proteins involved in receptor tyrosine kinase signaling [52] and in this system

appears not to be colocalized with the redoxosomes.

DISCUSSION

Studies of ROS have traditionally focused on the harmful or damaging effects of these

oxidizing molecules, and indeed, cells must properly respond to high levels of endogenous

or exogenous ROS as a stress or toxin in order to survive. But while ROS are notorious for

the roles they play in development and/or progression of numerous diseases including

cancer, diabetes and neurodegenerative diseases, they are also generated by regulated

proteins and processes and are important and often essential in shaping the course of signal

transduction networks in cells. Yet significant questions are raised by this relatively newly

recognized role for ROS. For example, how is the specificity of these oxidants maintained

so that non-specific and toxic effects can be minimized while appropriate signals are sent?

How are the ROS involved in specific signaling pathways generated at high enough

concentration inside the cell to oxidize relatively slowly-reacting targets without being

rapidly scavenged by the oxidant defense systems present throughout the cell? One

attractive model for the localization of ROS generation and the efficient transmission of

redox-dependent signals is through the generation of redox-active signaling endosomes.

These redoxosomes provide a site where proteins in and around these ROS generators are

concentrated and serve as targets for the ROS produced locally (Fig. 7). We report here a
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novel approach which demonstrates the generation of redoxosomes during the course of

LPA-directed signal transduction as sites of ROS generation and now, imaged for the first

time, as sites of localized protein oxidation. Our observations thus demonstrate redoxosome

formation as a mechanism for localizing signaling proteins to be subjected to oxidation and

for the efficient transmission of redox-dependent signals allowing LPA, and likely many

other types of redoxosome-dependent signaling molecules, to shape the responses that

ensue.

Demonstration of Akt2 and PTP1B oxidation resulting from LPA-induced endosome

signaling and H2O2 generation provides an indication that peroxide defense enzymes like

peroxiredoxins and glutathione peroxidases are not the exclusive recipients of oxidizing

equivalents generated through Nox activation. Because sulfenic acid detection picks up only

the initial and transient oxidation state formed upon direct oxidation of cysteine with H2O2,

our evidence indicates that these signaling proteins are serving as direct targets for this

oxidant rather than becoming oxidized secondarily by an intervening peroxidase, which

would instead generate disulfides through thiol-disulfide exchange. Peroxiredoxins and

glutathione peroxidase activities, while very high under ideal circumstances, may not be

efficiently recycled during oxidative bursts, and/or they may be rendered less active or

inactive by modifications like phosphorylation, as demonstrated by the Rhee group [53], or

even oxidant hypersensitivity, as put forward in the “floodgate” hypothesis by our group

[54]. It seems likely that the various direct and indirect models for redox regulation of

signaling proteins may be true in certain circumstances and contribute to different extents in

various signaling networks and cellular conditions. Further clarification of the relative

importance of various redox signaling models should become possible with the rapid

development and improvement in chemical biology tools to test these models.

Previous studies using DCP-Bio1 and similar cysteine sulfenic acid-targeted reagents have

helped link protein oxidation to such processes as T-cell and B-cell proliferation and

differentiation [43, 55], angiogenesis [44, 46], insulin and PDGF responses [45, 56], and

tyrosine kinase signaling through EGF receptor [51]. In our view, the targeting of this often

transient intermediate in protein oxidation makes it ideal not only for capturing information

about the specific sites within proteins that are directly modified by oxidants through

affinity-based approaches, but also for reporting on active protein oxidation processes within

cells. We propose that the temporal resolution provided by using our novel compound, DCP-

Rho1, to detect newly-formed sulfenic acids present near sites of ROS generation leads to

the spatial resolution of the signal we observe. Thus, the signal tapers off in more distant

locations as the maturation of the oxidation product yields (primarily) disulfide bonds.

Localization of proteins in signaling complexes is a common theme for regulating such

posttranslational modifications as phosphorylation and acetylation. Localized ROS

generation has also been a developing theme in the literature [57], now supported by our

new data. While we identify two signaling proteins, Akt2 and PTP1B, as endosomal H2O2

targets functionally altered by oxidation, there are undoubtedly additional important players

yet to be identified. Because other GPCR signaling pathways have also been shown to

involve ROS and share many of the same kinases and phosphatases, our findings of

localized protein oxidation occurring proximal to LPA receptor-containing endosomes may

have much broader implications for GPCR-linked signaling mechanisms of therapeutic
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interest. Indeed, the strong connections of GPCRs and receptor tyrosine kinases to

proliferative signaling associated with cancers [52, 58], as well as the high levels of ROS

observed in cancer cells [59], make it imperative to better understand how ROS regulate and

modulate proliferative and metastatic pathways in normal and pathological settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

LPA lysophosphatidic acid

LPAR LPA receptor

ERK extracellular signal-related kinase, p44/42 MAP kinase

GPCR G-protein coupled receptor

ROS reactive oxygen species

Nox NADPH oxidase

EGF epidermal growth factor

EGFR EGF receptor

PDGF platelet-derived growth factor

PDGFR PDGF receptor

PTP protein tyrosine phosphatases

DCP-Bio1 3-(2,4-dioxocyclohexyl)propyl 5-((3aR,6S,6aS)-hexahydro-2-oxo-1H-

thieno[3,4-d]imidazol-6-yl)pentanoate

DCP-Rho1 Rhodamine B [4-[3-(2,4-dioxocyclohexyl)propyl]carbamate]piperazine

amide

DCFH-DA dichlorodihydrofluorescein diacetate

DCF dichlorofluorescein

PEG polyethylene glycol

DPI diphenyleneiodonium

BSA bovine serum albumin
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PBS phosphate-buffered saline

EDTA ethylenediaminetetraacetic acid

PMSF Phenylmethylsulphonyl fluoride

NEM N-ethylmaleimide

DTPA diethylene triamine pentaacetic acid

DTT 1,4-dithio-DL-threitol

SDS Sodium dodecyl sulfate

DIC differential interference contrast

NAC N-acetylcysteine
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Highlights

■ LPA stimulates the production of H2O2 around LPAR1-containing

endosomes

■ Endosomally-localized H2O2 is linked to reversible oxidation of Akt2 and

PTP1B

■ Protein oxidation, visualized in situ using DCP-Rho1, is localized at

endosomes

■ DCP-Rho1 enables spatial resolution of oxidation by capturing transient R-

SOH
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Figure 1.
LPA stimulates NADPH oxidase-dependent production of H2O2 in PC3 cells. (a) PC3 cells

were pretreated for 30 minutes with the LPA receptor antagonist VPC32183 (1 μM),

apocynin (500 nM), or DPI (1 μM), or overnight with PEG-catalase (400 U/mL), prior to 30

min stimulation with 100 nM alkyl-LPA. Cells were incubated with 50 μM DCFH diacetate

for the final 10 min of LPA stimulation, washed, and visualized for DCF fluorescence.

Images shown are representative of at least six separate experiments. (b) The relative DCF

fluorescence was determined using ImageJ software and averages reflect the total intensity
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from 3 experiments (n = 48 cells total). The data were then analyzed using one way

ANOVA and Tukey’s test for significance. The asterisk indicates the mean is significantly

different from the untreated control; daggers indicate means are significantly different from

the LPA-treated sample.
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Figure 2.
LPAR1 receptor activated by LPA localizes with an early endosomal marker (EEA1) and

p47phox, a component of NADPH oxidase complexes. SKOV3 or PC3 cells were treated

with 100 nM LPA for 30 min, then fixed, permeabilized, and analyzed by

immunofluorescence staining for (a) LPAR1 and EEA1, or (b) LPAR1 and p47phox, by

confocal microscopy (Zeiss LSM 510). The scale bars represent 10 μm.
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Figure 3.
Reagents for covalently trapping sulfenic acids (R-SOH) in cellular proteins. Both DCP-

Bio1 and DCP-Rho1 covalently attach to proteins at sites of sulfenic acid modification and

can be used to detect and/or affinity capture oxidized proteins in cells or during lysis.
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Figure 4.
Protein oxidation (detected by DCP-Rho1) is increased in response to LPA stimulation.

SKOV3 cells grown in 10% fetal bovine serum were pretreated for 30 minutes with the LPA

receptor antagonist VPC32183 (1 μM, 30 min), apocynin (500 nM, 30 min), DPI (1 μM, 30

min), or with PEG-catalase (400 U/ml, overnight). Cells were then stimulated with with 100

nM alkyl-LPA for 30 min. During the last 10 minutes, 10 μM DCP-Rho1 was added. Fixed

and permeabilized cells were washed to remove unreacted probe. (a) Images of control, LPA

stimulated, and LPA plus VPC32183 treated cells represent oxidized proteins labeled with
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DCP-Rho1. The scale bar represents 20 μm. (b) DCP-Rho1 total intensity after various

treatments (means ± standard error) was analyzed using Volocity software as described in

Methods (N = 48 cells from three independent experiments).The data were then analyzed

using one way ANOVA and Tukey’s test for significance. Asterisks indicate means are

significantly different from the untreated control; daggers indicate means are significantly

different from the LPA treated sample.
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Figure 5.
Intense signals for protein oxidation are centered around endosomes containing LPA

Receptor 1. PC3 and SKOV3 cells were treated with 100 nM alkyl-LPA for 30 min; for the

last 10 minutes, cells were treated with 10 μM DCP-Rho1 and washed extensively to remove

unreacted DCP-Rho1 before fixation, permeabilization and immunofluorescent staining for

LPAR1, EEA1 or β-actin as described in Methods. (a) PC3 cell images (collected with a

Zeiss LSM510 confocal microscope) show overlap (yellow) between signals from DCP-

Rho1 (red) and LPAR1 (green). (b) SKOV3 cell images (collected with a Zeiss LSM710
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confocal microscope) show overlap between DCP-Rho1 and a second signal (green)

representing LPAR1, EEA1, or β-actin. The scale bars represent 20 μm for all images. (c)

Colocalization analysis of images in (b) using the JACoP plugin in Image J [34] to obtain

the Manders’ coefficient as described in Methods. Additional replicates of images of cells

treated or untreated with exogenous LPA were included in the analysis. Threshold values for

DCP-Rho1 were set to highlight a similar number of pixels as selected for the green channel

and to highlight only the regions with the most intense signal. Asterisks indicate means that

are statistically different from the non-LPA treated control (Students’ t-test with p<0.0005

for LPAR1, p=0.032 for EEA1, and p=0.057 for β-actin).
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Figure 6.
DCP-Bio1 trapping of sulfenic acid indicates that LPA stimulates PTP1B and Akt2

oxidation in situ. PC3 cells were pretreated before stimulation with LPA for 30 min as

described in Figure 4, or with N-acetylcysteine (NAC, 20 mM) for 30 min. To covalently

trap sulfenic acid-modified cysteines, DCP-Bio1 was added to lysis buffer as described in

Methods and incubated for 30 min at 4 °C and biotinylated proteins were affinity captured as

described in Methods. Western blots of these affinity-captured samples were performed to

detect PTP1B, Akt2, and SHP-2. Western blots of the starting lysate indicated that total

Klomsiri et al. Page 27

Free Radic Biol Med. Author manuscript; available in PMC 2015 June 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



protein amounts did not change during the experiment (data not shown for SHP-2).

Prelabeled biotinylated AhpC was added based on protein concentrations prior to affinity

capture and used as a procedural control for the biotin-based affinity capture, elution and gel

loading steps.
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Figure 7.
Model for redox-dependent signaling through LPAR1 and depiction of the DCP-Rho1

labeling results demonstrating localized oxidation of proteins. Lysophosphatidic acid (LPA)

binds to the extracellular portion of the LPA receptor (e.g. LPAR1) (1), resulting in the

recruitment of G-proteins to the receptor (2, left) and co-stimulation of NADPH oxidase(s)

(Nox) through association of cytosolic organizer and activator proteins (2, right). Together,

activated LPAR1 and Nox complexes are internalized (3), and superoxide is produced by

Nox inside the endosome (4). H2O2 generated by the spontaneous or enzyme-catalyzed
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dismutation of superoxide, which can diffuse out of the endosome, can then oxidize thiolate

(R-S−)-containing proteins within or near these “redoxosomes”, generating the sulfenic acid

modification (R-SOH). Upon addition of a labeling reagent, DCP-Rho1, which targets

sulfenic acids, proteins containing this modification are covalently modified and associated

with the rhodamine fluorophore, allowing detection following fixation, permeabilization and

extensive washing to remove unbound DCP-Rho1. Black ellipses represent redox-sensitive

proteins, and hexagons represent proteins which are insensitive to oxidation by H2O2. The

irregular gray shape represents a scaffolding protein such as β-arrestin.

Klomsiri et al. Page 30

Free Radic Biol Med. Author manuscript; available in PMC 2015 June 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


