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Abstract

Previously, our study showed that prohibitin interacts with phospholipids, including 

phosphatidylinositide and cardiolipin. Under stress conditions, prohibitin interacts with cardiolipin 

as a retrograde response to activate mitochondrial proliferation. The lipid-binding switch 

mechanism of prohibitin with phosphatidylinositol-3,4,5-triphosphate (PIP3) and cardiolipin may 

suggest the role of prohibitin effects on energy metabolism and age-related diseases. The current 

study examined the region-specific expressions of prohibitin with respect to the retina and retinal 

pigment epithelium (RPE) in age-related macular degeneration (AMD).

A detailed understanding of prohibitin binding with lipids, nucleotides, and proteins shown in the 

current study may suggest how molecular interactions control apoptosis and how we can intervene 

against the apoptotic pathway in AMD. Our data imply that decreased prohibitin in the peripheral 

RPE is a significant step leading to mitochondrial dysfunction that may promote AMD 

progression.
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1. INTRODUCTION

Oxidative stress from mitochondria and uncontrolled activation of the alternative 

complement pathways at the membrane surface of RPE cells are thought to be independently 

associated with age-related macular degeneration (AMD). Emerging evidence suggests that 

development and progression of AMD involves significant alteration in cell signaling 

proteins, especially apoptosis and immune signaling. However, the mechanism of apoptosis 

initiation and the downstream interactions of AMD pathophysiology, remain unknown.

Our proteomics and metabolomics studies demonstrated potential new biomarkers of 

apoptosis in the RPE [1-9], including erythropoietin, RPE65, and prohibitin [3,5,7]. 

Prohibitin was originally identified as an anti-proliferative protein that is highly expressed in 

cancer cells in human; however, it exists in bacteria and plants, suggesting an essential 

cellular survival role, but the molecular mechanisms underlying prohibitin’s effect on aging 

and lipid metabolism in the retina are not clearly understood [10-11]. Prohibitin may 

regulate a cell cycle [10,12] and a transcription [13,14]. Further, prohibitin was reported as 

an inflammatory switch [15,16], an immune cell receptor [17], a mitochondrial protector 

[18-20], and a phospholipid binding shuttle [7,21]. Prohibitin stabilizes the respiratory 

enzymes in mitochondria [22-24] but its functions in the retina are not known. Prohibitin is 

localized in cell surface (β-cells), mitochondria (epithelial cells), or the nucleus (cancer 

cells) in different cells [14,25].

Mitochondrial dysfunction leads to oxidative damage and altered energy levels which may 

accelerate aging and age-related diseases, including AMD. Early stage of AMD shows the 

extracellular lipoprotein fragments, called drusen, on the surface of Bruch’s membrane. 

Later, AMD progresses into two distinct advanced forms as nonneovascular (atrophic, dry) 

and neovascular (exudative, wet) phenotypes [34,35].

Knockdown experiments using siRNA demonstrated that prohibitin depletion initiates 

apoptosis through p53 and BCLxl pathways.

The current study used the lipid, nucleotide and protein binding assays to provide the 

underlying mechanisms involved in prohibitin signaling in the RPE.

2. METHODS

2.1. Treatment of Animals

We followed the NIH Guide and the Association for Research in Vision and Ophthalmology 

(ARVO) statement for in vivo experiments. The animal protocol was approved by the 

Institutional Animal Care and Use Committee.

Sprague-Dawley (SD) rats (male, 250-300 g) and mice (C57/BL6 genetic background) were 

purchased from Charles River Laboratories (Wilmington, MA). As a positive control of 

oxidative stress in the retina, diabetic condition was induced by intravenous injection with 

streptozotocin (65 mg/kg in 0.1M sodium citrate, pH 4.5, Sigma-Aldrich, St. Louis, MO). 

Negative control animals received injections of vehicle alone. Rats and mice (n=3 for each 

group, triplicate) were considered to be diabetic at blood sugar levels >350 mg/dL. Animals 
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were euthanized 2 or 4 weeks following onset of diabetes by an overdose of anesthetic. 

Comparative analysis was conducted with an identical animal strain (SD). Control SD rats 

and mice were sacrificed at 12 weeks of age and aged SD rats and mice were sacrificed at 52 

and 54 weeks of age. Retinas from rats and mice were removed and frozen in liquid 

nitrogen. Retinas from different subgroups were collected and prepared for biochemical 

analysis.

All experiments were repeated (n=2 or n=3 biological samples) with technical triplicate 

(n=3). Stat View software was used for statistical analysis. Statistical significance was 

analyzed using unpaired Student’s t test or variance (ANOVA) when appropriate.

2.2. Donor Eye Tissue

Human postmortem donor eye tissues were used following the tenets of the Declaration of 

Helsinki. Diabetic retinopathy (DR) human retinal tissues (n=3, aged and control) were 

obtained from the Georgia Eye Bank (Atlanta, GA,). Human age-related macular 

degeneration (AMD) retina (8 mm macular and peripheral punches), RPE (8 mm central and 

peripheral punches), and age-matching control eyes (n=2) were provided by the Lions Eye 

Bank (Moran Eye Center, University of Utah).

2.3. ARPE-19 and HRP Cells

For in vitro experiments, retinal pigment epithelial cells (ARPE-19) were purchased from 

ATCC (Manassas, VA) and retinal progenitor cells (HRP) were kindly donated (Dr. Harold J. 

Sheeldo at the University of North Texas Health Science Center). ARPE-19 and HRP cells 

were cultured in a 5% CO2 incubator at 37 °C in 56 cm2 dishes (Nalge Nunc International, 

Naperville, IL) using Dulbecco’s modified Eagle’s medium (DMEM) with fetal bovine 

serum (10%) and penicillin/streptomycin (1%). Confluent cells were retrypsinized (5-7 

minutes at 37 °C) using a trypsin-EDTA buffer (0.1%, Sigma-Aldrich, St. Louis, MO), 

followed by centrifugation (125 × g, 7 min). Cells in fresh culture dishes were grown to 

confluence for 2–4 days and were treated for oxidative stress (eight to nine passage cells).

2.4. Prohibitin-Lipid Interaction

Subcellular fractionation of bovine retinal/RPE tissue and APRE19 cells, based on 

differential centrifugation in density gradient buffer to separate mitochondrial, nuclear, 

cytoplasmic and microsomal fractions. Prohibitin was purified by immunoprecipation. The 

purity of each fraction by Western blotting using subcellular specific markers, inlcuding 

RNA polymerase 2 large subunit (nucleus), cytochrome C (mitochondria) and transketolase 

(cytoplasmic).

The lipid strips were prepared using nitrocellulose membrane. Lipids (1-2 μL, 100 pmol to 

10 nmol) were spotted on the membrane dissolved in ethanol. All lipids were commercially 

available (Sigma-Aldrich, St Louis MO). The protein-lipid complex is incubated overnight 

at 4 °C along using prohibin antibody. As a negative control, lipids without protein lysate 

were spotted.
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2.5. Oxidative Stress and Melatonin Treatment

To induce oxidative stress in vitro, confluent HRP and ARPE-19 cells were treated using 

tert-butyl hydroperoxide (200 μM, Sigma-Aldrich, St. Louis, MO) in serum-free medium for 

1 or 2 hours. Cells were rinsed (phosphate-buffered saline) and lysed using a mild detergent-

based lysis buffer, followed by coimmunoprecipitation using an antiprohibitin antibody.

For melatonin treatment, ARPE-19 cells (70% confluence) were treated for 30 minutes using 

100μM melatonin dissolved in dimethyl sulfoxide (DMSO) and incubated for 12 hours in 

untreated medium. Cells were probed with antibodies against prohibitin and prepared for 

immunocytochemistry using AlexaFluor488 conjugated secondary antibody. Mitochondria 

and the nucleus were fluorescently labeled with MitoTracker Orange CMTMRos (Molecular 

Probes, Carlsbad, CA) and DAPI (VECTASHIELD), respectively. Cell morphology was 

monitored at various time points (0, 0.5, 8, 12, and 24 hours). Prohibitin from whole cell 

lysates was analyzed using Western blotting and densitometry.

2.6. Prohibitin-DNA Binding Assay

Mitochondrial and nuclear fractionation was followed as previously reported using bovine 

retina [7]. Isolated bovine retina cells were washed in PBS buffer three times and 

homogenized in a prechilled Dounce homogenizer using protease inhibitors and centrifuged 

(800 × g, 15 minutes). The pellet was saved for the nuclear fraction and the supernatant was 

centrifuged (6,000 × g, 15 minutes) and the pellet from the supernatant was used for the 

mitochondrial fraction. Mitochondrial and nuclear fractions were applied to Zymo DNA 

isolation Kit (Quick-gDNA™ MiniPrep) to purify mitochondrial and nuclear DNA. DNA 

samples were loaded on 0.5% agarose gel. Formation of DNA-prohibitin complexes was 

followed as reported [26]. Ten μg of total mitochondrial proteins and nuclear proteins were 

incubated (room temperature, 40 minutes) using 5 μg of mitochondrial DNA or nuclear 

DNA. Protein-DNA mixtures were centrifuged (16,000 × g, 30 minutes) and supernatant/

pellet were separated using SDS-PAGE (8 16%). Prohibitin and DNA were analyzed using 

Western blotting and SYBR® Safe DNA dye (Invitrogen).

2.7. Co-Immunoprecipitation (Co-IP)

HRP and ARPE-19 cells were rinsed (Modified Dulbecco’s PBS) and lysed using IP lysis 

buffer containing Tris (25 mM), NaCl (150 mM), EDTA (1 mM), NP-40 (1%), glycerol 

(5%), protease inhibitor cocktail at pH 7.4 by incubating on ice for 5 minutes with periodic 

sonication (3 × 5 min), followed by centrifugation (13,000 × g, 10 minutes). Proteins (1 

mg/ml, 200-400 μL) were loaded for immunoprecipitation and nonspecific bindings were 

avoided using control agarose resin cross-linked by 4% bead agarose. Amino-linked protein-

A beads were used to immorbilize antiprohibitin antibody with a coupling buffer (1 mM 

sodium phosphate, 150 mM NaCl, pH 7.2), followed by incubation (room temperature, 2 

hours) with sodium cyanoborohydride (3 μL, 5 M). Columns were washed using a washing 

buffer (1 M NaCl), and protein lysate was incubated in the protein A-antibody column with 

gentle rocking overnight at 4 °C. The unbound proteins were spun down as flowthrough, and 

the columns were washed three times using washing buffer to remove nonspecific binding 

proteins. The interacting proteins were eluted by incubating with elution buffer for 5 minutes 

at RT. The eluted proteins were equilibrated with Laemmli sample buffer (5X, 5% β-
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mercaptoethanol). Eluted proteins were separated using SDS–PAGE and stained using 

Coomassie blue (Pierce, IL) or silver staining kit (Bio-Rad, Hercules, CA).

2.8. Mass Spectrometry Analysis

Protein bands were excised (1×1×1 mm). The Coomassie-stained or silver-stained gel pieces 

were incubated using a Coomassie destaining buffer (200 μL of 50% MeCN in 25 mM 

NH4HCO3, pH 8.0, room temperature, 20 minutes) or silver destaining buffer (50% of 30 

mM potassium ferricyanide, 50% of 100 mM sodium thiosulfate, 5-10 minutes). The gel 

pieces were dehydrated (200 μL, MeCN) and vacuum-dried (Speed Vac, Savant, Holbrook, 

NY). Proteins were reduced (10 mM DTT, 100 mM NH4HCO3, 30 minutes, 56 °C) and 

were alkylated (55 mM iodoacetamide, 100 mM NH4HCO3, 20 minutes, room temperature 

in dark). Proteins were digested using trypsin (13 ng/μL sequencing-grade from Promega, 

37 °C, overnight) in NH4HCO3 (10 mM) containing MeCN (10%). The peptides were 

enriched using a buffer (50 μL of 50% MeCN in NH4HCO3, 5% formic acid, 20 minutes, 

37 °C). Dried peptides were dissolved in a mass spectrometry sample buffer (5–10 μL, 75% 

MeCN in NH4HCO3, 1% trifluoroacetic acid). Alpha-cyano-4-hydroxycinnamic acid (5 

mg/mL, MW 189.04, Sigma-Aldrich, St. Louis, MO) was freshly dissolved in a matrix 

buffer (50% MeCN, 50% NH4HCO3, 1% triflouroacetic acid) and centrifuged (13,000 × g, 5 

minutes). The peptide-matrix mixtures (0.5 μL) were spotted onto the MALDI Plate 

(Ground steel, Bruker Daltonics, Germany). Mass spectrometer and all spectra were 

calibrated using a known peptide, including trypsin (842.5099 Da, 2211.105 Da). The mass 

spectrum was recorded in 800–3000 Da range using Flex MALDI-TOF mass spectrometer 

(Bruker Daltonics, Germany, 70–75% laser intensity, 100–300 shots). Mass spectrometry 

data were analyzed using Flex analysis software (Bruker Daltonics, Germany). Peptides 

were analyzed using the Mascot software (Matrix Science) and NCBI/SwissProt database 

(zero mismatch cleavage, carbamidomethyl cysteine, methionine oxidation, 50-300 ppm 

mass tolerance of 50–300 ppm). Peptide identification was evaluated based on Mascot 

MOWSE score, number of matched peptides, and protein sequence coverage. MOWSE 

score is expressed as -10logP as a probability value to compute the composite probability P.

2.9. Small Interfering RNA

ARPE-19 cells (6 × 104 cells/well, 0.1 mL DMEM, 10% FBS, 1% penicillin/streptomycin) 

were transfected with siRNA against prohibitin (175 ng, 23 nM final concentration, 

AAAGCCAGCTTCCTCGCATCT, FlexiTube siRNA) and random sequence negative 

control siRNA in serum-free culture medium (100 μL) using HiPerFect reagent (Qiagen, 

Valencia, CA). Cells were harvested (36–72- hour intervals) and prohibitin was analyzed 

using Western blotting and immunocytochemistry.

2.10. Immunocytochemistry

Cells were incubated on sterile glass cover slips using DMEM/F12 medium with 10% FBS 

and 1% penicillin/streptomycin (Hyclone) in 5% CO2 incubator at 37 °C. Cells were washed 

with PBS and incubated with MitoTracker Orange CMTMRos (100 nM, Molecular Probes, 

Carlsbad, CA) in serum-free culture medium (30 minutes, 37 °C), followed by washing 

(PBS) and fixing (10% formaldehyde, 30 minutes, room temperature). Cells were treated 

using Triton X-100 (0.2%, Sigma-Aldrich, St. Louis, MO) in PBS (30 minutes) for 

Sripathi et al. Page 5

Protein J. Author manuscript; available in PMC 2016 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



permeabilization and blocked using complete medium (10% FBS, 0.05% Tween-20, 1 hour). 

Cells were incubated using anti-prohibitin antibody (1:1000, Genemed Synthesis Inc., San 

Antonio, TX, overnight, 4 °C) and washed with PBS, followed by incubation with Alexa 

Fluor 488-conjugated anti-rabbit IgG secondary antibody (1:700; Molecular Probes, 

Carlsbad, CA, 1 hour, room temperature). Cells were mounted with VECTASHIELD 

medium with DAPI (4,6-diamidino-2-phenylindole, the nucleus) and visualized using a 

Zeiss AxioVert fluorescent microscope (200 M Apo Tome, 63× magnification). Data were 

analyzed using ImageJ software (NIH).

2.11. Prohibitin Analysis

Proteins were analyzed quantitatively using a BSA standard curve with a BCA protein assay 

kit (Pierce). Proteins were solubilized in Laemmli buffer (5X, 240 mM Tris, pH 6.8, 8% 

SDS, 40% glycerol, 0.4% bromophenol blue, 10% β- mercaptoethanol) and denatured at 

90 °C for 10 minutes. Proteins were separated using a gradient polyacrylamide precast gel 

(8-16%, Bio-Rad, Hercules, CA), followed by semidry electrotransfer (15 V, 30 minutes) 

onto the methanol-activated PVDF membrane (Bio-Rad). Nonspecific proteins were blocked 

(5% nonfat dry milk, 2 hours, 4 °C) in Tween-20 (0.1%). Membranes were incubated using a 

primary antibody (rabbit polyclonal, 1:1000, Genemed Synthesis, San Antonio, TX, 4 °C, 

overnight) and an anti-rabbit HRP conjugated secondary antibody (1:10,000, Agrisera, 

Vännäs, Sweden, 2 hours, room temperature). Protein bands were visualized using West 

Pico Chemiluminescent reagent (Pierce, 1–2 minutes) and a LAS 4000 mini luminescent 

image analyzer (GE, Piscataway, NJ). Membranes were incubated again using an anti-β-

actin antibody (mouse monoclonal, 1:5000, Sigma-Aldrich, St. Louis, MO) followed by a 

secondary antibody (1:7,000, anti-mouse, horse radish peroxidase conjugated, Santa Cruz 

Biotechnology, Santa Cruz, CA) as a loading/positive control. Proteins were analyzed 

quantitatively based on pixels (area and intensity) using Quantity One software (Bio-Rad) 

and GraphPad Prism software.

2.12. Multiple Sequence Alignment and 3D Modeling

A 3D model of the protein was built using the 3D structure 2DYB chain ‘A’ as a template. 

2DYB chain A is the Protein Data Bank structure for p47 Phox. This template shares 17% 

identity with the query sequence using the ALIGN program. The conserved residues were 

M1, L27, R35, F39, F42, R43, P59, P64, D68, R72, R97, R105, L119, K219 and L228. The 

modeling was performed using EsyPred3D, an automated homology modeling program 

protocol used for predicting 3D structures of proteins and viewed using PyMol, an open-

source molecular visualization system (DeLano Scientific LLC). Based on p47 PX domain 

structure, the conserved basic amino acids of prohibitin were considered to serve as a good 

interaction site with phospholipids. P47 has PX domain residues between residues 4–125. 

SNX6 has PX residues between residues 26–173, and the SGK3 PX domain is located at 

12–124. Conserved amino acids of prohibitin aligned within the PX domain of p47 were 

detected.
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3. RESULTS

3.1. Lipid Binding Sequences in Prohibitin

Controlled translocation of prohibitin to specific subcellular organelles under stress 

conditions is a critical event for apoptosis, proliferation, lipid metabolism, and aging. We 

speculate that prohibitin translocalization and trafficking might be influenced by specific 

lipid binding sequences and temporal lipid concentrations. We hypothesized that prohibitin 

may have a putative lipid binding domain that includes conserved basic amino acids. To test 

our hypothesis, we examined whether prohibitin has any homologous lipid binding domain 

or conserved basic amino acids using the PFAM database (http://www.sanger.ac.uk/

software/pfam), the Ensembl human genome browser (http://www.ensembl.org/

homo_sapiens), and support vector machine-based functional prediction (http://

jing.cz3.nus.edu.sg/cgi-bin/svmprot.cgi). Lipid binding modules, including C1, C2, epsin 

amino-terminal homology (ENTH), phox homology (PX), pleckstrin homology (PH), fab1-

Yop-Vac1-Eea1 (FVVE), four-point-one-Ezrin-Radixin-Moesin (FERM) domains, ANTH, 

BAR, PDZ, tubby, START, and Src homology 3 (SH3) domain, were investigated.

First, we compared the potential PX domain of prohibitin with the known p47phox structure 

(Figure 1). Multiple sequence alignment demonstrated that two of the most well-conserved 

basic amino acids in prohibitin are R41 and R72/74 that are homologous to R43 and R90 in 

the PX domain of p47phox (Figure 1). PIP3 interacts with PX domain containing proteins 

that include p40phox, p47phox, phospholipase D1 (PLD1), SNX6, and cytokine-independent 

serine/threonine kinase (CISK or SGK3). The conserved basic amino acids, including R41 

and R72 in prohibitin, are homologous to the cationic residues in the putative PIP3 binding 

pocket in p47phox. In addition, R35, R43, R72 in prohibitin are conserved and homologous 

to K75, R90, and R135 of SGK3, which represent the phosphoinositide binding pocket. 

Other conserved basic residues are K11, K83, R97, R105, R143, R157, K207, and K208 in 

prohibitin are homologous to basic amino acids in SNX6 and SGK3 proteins, both known as 

phosphoinositide binding proteins. Next, based on sequence alignment, a 3D model of 

prohibitin was built using the Protein Databank structure of 2DYB chain A as template 

(p47Phox). 2DYB chain A of p47Phox showed the putative lipid binding pocket residues 

(Figure 2A). Alignment with amino acids in the prohibitin sequence suggests a potential 

phosphoinositide binding pocket (Figure 2B). The p47Phox template shares 17% identities 

with the query sequence using the ALIGN program.

Phosphate groups in PIP3 may interact with two arginine residues, R41/43 and R72/74 of 

prohibitin. A conserved F42 (F44 in p47phox) seems essential for the inositide ring 

interaction to make its U shaped PIP3 binding pocket. Two conserved proline residues, P64 

and P98, suggest a β-turn structure, mimicking the second anion-binding site of p47phox 

(P73, P76). Other conserved basic residues include R143, R157, K207, and K208, implying 

a putative second anion-binding site (e.g. cardiolipin) at the C terminus.

3.2. Prohibitin-Lipid Interactions

To understand oxidative damage and mitochondrial dysfunction in aging by prohibitin, we 

determined the molecular mechanism through prohibitin-ligand interactions. Previously, 
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prohibitin-lipid binding assays demonstrated that prohibitin binds with cardiolipin, a major 

mitochondrial phospholipid, under oxidative stress [7]. In the current study, we asked 

whether prohibitin in various organelles or cells may have different cardiolipin affinity to 

determine subcellular organelle-specific prohibitin-lipid interactions. The current lipid 

interaction assay demonstrates that microsomal and cytosolic prohibitin showed stronger 

interaction with cardiolipin compared to mitochondrial and nuclear prohibitin (Figure 3A). 

In addition, prohibitin from bovine RPE or ARPE19 cells did not show any interaction with 

cardiolipin, whereas prohibitin from bovine retina or HRPC showed cardiolipin binding. 

Microsomal prohibitin showed a strong interaction with cholesterol and a weaker interaction 

with phosphatidylserine (Figure 3A).

To test the hypothesis of the inverse correlation between prohibitin expression and 

cholesterol based on the cholesterol-binding promoter region, we added cholesterol 

(125-250 μM) to APRE19 cells during cell culture and observed downregulation of 

prohibitin and prohibitin2 expression (Figure 3B) under higher cholesterol concentration. To 

determine cardiolipin and cholesterol changes under oxidative stress, relative lipid 

concentrations were analyzed by MALDI-TOF mass spectrometry. Cardiolipin decreased 

20% under oxidative stress (200 μM H2O2) in a dose and time-dependent manner (Figure 

3C). Our data suggest that prohibitin from different subcellular organelle or different cells 

may have a different affinity toward phospholipids that include cardiolipin. Further, our 

experiments show that prohibitin expression is inversely correlated with cholesterol 

concentration in RPE cells.

3.3. Prohibitin-Nucleotide Interactions

Mitochondrial deficits contribute to cellular and tissue aging through the mechanisms of 

proton leakage, decreased membrane fluidity, decreased unsaturated lipids such as 

cardiolipin, and oxidative damage to mitochondrial DNA. Nuclear DNA (nuDNA) is more 

resistant than mitochondrial DNA (mtDNA) toward oxidative stress due to oxidative 

metabolism in mitochondria [18]. Previously, we demonstrated that leaking of cytochrome C 

and prohibitin may indicate mitochondrial membrane depolarization induced by oxidative 

stress. The current study examined prohibitin-nucleotide interaction to determine the 

protection mechanism of mitochondrial localization of prohibitin. Our experiments were 

designed to determine whether prohibitin binds to mitochondrial or nuclear DNA to answer 

a molecular chaperone function of prohibitin. We hypothesized that mitochondrial prohibitin 

may show different affinity toward mtDNA compared to nuDNA. Prohibitin from 

mitochondria and the nucleus was incubated with mtDNA and nuDNA, and separated by 

native gel assay to determine higher molecular weight complex. It was found that 

mitochondrial prohibitin forms protein-mtDNA complex at 720 kDa as shown in Figure 3A 

(lane 2 and 3), whereas it forms a 150 kDa complex with nuclear DNA. Nuclear prohibitin 

showed a weaker interaction with mitochondrial and nuclear DNA, forming mixtures of 720 

and 150 kDa complexes (Figure 4A, lane 5–8). Higher concentration of mtDNA and nuDNA 

with nuclear prohibitin breaks molecular interactions shown as monomeric prohibitin at 32 

kDa (Figure 4A, lane 6 and 8). Further, to confirm prohibitin-mtDNA interaction, we used 

the sedimentation assay using mitochondrial prohibitin with or without mtDNA. Prohibitin 

from the mitochondrial fraction formed a high-density complex with mtDNA as shown in 
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Figure 3B. The prohibitin-DNA binding assay suggests a mtDNA binding chaperone 

function of prohibitin in mitochondria.

3.4. Prohibitin-Binding Proteins

To determine the downstream signaling of prohibitin in mitochondrial response under stress 

conditions, prohibitin-binding proteins were examined using immunoprecipitation (IP) 

analysis (Table 1, Supplement Figure 1A–B). ARPE-19 cells were treated with or without 

200 μM, t-BuOOH (oxidative stress vs. control) and 49 putative prohibitin binding proteins 

in elution fractions were analyzed by MALDI-TOF mass spectrometry. IP with pre-immune 

serum and a blank gel with trypsin digestion were used as negative controls and prohibitin-

p53 binding was considered as a positive control. Identified protein name, accession number, 

MOWSE probability score, sequence coverage, predicted mass, predicted pI, and identified 

peptide number are presented in Table 1. Several cytoskeletal proteins, including kinesin, 

actin, and myosin, were found in both control and oxidative stress as prohibitin binding 

proteins. Actin is involved in cell motility as well as nuclear and mitochondrial structural 

integrity. Actin has a nucleotide binding domain which is crucial in the proper function of 

ion channels. Nucleoporin transports macromolecules between the nucleus and cytoplasm. 

Nucleoporin and laminins may regulate the translocation of prohibitin between mitochondria 

and the nucleus. PI3K, the p85 binding domain, suggests that prohibitin is involved in the 

PIP3 pathway to regulate lipid and insulin signaling. Nuclear mitotic apparatus protein 1 

isoform (NUMA) belongs to the same coiled-coil family as prohibitin, myosins, laminins 

and intermediate filaments. NUMA is proposed to play a role in maintaining and 

establishing nuclear structure, possibly as a structural component of the nuclear matrix.

Next, we used human retinal progenitor (HRP) cells to gain better understanding as to 

whether or not prohibitin in the retina may have similar binding partners. Actin and myosin 

binding of prohibitin suggest a mitochondrial DNA maintenance function of prohibitin in the 

retina. Pleckstrin (PH) domain containing protein, PH2, and Rab21 binding implies 

prohibitin-induced specific inositide and Ras signaling in the retina.

3.5. Prohibitin Depletion in the RPE by siRNA

To examine prohibitin depletion phenotype as shown in the RPE of AMD eyes, we 

conducted a functional study using siRNA targeting prohibitin. Prohibitin knockdown 

experiments demonstrate that a decreased prohibitin (Figure 5A) breaks the regular lamellar 

cristae, whereas random sequence control and t=0 control do not affect the structure of 

mitochondria. Mitochondrial morphology, visualized by MitoTracker, suggested that 

prohibitin depletion may lead to mitochondrial fragmentation as a dramatic change from the 

tubular shape as shown in control cells (Figure 5B). MitoTracker Orange (mitochondria), 

DAPI (nucleus), and Alexa Fluor 488 (prohibitin) were used to label subcellular organelles 

and prohibitin, respectively. Next, we tested the hypothesis that melatonin may control 

prohibitin concentration, considering mitochondrial protection mechanism by melatonin.6 

Previously, our data implied that melatonin may change the RPE proteome to protect the 

RPE from oxidative stress [6].
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Immunocytochemistry of melatonin-treated cells illustrates an increase and dissimilar 

distribution of prohibitin compared to non-melatonin-treated cells (Figure 5C). 

Mitochondrial arrangement is also changed by melatonin treatment (Figure 5D). The initial 

cell shape of ARPE-19 is epithelioid, but after 0.5-hour treatment with melatonin cells 

undergo a morphological change to a fusiform shape with spindle outgrowths. Cells return to 

epithelioid shape after 12 hours in untreated medium, confirming melatonin effect on 

prohibitin expression.

3.6. Prohibitin Expression Increased in the Retina but Decreased in the RPE of AMD

Since the susceptibility towards oxidative stress significantly varies from the retina and RPE 

cells, we hypothesized that prohibitin expressions in the macular and peripheral retinal and 

RPE region could be affected differentially by aging. Our Western blot analyses 

demonstrated that prohibitin is up-regulated significantly in both macular (8 mm) and 

peripheral retinal regions from postmortem AMD donor eyes (Figure 6A). On the other 

hand, prohibitin is down-regulated dramatically in both macular RPE region and peripheral 

RPE in AMD eyes compared to age-matching controls (Figure 6B). Differences in region-

specific protein content were reported in central and peripheral retina in the progression of 

AMD [43].

3.7. Prohibitin Expression is Downregulated in the Retina of the Diabetic Retinopathy 
Model

Prohibitin regulates lipid metabolism by binding specific phospholipids, including 

cardiolipin and PIP3 [7,21]. Increased prohibitin levels negatively affect insulin signaling 

through tyrosine phosphorylation as phosphatidylinositol 3 kinase (PI3K) downstream [21]. 

The next experiments tested the hypothesis that prohibitin signaling could be altered in both 

diabetic and aging models. We first examined whether mitochondrial prohibitin was altered 

during hyperglycemic conditions using the streptozotocin (STZ)-treated murine model and 

diabetic human tissue. Our Western blotting analysis showed that the prohibitin levels 

decreased significantly in the diabetic retinopathy retina from the STZ-induced mouse 

(Figure 7A) and rat (Figure 7B).

Next, considering that reactive oxygen species (ROS) accumulation leads to the disruption 

of the mitochondrial network during aging, we tested our hypothesis that prohibitin 

expression could be changed in aged retinas from mouse, rat (12 months), and human (71 

years) compared to controls. In contrast to the diabetic retinopathy condition, we observed 

that the level of prohibitin is significantly increased in rats and humans, whereas there were 

minimal changes in the mouse retina (Figure 7A–C).

4. DISCUSSION

Prohibitin protects the retina and the RPE in light-induced stress, aging, and diabetes [2]. 

Previsouly, we demonstrated that: (1) stress-dependent translocalization of prohibitin 

between mitochondria and the nucleus as a retrograde signal, (2) positive correlation 

between PIP3 and cardiolipin binding with prohibitin under stress, (3) prohibitin interaction 

with the tumor suppressor p53 and phosphorylation in the nucleus, and (4) accelerated 
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apoptosis by prohibitin depletion. The oxidative stress-induced changes in location and the 

expression of prohibitin are crucial events for mitochondrial integrity. As the susceptibilities 

of the RPE and retina to oxidative stress are different, altered expression patterns of 

prohibitin in the RPE and the retina are anticipated in the diabetic and aging models.

The current study aimed to show that AMD leads to prohibitin downregulation in the RPE. 

Decreased prohibitin may modulate lipid metabolism, transcriptional activation, and RPE 

apoptosis to accelerate the progression of AMD. We tested our working hypothesis of 

inverse correlation of prohibitin levels and AMD using in vivo human models. Prohibitin 

knockdown using siRNA and molecular interaction assays demonstrate that prohibitin is a 

phospholipid and mitochondrial DNA binding molecule to maintain mitochondrial integrity. 

As a positive control of oxidative stress, we introduced a diabetic eye model to compare 

prohibitin expressions in aged and normal conditions. Our in vivo data from human donors 

demonstrate that prohibitin is depleted in the RPE during AMD pathogenesis.

Conventional proteomic profiling studies reported human RPE proteome [33], drusen 

composition [34], lipofuscin components [35,36] and proteins in native differentiated RPE 

cells and cultured dedifferentiated RPE [37,38]. Proteomic changes in RPE from AMD 

[39-41] and diabetic eyes were known [42]. Proteins in the vitreous humor from glaucoma 

model and diabetic retinopathy were reported [42-44]. The current study identified the 

potential binding partners of prohibitin and their putative functional roles in the retina and 

RPE. Our biochemical and proteomic analyses imply that prohibitin is a specific lipid 

binding modulator in diabetes-induced retinopathy and AMD.

4.1. Prohibitin Interacts with Cardiolipin and PIP3

Previously, we demonstrated that prohibitin is a lipid metabolism switch that binds to PIP3 

and cardiolipin in a stress-dependent manner [7]. We speculated that prohibitin may contain 

a lipid binding domain, including conserved basic amino acids. It is reported that prohibitin-

PIP3 interaction may regulate the insulin signaling [21].

Our multiple sequence alignment suggests that prohibitin may have a putative phospholipid 

binding sequence such as a PX domain that may influence PIP3 and cardiolipin interaction. 

The PX domain binds to phosphoinositide that includes PIP3. Conserved basic residues that 

include R43, R72, K83, R97, and R105 are aligned with the PX domain in p47phox, SNX6, 

and SGK3. PX domain residues are not highly conserved, as shown by 25–50% similarity 

compared to other PX domain proteins; however, essential basic amino acids with 

hydrophobic (F, I, L, A) and structural (P, G) amino acids seem enough to make a 

phospholipid binding pocket as shown in p47phox. A putative secondary pocket also suggests 

that allosteric or post-translational modification-dependent regulatory mechanisms on lipid 

binding may exist in prohibitin-phospholipid binding. We speculate that prohibitin may 

accelerate or inhibit aging signaling by altered lipid bindings, including cardiolipin and 

PIP3, under stress conditions. Prohibitin showed stronger interaction toward PIP3 compared 

to PI(4,5)P2 by a fivefold ratio [7]. In normal conditions, PI(4,5)P2 has higher concentration 

than PIP3 in the cell, thus strong PIP3 binding will facilitate the forward reactions catalyzed 

by PI3K. Prohibitin-PIP3 interaction may shift toward prohibitin-cardiolipin binding under 

oxidative stress, suggesting a switch-off function of phosphoinositide reaction under stress.
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RPE phagocytosis is the major mechanism by which apoptotic cells and photoreceptor discs 

are eliminated in a circadian-dependent manner. PI(4,5)P2 interventions, both degradation 

and synthesis, compromise the phagocytic pathway. During phagocytosis, PIP3 and PI3K 

are regulated for clustering receptors and actin polymerization. Considering weak binding of 

PI(4,5)P2 and strong binding with PIP3, prohibitin may act as a cell fate determinant by 

altering lipid interactions under oxidative stress, including aging and diabetes. Prohibitin has 

an anti-apoptotic function in mitochondria as the default function showing high affinity 

toward PIP3 under normal conditions as a positive regulator of the PI3K pathway. Under 

oxidative stress, prohibitin may become a transcriptional regulator in the nucleus with 

weaker interaction with PIP3. Considering PIP3 is an important regulator of cell 

proliferation, a tight binding of PIP3-prohibitin may explain the anti-proliferative function of 

prohibitin. The lipid binding switch may regulate uncontrolled proliferation of RPE cells 

under oxidative stress that includes aging and diabetes. Depletion of prohibitin may control 

lipid metabolism in an aging- and oxidative stress-dependent manner.

Prohibitin mediates epithelial migration, reversal of obesity, drug sensitivity, longevity, 

estrogen receptor-dependent nuclear translocation, transcription repression, and histone 

deacetylase-related activities. Prohibitin is involved in cell cycle regulation and apoptosis6 

by interacting with the retinoblastoma tumor suppressor protein Rb [7]. Prohibitin plays a 

major role in C-Raf activation for epithelial cell adhesion and migration [8]. Oxidative 

stress-induced implications during mitochondrial biogenesis, disruption of mitochondria-

nuclear communication, and damage to the mitochondrial DNA (mtDNA) lead to the 

development of diabetic retinopathy (DR) [10,11,12]. Mitochondrial dysfunction, including 

mtDNA damage in the retina and RPE, leads to various age-related diseases including AMD 

[13] As mitochondrial genes are more susceptible than nuclear genes to oxidative stress, 

mitochondrial heat shock proteins (mtHsp70) and ATP synthase were downregulated in the 

RPE under oxidative damage [14]. Frequent retinal irradiation, imbalance in oxygen 

consumption, and polyunsaturated fatty acids (PUFA) oxidation could be the main causes 

for the progression of AMD [15].

4.2. Prohibitin-Protein Interaction

Prohibitin depletion leads to the mitochondrial decay and fragments accumulation [26,27]. 

Decreased prohibitin also reduces mtDNA and destabilizes mitochondrial-encoded subunits 

of the respiratory chain [28,29]. Our prohibitin-protein binding experiments suggest that 

prohibitin may change cytoskeletal rearrangement by binding with actin, myosin, and 

kinesin. Kinesin-like protein is a microtubule-dependent molecular motor that transports 

organelles and chromosomes during cell division. In addition, prohibitin interacts with 

myosin head motor domain. β actin is observed to be present in both control and oxidative 

stress, suggesting a general role of prohibitin-actin interaction on mitochondrial structure 

maintenance. β actin has a nucleotide binding domain that controls the flow of ions across 

epithelial cells and regulates cell volume. Prohibitin binds to a hypothetical protein that 

contains cadherin tandem repeat domains. The cadherin domain participates in cell fate, 

proliferation, differentiation, and migration. Nucleoporin (86 kDa) has a role of transporting 

macromolecules between the nucleus and cytoplasm. Prohibitin binds to inositol-1,4,5-
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triphosphate receptor (IP3R), which may regulate Ca2+ concentration to activate 

neurotransmitter-gated receptors.

CONCLUSION

Prohibitin showed strong affinity with PIP3 compared to PI(4,5)P2. Prohibitin-PIP3 

interaction may facilitate the forward reaction of the PI3K pathway in normal conditions. 

Under stress conditions, prohibitin interacts with cardiolipin as a retrograde response to 

activate mitochondrial proliferation. The lipid-binding switch mechanism of prohibitin with 

PIP3 and cardiolipin may suggest the role of prohibitin effects on energy metabolism and 

age-related diseases. Differential expression of prohibitin was observed in the postmortem 

retinas of diabetic retinopathy (DR) and aged human eyes as well as in the retinas of mice 

and rats in vivo. Region-specific expressions of prohibitin with respect to the retina (macular 

and peripheral) and RPE (central and peripheral) were observed in the postmortem tissues of 

AMD.

A detailed understanding of prohibitin interaction with lipids, nucleotides, and proteins 

shown in the current study may suggest how molecular interactions control apoptosis and 

how we can intervene against the apoptotic pathway in AMD. Our data suggest that 

prohibitin depletion in the peripheral RPE is a significant step leading to mitochondrial 

dysfunction that may promote AMD progression.
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Figure 1. Multiple Sequence Alignment of Prohibitin and p47
(A) Sequence alignment of prohibitin and PX domain containing p47 Phox (A). The 

conserved basic amino acid residues (R 41 and R72) in prohibitin are homologous to the 

cationic residues in the putative PIP3 binding pocket (R43, R90) of p47phox. (B) The 

sequence alignment SH3 domain containing PI3K and prohibitin is also shown to compare 

the presence of PX and SH3 domains.
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Figure 2. Predicted Lipid Binding Pocket of Prohibitin
Based on sequence alignment, a 3D model of prohibitin was built using the 3D structure 

2DYB chain ‘A’ as template. (A) 2DYB chain A is the Protein Databank structure for p47 

Phox and it is based on the putative binding pocket residues that alignment with amino acids 

in the prohibitin sequence that can serve as a binding pocket in prohibitin-PIP3 binding (B). 

The p47 Phox template shares 17% identities with the query sequence using the ALIGN 

program.
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Figure 3. Lipid binding and lipid-dependent prohibitin regulation
A. Western blotting using anti-prohibitin primary antibody demonstrates that prohibitin has 

different interactions with phospholipids, including cardiolipin and phosphatidylserine. 

Prohibitin in the retina has high affinity to cardiolipin, while prohibitin in the RPE shows 

weaker affinity. Microsomal prohibitin in the retina shows high affinity to 

phosphotidylserine, cardiolipin, and cholesterol. Microsomal fraction applied on the PVDF 

membrane is considered as a positive control.

B. Cholesterol-dependent prohibitin expression in the RPE. ARPE-19 cells were treated with 

cholesterol (16 hours). Increased cholesterol levels significantly downregulate PHB1 

expression whereas PHB2 levels show less sensitivity toward the elevated cholesterol levels. 

C. Graphical representation shows that cardiolipin levels decreased in human RPE under 

elevated oxidative stress.

Sripathi et al. Page 19

Protein J. Author manuscript; available in PMC 2016 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Prohibitin-DNA binding analysis
A. Mitochondrial and nuclear PHB fractions from bovine retina were mixed with gel-

purified mitochondrial (mt) and nuclear (nu) DNA extracted from bovine retina. DNA-

protein complexes were analyzed by native-PAGE and prohibitin was quantitated by Western 

blotting analysis.

B. Ten μg of total proteins in mitochondria (mt) were mixed with 5μg of mitochondrial DNA 

or TE buffer (negative control) followed by 40 minutes incubation at RT and centrifugation 

(16,000 × g, 30 minutes). Protein-DNA mixtures from upper half supernatant vs. bottom 

portion were subjected to SDS-PAGE (8–16%), and prohibitin expression was visualized by 

Western blotting analysis. Data showed mtPHB and mtDNA formed complexes and 
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precipitated down to the bottom of the sample. Bands were quantified by QuantityOne 

software.
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Figure 5. 
A. Downregulated prohibitin is shown by siRNA knockdown.

ARPE-19 cells were transfected by prohibitin specific siRNA in serum free medium in a 

time-dependent manner (36 to 72 h). Prohibitin expression and depleted levels were 

analyzed by Western blotting analysis from cell extracts. Prohibitin levels were diminished 

during siRNA knockdown. β-actin was used as a loading control.

B. Mitochondrial morphological changes during prohibitin siRNA knockdown analysis. 

ARPE-19 cells were incubated using prohibitin specific siRNA (175 ng for 48 h) and 

random sequence control. Prohibitin and organelles were visualized by 

immunocytochemical analysis using DAPI (blue, nucleus), MitoTracker Orange (red, 

mitochondria), and Alexa-Fluor 488 (green, prohibitin). Disrupted mitochondrial 

morphological changes were observed under prohibitin depleted levels. The scale bar 

represents 5 μm.
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C, D. ARPE19 cells were incubated using 100μM DMSO-dissolved melatonin for 30 

mintures, followed by incubation in untreated medium (12 hours). Cells were visualized 

using prohibitin antibody and Alexa-Fluor-488 secondary antibody. Mitochondria and 

nucleus were labeled using MitoTracker Orange and DAPI respectively. Cell morphology 

was tracked at initial, half-hour, and 12-hour time points. Cells incubated for 12 hours are 

shown.
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Figure 6. 
Prohibitin expressions in human AMD retina (8mm macular, peripheral retina) and RPE 

(8mm central and peripheral region, n=6 for two biological sample for triplicate 

experiments)) were analyzed by Western blotting. Retinal tissue and RPE cells were 

homogenized in RIPA buffer followed by sonication. As a loading control, β-tubulin was 

used. Prohibitin was analyzed quantitatively based on pixel size and intensity. A. Prohibitin 

in the macular and peripheral region from AMD retina. B. Prohibitin in the central and 

peripheral region from AMD RPE. Statistical comparisons between means were performed 

by 2-tailed t test. A p value of ≤0.05 was considered as statistically significant (P > 0.05 not 

significant; P ≤ 0.05 *; P ≤ 0.01 **; P 0.001 ***).
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Figure 7. 
Prohibitin in control, diabetic retinopathy (DR) and aged retina (n=9 for biological triplicate 

and technical triplicate) were analyzed. Retinal tissue was homogenized in RIPA buffer 

followed by sonication. β-actin blot was used as a loading control. A. Prohibitin from 

diabetic retinopathy (DR) and aged mouse retina was compared to control. B. Prohibitin 

from diabetic retinopathy (DR) and aged rat retina was compared to control. C. Prohibitin 

from diabetic retinopathy (DR) and aged human retina was compared to control. Statistical 

comparisons between means were performed by 2-tailed t test. A p value of ≤ 0.05 was 

considered as statistically significant (P > 0.05 ns (not significant); P ≤ 0.05 *; P ≤ 0.01 **; 

P ≤ 0.001 ***).
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Figure 8. Up- and downstream regulation of prohibitin network
Prohibitin bindings and up/down stream regulations are shown. Basic amino acids of N-

terminus may catalyze PI3K pathway by PIP3 binging, whereas C-terminus cardiolipin 

binding may have a role as an anti-apoptotic signaling by mtDNA binding.
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