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Abstract
SH-SY5Y neuroblastoma cells were examined to determine changes in protein expression
following exposure to the organophosphate paraoxon (O,O-diethyl-p-nitrophenoxy phosphate).
Exposure of SH-SY5Y cells to paraoxon (20 µM) for 48 h showed no significant change in cell
viability as established using an MTT assay. Protein expression changes from the paraoxon-treated
SH-SY5Y cells were determined using a comparative, sub-proteome approach by fractionation
into cytosolic, membrane, nuclear, and cytoskeletal fractions. The fractionated proteins were
separated by 2D-PAGE, identified by MALDI-TOF mass spectrometry, and expression changes
determined by densitometry. Over four-hundred proteins were separated from the four fractions
and sixteen proteins were identified with altered expression ≥ 1.3-fold including heat shock
protein 90 (−1.3 fold), heterogeneous nuclear ribonucleoprotein C (+2.8 fold), and H+ transporting
ATPase beta chain (−3.1 fold). Western blot analysis conducted on total protein isolates confirmed
expression changes in these three proteins.

Introduction
Organophosphate insecticides (OPs) are widely used in agriculture and domestic
applications but their use continues to be a public safety concern because OPs share
chemical traits, properties, structure and biological mechanisms with nerve gas agents.
These concerns have persisted for decades with reports of neurotoxicity and non-neurologic
toxicities associated with acute and chronic exposure to OPs. The neurotoxicity observed
following exposure to OP compounds is typically initiated by the covalent modification of
acetylcholinesterase (AChE) forming OP-AChE adducts. The OP-AChE adduct is relatively
stable and unable to hydrolyze its substrate acetylcholine resulting in an increase in this
neurotransmitter followed by overstimulation of acetylcholine receptors (AChR’s) (1–3).

Recently, certain reactive OP compounds have been found to covalently and non-covalently
interact with protein targets other than AChE and may be the causative step in other toxic
responses. The involvement of OPs at nicotinic and muscarinic AChRs and non-cholinergic
protein targets has been reported with increasing frequency (4–12). However, no unified or
integrative approach has been conducted to identify possible alterations in protein
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expression following exposure to OPs despite mounting evidence that OPs interact with a
wide range of proteins in addition to AChE (5,7,13–14) and may modify many cellular
processes. This study seeks to preliminarily identify the protein expression changes resulting
from exposure to the representative OP, paraoxon.

Paraoxon (O,O-diethyl p-nitrophenylphosphate; Figure 1), the bioactive metabolite of
parathion, is well-known to covalently modify and inhibit AChE, and has been used to
investigate and identify toxicologically relevant targets of OPs (11,14–15). In neuronal and
glial cells, alterations in signaling molecules and pathways (12,16–18), mitochondrial
integrity and ATP production (18–21), and stress responses (16,22) were observed following
OP exposure.

In order to better understand how cells respond to OP exposure and gain insight into the
mechanisms involved in OP toxicity, the SH-SY5Y human neuroblastoma cell line was
selected for study since they express AChE, the nicotinic AChR (23) and also many neuron-
specific enzymes including dopamine hydroxylase, tyrosine hydroxylase, and aromatic L-
amino acid decarboxylase. The in vitro toxicity of paraoxon has been demonstrated in a
variety of systems including the SH-SY5Y cell line (19,24–26) and AChE present in SH-
SY5Y cell culture is inhibited within minutes at sub-micromolar levels. However, loss of
SH-SY5Y cell viability required incubations with millimolar concentrations for 24–48 h
suggesting cellular toxicity occurs by non-cholinergic events well after AChE inhibition
(25). In this study, SH-SY5Y cells were treated with paraoxon and a comparative, sub-
cellular fractionation proteomic approach was used to identify changes in protein expression
after 48 h.

Material and Methods
Paraoxon Synthesis

Equimolar amounts of p-nitrophenol and diethyl chlorophosphate were dissolved in diethyl
ether at 0 °C to which triethylamine (Et3N, 1.1 equiv) was added. The reaction mixture was
stirred at 25 °C for 8 h whereupon the mixture was filtered, and the residue
chromatographed on silica gel (EtOAc:hex, 1:1). Paraoxon was isolated as a pale-yellow oil.
The structure was confirmed by comparison with authentic material and characterized by
NMR and MS. The chemical purity was determined to be greater than 98% by LC-MS.
Paraoxon was stored neat at 5 °C or as a solution in acetonitrile at 5 °C prior to use.

Culture of SH-SY5Y Cells
Human neuroblastoma cells (SH-SY5Y) were obtained from American Type Culture
Collection (Rockville, MD) and cultured in Dulbecco's Modified Eagle's medium and Ham's
F-12 nutrient mixture (DMEM/F12) (GIBCO BRL, Grand Island, NY) supplemented with
10% fetal bovine serum (FBS) (Hyclone; Thermo Fisher Scientific Inc., Waltham, MA), 100
U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine in a CO2 incubator
maintained at 5% CO2 and 37 °C. The media was changed every two days. Cells were
allowed to reach 80% confluence before exposure to paraoxon.

SH-SY5Y Exposure to Paraoxon
A 10 mM stock solution of paraoxon was prepared in 100% acetonitrile. Experimental
concentrations were prepared by dilution of stock solution in DMEM/F12 medium, 1% FBS,
100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine. The FBS in the SH-
SY5Y cell culture media was reduced from 10% to 1% 24 h prior to paraoxon treatment.
Original culture media was replaced with paraoxon culture media and allowed to incubate at
37 °C for the various time points described below. Cells were thoroughly rinsed with ice
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cold PBS prior to cell collection. Cells were then transferred to 1.5 mL storage tubes and
stored at −80 °C prior to protein extraction.

Cell Viability Assay
Cell viability was determined using an MTT assay kit (Roche Applied Science, Indianapolis,
IN) with ~ 0.25 × 105 cells/mL per well in 96-well culture plates using eight replicates per
treatment group. Cells were exposed to paraoxon concentrations ranging from 10 nM – 100
µM for 24, 48, or 72 h. As a positive control for cell death, wells of untreated cells were
separately exposed to 2% Triton X-100 solution in assay medium. Culture media was
removed and 100 µL of fresh medium containing paraoxon (various concentrations) or
Triton-X-100 was added to each well (n = 8 for each paraoxon concentration and Triton-
X-100).

After incubation for appropriate time points, 10 µl of the supplied MTT labeling reagent (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to each well. Plates
were incubated with MTT for 4 h and 100 µl of solubilizing solution was added to each
well. Plates were incubated overnight before being measured at 575 nm (formazan) using a
microplate reader. Viability was determined by comparing the absorbance readings of the
wells containing paraoxon-treated cells with those of the vehicle (0.1% acetonitrile) treated
cells. Statistical significance was determined by analysis of variance (ANOVA) followed by
a Dunnet's Post Hoc test, p < 0.05 (n = 8 samples per group).

Subcellular Protein Fractionation
For the proteomic analysis, SH-SY5Y cells were cultured and exposed to 20 µM paraoxon
in culture media for 48 h as described. To overcome the low abundance of certain proteins
found in the 2-D gels an increase in extraction efficiency and sensitivity was accomplished
in the SH-SY5Y proteome by extraction according to their subcellular localization
(cytosolic, membrane bound, nuclear, and cytoskeletal) using a detergent based proteome
extraction kit (Calbiochem ProteoExtract Subcellular Proteome Extraction Kit; EMD
Chemicals Inc., Gibbstown, NJ). The kit contains four different extraction buffers that
exploit the differential solubility of certain cell compartments to separate proteins into
differing subcellular fractions. Western Blot analyses and 1-D SDS PAGE were used to
estimate the extraction efficiency of the subproteome extraction (Supporting Information,
Figure S-1). After extraction, the protein concentration was determined for each fraction
using a Bradford protein assay and samples were stored at −80 °C. To concentrate proteins
and remove any impurities such as salts and detergents that may interfere with 2-D SDS
PAGE separation, proteins were precipitated (Calbiochem ProteoExtract Protein
Precipitation Kit; EMD Chemicals Inc., Gibbstown, NJ), and 200 µg of the precipitated
proteins were resuspended in 185 µL of 7 M urea, 2 M thiourea, 1% (w/v) ASB-14
detergent, 40 mM Tris base, and 0.001% bromophenol blue.

Two-Dimensional (2-D) Electrophoresis and Proteomic Analyses
Proteins were separated using two-dimensional gel electrophoresis and changes in spot
density between the control and paraoxon exposure group (n = 3 for each group) were
determined using 200 µg of total protein from each treatment group. Total protein from
subcellular fractions was loaded onto an 11 cm immobilized pH gradient strip (IPG; pH 3–
10; Bio-Rad Laboratories, Hercules, CA) and the samples placed in a 12-well rehydration
tray. Protein samples were allowed to enter the strip for 60 min whereupon a layer of
mineral oil was then placed over the strips and left in the tray 16 h. The IPG strips were next
subjected to isoelectric focusing (250 V for 15 min then ramped to 8,000 V for 2–5 h
depending on sample content). The voltage was limited by a 50 µA/gel current restriction.
After reaching 8000 V, the samples were focused for an additional 5 h. In preparation for the
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second dimension, sulfhydryl groups were reduced with dithiothreitol (DTT) and alkylated
using iodoacetamide. The IPG strips were placed in an 11 cm rehydration tray containing 1
mL of reducing solution (3.6 g urea, 0.2 mg DTT, 2.0 mL 10% SDS, 2.5 mL 1.5 M Tris (pH
8.8), 2.0 mL glycerol, and 1.0 mL H2O) for 30 min whereupon the reducing solution was
decanted and the channels were refilled with alkylating solution (3.6 g urea, 0.25 g
iodoacetamide, 2.0 mL 10% SDS, 2.5 mL 1.5 M Tris (pH 8.8), 2.0 mL glycerol, 1.0 mL
H2O, and 5 mg bromophenol blue) for 30 min. After the IPG strips were equilibrated, they
were positioned in a 12% bis-Tris Criterion gel (Criterion precast gel; Bio-Rad Laboratories,
Hercules, CA) and overlaid with molten agarose. Gels for all treatment groups were run
simultaneously in a Bio-Rad Criterion dodeca cell (Bio-Rad Laboratories, Hercules, CA) for
1.5 h at 20 °C at 150 V.

2-D Gel Staining and Image Analysis
2-D gels were removed from the gel cassette, stained with Bio-Safe Coomassie G-250 stain
(Bio-Rad Laboratories, Hercules, CA) for 1 h and destained using distilled water. Coomassie
stained gel images were recorded, digitized by densitometry, and analyzed using Bio-Rad
PDQuest 2-D Gel Analysis Software (v 6.2). The comparative gels from each cellular
fraction (n = 3) for the control and paraoxon treatment sets were grouped together. The
average spot density for each protein spot was then used to compare the spot density among
control and paraoxon treatment groups for each cellular fraction. Protein spots that
demonstrated a statistically significant change of ±1.3 fold or greater between control and
paraoxon treatment groups were excised and identified by mass spectrometry. Significance
was determined by t-test using Bio-Rad PDQuest 2-D Gel Analysis software (Bio-Rad
Laboratories, Hercules, CA).

In-gel Trypsin Digestion and Sample Preparation for Mass Spectrometry
Protein spots were excised from Coomassie stained gels using a ProteomeWorksTM Spot
Cutter (Bio-Rad Laboratories, Hercules, CA) and gel plugs transferred to a 96-well plate.
Gel plugs were first destained by washing for 30 min in 200 µl of 50% H2O/50%
acetonitrile, dried in a non-humidified oven (37 °C) for approximately 2 h, and then digested
with 50 µl trypsin solution (12.5 ng trypsin/25 mM NH4HCO3 in 50% acetonitrile). The
sample was incubated at 4 °C in the trypsin solution for 20 min, excess trypsin was removed
and the sample overlaid with 30 µL of 25 mM NH4HCO3 and allowed to incubate overnight
at 37 °C. The supernatant containing peptides was removed, placed in a fresh 0.5 mL
Eppendorf tube and extracted twice with 0.1% trifluoroacetic acid/60% acetonitrile (2 × 200
µL) and concentrated to 10 µL. The extracts were applied to ZipTips (ZipTip® Pipette Tips,
P10 C18; Millipore, Billerica, MA) and following the manufacturer’s instructions, the
tryptic peptides were eluted using 60% acetonitrile/0.2% formic acid (4 µL). For MALDI-
TOF analysis, 10 µg-cyano hydroxycinnamic acid was dissolved in 1 mL of acetonitrile-
water (1:1), spiked with 2 µL of Bruker peptide calibration standard (#206195 Bruker
Daltonics Inc., Billerica, MA) and mixed 1:1 with tryptic peptide before samples were
analyzed.

Protein Identification by Mass Spectrometry
Peptide mass spectra were recorded in positive ion mode on a Voyager-DE Pro MALDI
time-of-flight mass spectrometer (Applied Biosystems, Foster City, CA). Mass spectra were
obtained by averaging 500 individual laser shots. A calibration standard mixture (#206195
Bruker Daltonics Inc., Billerica, MA) containing seven different peptide standards was used
as internal calibration standards. The selected proteins were identified by MALDI-TOF
mass spectrometry and Mascot protein database search. Acceptable Mascot database criteria
used in this study were: (a), the protein match must have a MOWSE (Molecular Weight
Search) score of at least 56 to be considered significant (p < 0.05), (b) average sequence
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coverage of approximately 25%, and (c) experimental molecular weights and isoelectric
points (pIs) must be in close approximation to the protein’s actual molecular weight and/or
pI.

Database Search
The peptide mass data was used to identify proteins using a Mascot peptide mass fingerprint
database search (Matrix Science; www.matrixscience.com) against the SwissProt/Uniprot
database (database is developed by the SWISS-PROT groups at the Swiss Institute of
Bioinformatics and The European Bioinformatics Institute). The following search
parameters were used: SwissProt database; taxonomy, homo sapiens (human); maximum
missed cleavages, 1; variable modifications, carbamidomethyl (C) and oxidation (M); and
peptide tolerance, ± 0.2 Da. The Mascot search engine was used to calculate a theoretical
molecular weight, isoelectric point, and search (MOWSE) score for each experimental
peptide mass spectra (protein score in −10*Log(P), where P is the probability that the
observed match is a random event. Protein scores greater than 56 were considered
significant (p < 0.05) (Supporting Information, Table S-4).

Western Blot Analysis
For the western blot analysis, SH-SY5Y cells were treated with 20 µM paraoxon and
collected at 12–72 h. Cells were homogenized in lysis buffer containing 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1 mM ethylenediamine-tetraacetic acid (Na2EDTA), 1 mM
ethylene glycol-O, O'-bis(2-aminoethyl)-N, N, N', N'-tetraacetic acid (EGTA), 1% Triton-X,
2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate and 1 mM Na3VO4. Additions
were made to give final concentrations of 0.5% Na-deoxycholate, 0.5% SDS, 1 µM okadaic
acid, 1 mM phenylmethylsulfonyl (PMSF), 0.1 mg/mL benzamidine, 8 µg/mL calpain
inhibitors I and II and 1 µg/mL each leupeptin, pepstatin A and aprotinin. Homogenates
were sonicated and vortexed for 5 min before centrifugation at 10,000 × g for 20 min. The
remaining insoluble pellet was discarded and the total protein concentration of the
supernatant was then determined by Bradford protein assay (27). Proteins were first
separated by SDS-PAGE using 4–12% gradient bis-Tris Criterion precast gel (Bio-Rad
Laboratories, Hercules, CA) and transferred to PVDF membranes for immunoblotting. Gels
were transferred to Immun-Blot PVDF membrane (Bio-Rad Laboratories, USA) using
Criterion transfer cells with plate electrodes (Bio-Rad Laboratories, Hercules, CA) for 60
min at 100 V and blocked in 5% milk in TBST (Tris-buffered saline, 0.1% Tween 20)
overnight at 4 °C. Membranes were washed in TBST and then incubated overnight at 4 °C
with the specific primary antibody. The primary antibodies (Abcam Inc. Cambridge, MA)
were: (a) mouse monoclonal antibody for HSP 90 (antibody S88; ab1429 @ dilution 1:200);
(b) mouse monoclonal antibody for hnRNP (C1/C2) (antibody 4F4; ab10294 @ dilution
1:1000); (c) mouse monoclonal antibody for ATP synthase beta subunit (antibody 3D5;
ab14730 @ dilution 1:1000) and; (d) rabbit polyclonal antibody against GAPDH (ab9485 @
dilution 1:2000) (Supporting Information, Figure S-2). Membranes were washed in TBST
and incubated with the appropriate secondary antibody for 2 h. Secondary antibodies were
purchased from Vector Laboratories (Vector Laboratories, Inc., Burlingame, CA) HRP-
conjugated anti-rabbit, PI-1000 (dilution 1:2000) and HRP-conjugated anti-mouse, PI-1000
(dilution 1:2000). Membranes were then washed in TBST before imaging with the Fuji
LAS-3000 CCD based imaging system (FujiFilm Life Science, Valhalla, NY). Membranes
were re-probed with GAPDH to confirm equal protein loading. Band pixel intensity was
measured using the Fuji LAS-3000 software. Band intensities from control and treated
groups were normalized to GAPDH. Statistical significance was determined by one-way
ANOVA followed by a Dunnets Post Hoc, p < 0.05 was considered significant (n = 3
samples per group), using GraphPad Prism 4.0 software (GraphPad Software, La Jolla, CA).
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Results
SH-SY5Y Cell Viability

To obtain the optimum conditions for the proteome analysis, the tolerance of the SH-SY5Y
cell line to variable paraoxon concentrations was determined using a MTT colorimetric
assay at several time points. MTT analysis at 24 h showed that exposure to paraoxon results
in no significant decrease in cell viability over the concentration range tested from 10 nM to
100 µM. At the 48 h and 72 h timepoints, SH-SY5Y cell viability dropped to ≤ 80% of
control when the paraoxon concentration exceeded 10 µM. At 96 h exposure, significant
cytotoxicity (approx. 70% of control) occurred as low as 1 µM and only 5% of control cell
viability remained at 100 µM paraoxon exposure (Figure 2). Based on the MTT assay, an
exposure of 20 µM paraoxon for 48 h was used for our proteomic studies since this was
below the threshold where reduction in cell viability was observed. No loss in cell viability
at 20 µM paraoxon was observed at 48 h of exposure as determined by trypan blue exclusion
(See: Supporting Information, Figure S-3).

Proteomic Analysis
Changes in protein expression levels in SH-SY5Y cell cultures were examined following
exposure to 20 µM paraoxon for 48 h. A comparative, sub-fractionation proteomic analysis
was utilized to identify changes in protein expression yielding a number of identifiable
proteins in both control and paraoxon exposed cells. Representative 2-D gel maps of overall
protein expression from the cytosolic, membrane, nuclear and cytoskeletal fractions from
SH-SY5Y cells (Figure 3) showed that proteins were widely distributed across the pI range
between 20 and 120 kDa. Protein spots were analyzed from three pairs of gels from
independent experiments using Bio-Rad PDQuest 2D analysis software. Some proteins were
represented by multiple spots distributed across a range of isoelectric points (pI), and certain
proteins exist in different cellular compartments and therefore, may be found in one or more
cellular fractions. The 2-D gels from paraoxon-treated samples were compared to control
gels and the protein spots displaying an expression change of ±1.3 fold or greater were
excised from the gel and identified by MALDI-TOF mass spectrometry using peptide mass
fingerprint searches (Table 1). Mascot database search scores (values > 67 represent 95%
confidence or higher), calculated isoelectric points (pI), molecular weight (Mr), and
sequence coverage for each protein is included for each protein (Table 1).

The cellular subfractionation approach led to the separation of distinct proteins into four
groups: (a) cytosolic, (b) membrane, (c) nuclear, and (d) cytoskeletal. (a) The cytosolic
fraction afforded 117 total spots that were resolved of which 21 were identified by MALDI
and 13 were found to be non-redundant proteins. Spot density analysis showed differential
expression for 7 of the 13 total proteins identified in the cytosol, 3 proteins were up-
regulated and 4 proteins were down-regulated (including the α- and β-HSP 90 subunits)
(Table 1). (b) The membrane fraction yielded 132 total resolved spots of which 21 were
identified by MALDI and 15 were found to be non-redundant. Spot density analysis resulted
in 8 differentially-expressed proteins of which 6 increased in expression and 2 decreased in
expression. Three of the up-regulated proteins were hnRNP (C1/C2), which varied in
expression change from 1.6 to 2.8-fold. Two forms of β-actin showing disparate increase
(1.7-fold) and decrease (3.2-fold) in expression were identified in response to paraoxon
treatment. (c) The nuclear fraction led to 132 resolved protein spots with 8 protein
identifications by MALDI. Seven of the nuclear proteins were non-redundant and 3 of these
proteins showed significant decrease in expression from 1.6 to 3.3-fold (prohibitin). (d) The
cytoskeletal fraction was resolved into 33 protein spots of which 11 proteins were identified
(9 non-redundant proteins) including lamin-B2 that increased by 1.4-fold in response to
paraoxon exposure.
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Western Blot Analysis
Western blot analysis was conducted for three proteins that changed significantly in
expression following exposure to paraoxon: ATP synthase β-subunit (membrane fraction),
hnRNP c1/c2 (membrane fraction), and HSP 90 (cytosolic fraction). For western blot
analyses (See: Supporting Information, Figure S-2), SH-SY5Y cell cultures were exposed to
20 µM paraoxon in culture media for 12–72 h, but were not fractionated prior to blot
analysis. A significant increase in expression for all three proteins was observed at 24 h
post-exposure. The expression of ATP synthase β-subunit was increased in the first 24 h by
1.66-fold, however, this value dropped to 1.35-fold at 72 h relative to control. Likewise,
HSP 90 protein levels increased to 2.6-fold at 24 h but dropped to 2.0-fold from 48–72 h.
For hnRNP c1/c2, the expression level sustained a 1.2 to 1.3-fold increase in the 24–72 h
time period following exposure to paraoxon.

Discussion
The current study was undertaken in order to gain further insight into the mechanisms
involved in paraoxon cytotoxicity through alterations in protein regulation. For our
proteomic analysis, the cells were treated with 20 µM paraoxon for 48 h since the MTT
assays indicated there was no significant decrease in cell viability at 72 h. Cell viability was
adversely affected at paraoxon concentrations greater than 500 nM at the 96 h time point,
however, SH-SY5Y cells showed normal viability with paraoxon concentrations as high as
100 µM at 24 h, which is consistent with earlier reports with undifferentiated and
differentiated cells (21,25,28). Although cell viability was unaffected, treatment with 20 µM
paraoxon inhibits acetylcholinesterase in SH-SY5Y cell lines within one hour (25,28).
Interestingly, 24 h exposure to 5, 10, and 50 µM paraoxon appeared to have a modest
proliferative effect on cell growth as indicated by an increase in absorbance at these time
points. This observation is contrary to that found for human hepatoma HepG2 cells that
show a reduction in cell proliferation after exposure to 100 µM methyl paraoxon (29).

A sub-proteome fractionation approach was undertaken to facilitate the identification of low
abundance proteins and aid separation of individual proteins by their locus of compartment.
These advantages can be offset, in part, by carryover of certain proteins that are distributed
into more than one cellular compartment thereby complicating measures in the expression
changes. Sixteen proteins changed in expression level > 1.3-fold following exposure of SH-
SY5Y cells to 20 µM paraoxon at 48 h (Table 1) and these proteins were found to be located
in the four different cellular compartments (Figure 3). This is a significant finding indicating
that paraoxon exposure results in cell-wide changes in protein expression. The total number
of proteins that changed in expression roughly correlates with the fifteen genes that were
identified by gene array in SH-SY5Y cells treated with paraoxon (3 µM and 30 µM) for 24 h
(17).

Based on our sub-proteome analysis, our results indicate that paraoxon exposure leads to
protein expression changes throughout cell compartments and not just AChE and serine
hydrolase-type proteins. Good to excellent (18–53%) sequence coverage was determined by
MALDI MS analyses and all protein spots were in good agreement with the theoretical
molecular weight and pI. As such, the proteomic analysis identified a number of proteins
that may be sensitive to paraoxon exposure, only one of which had been previously
uncovered during a gene expression study (17). A few proteins changed in expression three-
fold or greater including ATPase (membrane fraction), beta actin (membrane fraction) and
histone H2B.1 (nuclear fraction). During the tryptic peptide analysis by mass spectrometry,
no evidence was obtained that proteins were directly phosphorylated by paraoxon although
the possibility that covalent modification may have occurred cannot be excluded.
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To address the possibility that overall protein expression changes due to paraoxon exposure
may differ from those determined using a subproteome fractionation approach, western blot
analysis was conducted for three of the identified proteins using a total protein extraction.
SH-SY5Y cells were exposed to 20 µM paraoxon and the cells collected at several different
time points to investigate dynamic expression patterns for HSP 90, hnRNP c1/c2 and the
ATP synthase β-subunit, which displayed large changes in expression as determined by the
2-D gel analysis.

HSP 90 showed a decrease in expression of 1.3 to 1.7-fold in the cytosolic fraction
following paraoxon exposure but when analyzed by Western blot analysis the expression
change showed an increase 2.0 to 2.6-fold. This discrepancy has not been resolved although
it is possible that isolated cytosolic HSP 90 expression differs from protein located
throughout the cell. HSP 90 has been reported to play a role in various cellular processes
including signal transduction, protein folding, and protein degradation (30–31). The results
observed by Western blot analysis agrees with previous studies using cultured PC-12 cells,
which found that HSP90 was induced by a variety of different pesticides, including the
organophosphate chlorpyrifos, and believed to be a cellular protection response to oxidative
stress (32).

Following paraoxon exposure, the heterogeneous nuclear ribonucleoprotein C (C1/C2)
(hnRNP c1/c2) was up-regulated from 1.6 to 2.8-fold when analyzed from the membrane
fraction and validated by Western blot by a 1.2 to 1.3-fold increase from total protein.
HnRNP c1/c2 belongs to the RNA-binding protein family (33) and is primarily located in
the nucleus but may also be found in the cytoplasm. It was therefore surprising that hnRNP
c1/c2 was found in the membrane fraction although the detergents used to sub-fractionate
the proteome may have played a role in distribution to this compartment. HnRNP c1/c2 may
be associated with pre-mRNA processing, metabolism and transport (34), cellular
homeostasis (34), plays a role in cell cycle regulation (35), and hypothesized to be
associated with disease pathways such as cancer (36–37) and schizophrenia (38). Down-
regulation of hnRNP c1/c2 by siRNA in HeLa cells resulted in cells hypersensitivity to a
variety of cellular stresses including H2O2 (oxidative stress) (34).

Results from our proteomic analysis indicated that the ATPase beta chain demonstrated a
3.1-fold decrease in spot density, which was contrary to the 1.66-fold increase found using
Western blot analysis based on total protein at the same time point. Although ATPase
expression is clearly altered by paraoxon exposure, it is difficult to account for the reversed
responses. The ATP synthase β-subunit is part of a multi-subunit complex found in
mitochondria that catalyzes ATP synthesis utilizing an electrochemical gradient of protons
across the inner membrane during oxidative phosphorylation (39) and some early reports
suggested that mitochondria may be a target for reactive OPs resulting in a decrease in ATP
synthesis (21).

The proteomics study was designed to obtain information about changes in protein
expression levels in SH-SY5Y cells following exposure to paraoxon. To more accurately
identify those changes, a sub-proteome fractionation approach was employed to separate
paraoxon-affected proteins based on their cellular compartment. In addition to improved
identification accuracy, the fractionation was also envisioned to assist with the analysis of
low abundance proteins and/or better understand how paraoxon might alter protein
expression changes based on the cellular localization. However, certain inherent problems in
the sub-proteome extraction led to difficulties in correlating and validating protein
regulation changes as noted for the three proteins selected for Western blot analysis. For
example, many proteins likely appear in more than one of the cell fractions, extraction
efficiency can be poor, and some proteins may exist in different post-translationally
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modified forms in different cellular compartments. Therefore, measures of sub-proteome
expression changes may not correlate well with whole cell expression changes, and further
interpretation should take the limitations of each experimental approach into account.

Although reactive OPs like paraoxon are known to inhibit AChE to initiate organism level
toxicity, it is well known that other individual proteins and cellular pathways are affected by
interaction with OPs and may or may not be related to AChE inhibition (13,28). Further, the
concentration of OP required to inhibit AChE is typically much less than the lethal dose of
OP indicating that other cellular pathways are affected by OP exposure (25). It is likely that,
as AChE inhibition occurs, cells respond by initiating responses such as oxidative stress.
Many environmental toxicants induce stress responses in affected cells and these stress
responses can be broken down into several broad categories, such as oxidative stress, DNA
damage, heat shock (chaperone), and inflammation, among others (40). Certain OPs have
been shown to cause oxidative damage in cell culture and animal model systems, as well as
oxidative stress-like symptoms in human populations (41). Protein expression changes
uncovered in this study suggest that exposure to OPs may induce a cellular stress response.
Whether the oxidative stress response elicited by OPs is due to downstream effects of AChE
inhibition or to other direct targets of OP phosphorylation is not presently known.

Tropomyosin and actin both changed in regulation following exposure to paraoxon, and
have been previously shown to have altered regulation in response to several toxicants,
including the herbicide atrazine (42). Likewise, exposure of rat aortic smooth muscle cells to
homocysteine, which causes oxidative stress, affected protein expression of tropomyosin,
actin, and prohibitin (43), although prohibitin has also been shown to be up-regulated
following oxidative stress (44). In the proteomic analysis, FSCN1, actin, and tropomyosin
all changed in expression in response to paraoxon exposure and are all implicated in
cytoskeletal rearrangement pathways (45) and although this pathway was not observed in
the course of this exposure. A decrease in the expression of FSCN1 has been shown to be
associated with the suppression of cellular proliferation, possibly indicative of slowing down
of cell division (46). Alpha enolase, which was down-regulated 2.3-fold in SH-SY5Y at 48 h
following exposure, was briefly examined to see if this enzyme interacts directly with
paraoxon. However, the activity of recombinant alpha enolase was largely unaffected by
paraoxon at concentrations up to 10 mM (data not shown).

In order to fully elucidate the molecular mechanisms involved in OP toxicity, a better
understanding is needed of the molecular events following OP exposure. The results from
this study indicate that exposure to paraoxon resulted in the altered expression of a number
of proteins involved in a diverse array of cellular processes. Further, it was found that
protein expression changes may vary between sub-proteome analysis and gene expression
analysis (17) and conclusions using either method should be independently validated. The
significance of these protein expression changes to the overall paraoxon cytotoxicity
remains to be determined and future studies need to be aimed at determining whether these
expression changes are a specific result of paraoxon exposure or due to a general cellular
stress response.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structure of paraoxon.
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Figure 2.
Cytotoxicity of paraoxon to SH-SY5Y cells. Cells were treated with paraoxon (10 nM –
100µM) for 24, 48, 72 and 96 h or no paraoxon (control) and the cell viability estimated by
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) colorimetric assay.
Results are presented as % of vehicle control, determined by comparing the absorbance
readings of the wells containing the paraoxon treated cells with those of the vehicle (0.1%
acetonitrile) treated cells. Triton X-100 was used as a positive control (= 100% cell death).
Significance determined by one-way ANOVA followed by Dunnet’s post hoc test (*
significant decrease; ** significant increase) (p < 0.05; n = 8).
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Figure 3.
Representative two-dimensional gel maps of overall protein expression in SH-SY5Ycells.
Protein expression from (A) cytosolic fraction, (B) membrane fraction, (C) Nuclear fraction,
and (D) cytoskeletal fractions are shown. The majority of the proteins are located between
20 and 120 kDa, and are widely distributed across the entire pI range (pI: 3–10). Many
proteins are identified as multiple spots in a single fraction, suggesting possible post-
translational modifications such as glycosylation or phosphorylation. Circled spots displayed
an expression change of ±1.3 fold or greater. Protein spots were excised from the gel and
identified by MALDI-TOF mass spectrometry and a peptide mass fingerprint search.
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