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ABSTRACT. A proteomic approach was used to identify 15-ded§44prostaglandina)(15d-PGJ) protein

targets in human neuroblastoma SH-SY5Y cells. By using biotinylated 15d-p@détin was found as

the major adducted protein; at least 12 proteins were also identified as minor biotin-positive spots, falling
in different functional classes, including glycolytic enzymes (enolase and lactate dehydrogenase), redox
enzymes (biliverdin reductase), and a eukaryotic regulatory protein (34-3-8d-PGdinduced marked
morphological changes in the actin filament network and in particular promoted F-actin depolymerization
as confirmed by Western blot analysis. By using a mass spectrometric approach, we found that;15d-PGJ
reacts with isolated G-actin in a 1:1 stoichiometric ratio and selectively binds the Cys374 site through a
Michael adduction mechanism. Computational studies showed that the covalent binding of }%5tHBG:s

a significant unfolding of actin structure and in particular that 15d-RiBsiorts the actin subdomains 2

and 4, which define the nucleotide binding sites impeding the nucleotide exchange. The functional effect
of 15d-PG4d on G-actin was studied by polymerization measurement: in the presence of 15daPGJ
lower amount of F-actin forms, as followed by the increase in pyrenyl-actin fluorescence intensity, as the
major effect of increasing 15d-P&doncentrations occurs on the maximum extent of actin polymerization,
whereas it is negligible on the initial rate of reaction. In summary, the results here reported give an insight
into the role of 15d-PGJas a cytotoxic compound in neuronal cell dysfunction. Actin is the main protein
cellular target of 15d-PG,Jwhich specifically binds through a Michael adduction to Cys374, leading to

a protein conformational change that can explain the disruption of the actin cytoskeleton, F-actin
depolymerization, and impairment of G-actin polymerization.

The prostaglandins (PGspare a family of structurally  differentiation, and homeostasik @). PGs are derived from
related molecules that are produced by cells in response tofatty acids, primarily arachidonate, which are released from
a variety of extrinsic stimuli and that regulate cellular growth, membrane phospholipids by the action of phospholipases.
Arachidonate is first converted to an unstable endoperoxide
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Ficure 1: Identification of biotinylated 15d-PGdnodified proteins

in SH-SY5Y cells. (A) Chemical structure of biotinylated 15d-RGJ
(B) SH-SY5Y cells were incubated with 1M biotinylated 15d-
PGJ for 2 h. The proteins were separated by isoelectrofocusing
(pH range 3-10) and then by SDSPAGE. Left panel: SYPRO
Ruby fluorescence staining. Right panel: Western blot. The
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Chemicals (Ann Arbor, MI; Cabru, Milan, ltaly), and
iodoacetamide A)-threc-1,4-dimercapto-2,3-butanediol (DTT),
and ATP (disodium salt) were from Sigma-Aldrich (Milan,
Italy). Sequence grade modified trypsin was purchased from
Promega (Madison, WI; Milan, Italy), anN-(1-pyrenyl)-
iodoacetamide was from Molecular Probes (Eugene, OR).
LC grade and analytical grade organic solvents were
purchased from Merck (Bracco, Milan, Italy). LC grade water
was prepared with a Milli-Q water purification system
(Millipore, Bedford, MA). All other reagents were of
analytical grade. Horseradish peroxidase-linked anti-goat 1IgG
immunoglobulins and enhanced chemiluminescence (ECL)
Western blotting detection reagents were obtained from
DakoCytomation (Glostrup, Denmark) and GE Healthcare
Bio-Sciences Corp. (Piscataway, NJ), respectively. The
antibody againsi3-actin was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). The protein concentration
was measured using the BCA protein assay reagent obtained
from Pierce (Rockford, IL). UltraLink Immobilized Neu-
trAvidin Plus and 1-ethyl-3-(dimethylaminopropyl)carbodi-
imide (EDC) were obtained from Pierce.

Cell Culture.Human neuroblastoma SH-SY5Y cells were
grown in Cosmedium-001 (Cosmo-Bio, Tokyo, Japan)
containing 5% FBS. The cells were seeded in plates coated
with polylysine and cultured at 37C.

Preparation of Biotinylated 15d-PGJThe carboxyl group
of 15d-PGgJ was modified by amidation with EZ-link
5-(biotinamido)pentylamine (Pierce) by a modification of a
previously described procedurt?j. Biotinylated 15d-PGyJ

arrowheads denote spots excised for subsequent identification bywas purified through a reverse-phase HPLC eluted with a

MALDI-TOF analysis, as described under Experimental Procedures.

thelial cell apoptosis9), induction of glutathioneStrans-
ferase gene expressiof0j, and potentiation of apoptosis
in neuronal cells11). Moreover, recent studies have shown
that 15d-PGgdirectly inhibits the NF«B-dependent gene
expression through covalent modification of critical cysteine
residues in4B kinase {) and the DNA-binding domains of
NF-«B subunits 8, 12).

We have recently shown that 15d-R@iduces apoptosis

linear gradient of acetonitritewater—acetic acid (80:20:0.01
v/Ivilv) (solvent A) and acetonitriteacetic acid (100:0.01 v/v)
(solvent B) (time= 0 min, 100% A; 50 min, 0% A). The
modified PG was then dried under argon and dissolved in
DMSO for further use.

Fluorescence Microscopy of Actin Filameng&H-SY5Y
cells were treated with DMSO (vehicle control), ;A
cytochalasin D, or 2M 15d-PGJ for 2 h and then fixed
in PBS containing 3.8% paraformaldehyde for 30 min. The
membranes were permeabilized by exposing the fixed cells

of SH-SY5Y human neuroblastoma cells via accumulation ¢, ¢4 acetone. The cells were then sequentially incubated

of p53. Moreover, the Fas/Fas ligand pathway has been
identified as the downstream signaling mechanism in the p53-

mediated apoptosid (). Moreover, it has been shown that
15d-PGJ is accumulated in the spinal cord of sporadic
amyotrophic lateral sclerosis (ALS) patients, mainly occur-
ring in the motor neurons of the anterior hortil). In the
present study, to gain an insight into the role of 15d-PGJ
modification of protein in the neuronal cell dysfunction, we
used a proteomic approach to identify the significantly 15d-
PGJ-modified proteins in human neuroblastoma SH-SY5Y
cells and identifiegB-actin as the major molecular target for
the covalent modification by 15d-P&JThe molecular
mechanism for cysteine-targeted modification of this cyto-
skeletal protein and the effects of actin modification by 15d-
PGJ on protein polymerization were elucidated by a

combined computational, functional, and mass spectrometric

approach.

EXPERIMENTAL PROCEDURES

Chemicals.15-DeoxyA'?!4prostaglandin J(15d-PGJ)
and 9,10-dihydro-15d-PGJvere obtained from Cayman

in PBS solutions containing 2% BSA. The cells were then
incubated overnight in the presence of Alexa Fluor 488
phalloidin (Molecular Probes Inc., Eugene, OR), rinsed with
PBS, and covered with antifade solution. Images of the
cellular immmunofluorescence were acquired using a confocal
laser scanning microscope (LSM5 PASCAL; Zeiss).
Biotinylated 15d-PGylLabeling of Actin in SH-SY5Y Cells.
SH-SY5Y cells at 50% confluence were incubated with 10
uM biotinylated 15d-PGJfor 2 h. The cells were washed
with PBS, harvested, and lysed in 10 mM Tris-HCI (pH 7.4),
1 mM EDTA, 0.1% SDS, and 1% Triton, plus protease
inhibitors. Cell lysates containing 2Q@g of protein were
incubated batchwise with 5L of NeutrAvidin-Plus beads
overnight at 4°C with constant shaking. The beads were
rinsed three times with lysis buffer by centrifugation at 3000
rpm for 1 min. The proteins were eluted by boiling the beads
in Laemmli sample buffer for 5 min and analyzed by SBS
PAGE followed by immunodetection with anti-actin anti-
body. In addition, the cell lysates were incubated wittg3
of anti-actin antibody overnight at 4C. The mixture was
then treated with 5QuL of protein G-Sepharose (GE
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Healthcare Bio-Sciences) and incubatedXd at 4°C. The Preparation of F- and G-Actin Extract§SH-SY5Y cells
mixture was then centrifuged (2000 rpm, 5 min), rinsed three were treated with DMSO (vehicle control),.qM cytocha-
times with lysis buffer, and then boiled with the Laemmli lasin, or 20uM 15d-PGJ for 2 h, then rinsed with phosphate-
sample buffer, and the biotinylated proteins were then buffered saline at 28C, and scraped and homogenized in a
subjected to immunoblot and detection with HRP-conjugated lysis and F-actin stabilization buffer (250 mM PIPES buffer,
streptavidin and ECL. pH 6.9, 1 mM ATP, 50 mM NaCl, 5 mM MgG] 5 mM
Protein Separation by Two-Dimensional Electrophoresis. EGTA, 5% glycerol, 0.1% Nonidet P-40 (NP40), 0.1% Triton
Two-dimensional electrophoresis was performed with the X100, 0.1% Tween-20, 0.198-mercaptoethanol, 0.001%
ZOOM IPG runner system (Invitrogen). Before electrophore- antifoam, a'nd protease |nh|p|tors). F-actin was th(_an separated
sis was performed, the samples were dialyzed with a 2D Erom G-actin by centrifugation at 1000§6or 60 min at 37
clean-up kit (GE Healthcare Bio-Sciences). The samples C _The F-actln-corjtz_;unmg pellet was res_uspended in doubly
containing 15Qug of total cell lysate were dissolved in a distilled HO containing 2uM cytochalasin D at a volume
rehydration buffer (8 M urea, 2% CHAPS, 0.5% ZOOM equivalent to the G—.actln—contamlng supernatant volume. T_he
carrier ampholytes, 0.002% bromophenol blue, and 20 mm "esuspended F-actin pellet was kept on ice for 60 min with
DTT) for one-dimensional isoelectric focusing (IEF). The mixing by plpe_t every 15 min 'to dISSOCIat? F-actin. After
pH range of the IEF was-310. After IEF was performed, dlssomat_lon, dissociated F-actin was centrifuged at 14000
the gel strips were incubated with NUPAGE LDS sample for 10 min at 4°C. . . .
buffer. For two-dimensional electrophoresis, NUPAGEL2% G-Actin Prepa_ratlon.Rabb!t skeletal 'T‘“?C'e actin was
BisTris ZOOM gel was used. All procedures followed the ﬂrglparadf; p(;eg/ IOUJWD@I_E%_SCSgGﬁXMGAérCFEIHOIHZZ mMM g ”S-I
manufacturer’s protocol. Separated proteins were then fixed d7 55 ‘ M N m buff ,G. m | hI (;n ft a,%;]
in the gel using 40% ethanol and 10% formic acid, stained a(rjld't' : TZ al‘df( utrer /) Waf yt<_)p ”ée ¢ a g_reo €
with SYPRO Ruby protein gel stain, and scanned using theo"Jl tion of 2 mg ot sucrose/mg of actin and storecr
Typhoon 9400 (GE Healthcare Bio-Sciences). The protein c. TO. prepare G-actin, the Iyoph|I|z_ed powder was dissolved
spots were visualized by Image Quant (GE Healthcare Bio- and dialyzed for at Iea}st 24 h against buffer G depleted of
Sciences). For immunoblotting, gels were transferred to ?g&réggﬁe\:v;s) 'd(j{sr%q:;ér;%leﬁleism?ﬁ ) tﬁzesati)(s[())arlz)a(\:noge- at
nitrocellulose membranes (GE Healthcare Bio-Sciences). The : ined by ASuring "
membranes were incubated with Block Ace (40 mg )L 29(21nm, using an extinction co_eff|C|ent of 0'63 gni
for blocking and washed with TBS containing 0.05% Tween- . N-(1-Pyrenyljiodoacetamide-labeled actin (pyrene-
20 (TBS/Tween). This procedure was followed by the act|_n) was prepafed as previously descnbﬁi}.(_‘l’he pyrene-
addition of HRP-conjugated streptavidin and ECL reagents actin concentration and the extent of labeling were deter-
(GE Healthcare Bio-Sciences). The spots were visualized bymmEd by measuring the absorbance at 290 and 344 nm, by

o - . o= using e€zqs = 2.2 x 10* Mt cm! for the protein-dye
Sgg]e%lsmn PRO 400EX (Aisin Seiki Co., Ltd., Aichi, complex (4, 15). Prior to use, G-actin solutions were

clarified by a 30 min centrifugation at 1800§0Before
Identification of 15d-PG#Modified ProteinsGel pieces sample preparation, protein solutions and buffers were
were washed in water containing 0.1% and 50% methanol fiitered with 0.20um disposable filters and degassed.
for 1 h, dehydrated in acetonitrile, and dried in a SpeedVac |n Vvitro Modification of G-Actin by 15d-PGJIsolated
for 30 min. Samples were proteolyzed witlkd of sequence  G-actin, solubilized in buffer A at a final concentration of
grade modified trypsin in 100 mM Tris-HCl buffer (pH 8.8) 20 xM, was treated with 15d-PGat a final G-actin:15d-
overnight at 37°C. The supernatant was collected, and PGJ molar ratio of 1:5, 1:10, and 1:20 (2 mL final volume).
peptides were further extracted with 50% acetonitrile con- After an incubation period of 60 min at 3T, 1 mL aliquots
taining 0.1% TFA. Peptide extracts were vacuum-dried and were immediately subjected to polymerization measurements,
resuspended in 50% acetonitrile containing 0.1% formic acid. and the remaining were stabilized by 5 mM Na&@0 min
Peptide mass fingerprints were generated with an ABI 4700 at room temperature) for MS analyses. The samples were
Proteomics Analyzer matrix-assisted laser desorption ioniza-then desalted by Microcon YM-30 centrifugal filter devices
tion—time-of-flight—time-of-flight (MALDI-TOF-TOF) mass (Millipore, Milan, ltaly), lyophilized, and stored in liquid
spectrometer (Applied Biosystems, Foster City, CA). Afew nitrogen until MS analyses.
microliters of the sample was mixed with an equal volume  Preparation of the GSH15d-PGJ Conjugate Standard
of a saturated solution of sinapinic acid arcyano-4-  of the GSH-15d-PGd conjugate was prepared by incubating
hydroxycinnamic acid (Sigma) in acetonitrile/0.1% trifluo- equimolar concentrations of GSH and 15d-P@GWD0 M)
roacetic acid 1:3 (v/v); kL of the mixture was deposited at 37°C for 24 h in 1 mM phosphate buffer, pH 7.2. The
on the MALDI-TOF mass spectrometry target. Proteins were reduced form of 15d-PG3GSH was obtained by NaBH
identified with the MASCOT (Matrix Science, London) treatment (5 mM final concentration) for 60 min at room
searching algorithms using the NCBInr database. Probability- temperature. The identity of the standard was verified by
based MOWSE scores were estimated by comparison ofESI-MS analysis (direct infusion) in both positive and
search results against estimated random match populatiomegative ion modes.
and were reported as10 log 106), wherep is the absolute Polymerization MeasurementS:actin polymerization was
probability. Scores greater than 40 were considered signifi- monitored by measuring the fluorescence enhancement of
cant, meaning that for scores higher than 40 the probability trace quantities of pyrene-actin (10% of M total actin)
that the match is a random event is lower than 0.05. All in a thermostated cuvette at 26. The spectrofluorometer
protein identifications were in the expected size and Pl rangewas equipped with a neutral density filter (50%), to avoid
based on position in the gel. pyrene-actin photobleaching, and a cutoff filter (390 nm),
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to minimize the contribution of light scattering to the data.

Aldini et al.

The ESI-MS (Finnigan LCQ Advantage lon trap mass

The excitation and emission wavelengths were 365 and 407spectrometer; ThermoQuest, Milan, Italy) was set in both
nm, respectively. Fluorescence intensities were expressed irpositive and negative ion modes under the following condi-
percentage, considering 100% the signal from a standardtions: capillary temperature 25@; spray voltage 4.5 kV;

sample (1Q:M G-actin polymerized by 100 mM KCl and 2
mM MgCl, at 25°C) when no further changes in fluores-
cence intensity were observed.

Direct Infusion Electrospray Mass Spectral Analysis (ESI-
MS): Triple Quadrupole (TPMass Spectrometefo detect

source current 1@A; capillary voltage 10.0 V. The flow
rate of the nebulizer gas (nitrogen) sva L min1. Standards

of the GSH-15d-PGd conjugate and of the corresponding
reduced form were analyzed by LC-ESI-MS/MS in the same
conditions as above reported, except for the injected volume

changes in protein mass and to determine the stoichiometry(10 uL).

of reaction, undigested native and 15d-R@dated actin
were analyzed by direct infusion on a triple quadrupole mass
spectrometer (Finnigan TSQ Quantum Ultra; ThermoQuest,
Milan, Italy) equipped with an electrospray Finnigan ion max
source. Lyophilized protein (420g) was dissolved in 200
uL of water, mixed with 200uL of water—acetonitrile-
formic acid (70:30:0.4 v/v/v), and infused into the mass
spectrometer at a flow rate ofth. min~*. Each sample was
analyzed using two different mass ranges/z 600—1500

(Q = m/z1) andm/z 1310-1420 Q = nmVz 0.5), under the
following instrumental conditions: positive ion mode; heated
capillary temperature, 22€C; electrospray needle, 5 kV;
capillary voltage, 46 V. The nitrogen (the nebulizer gas) flow
rate was set at 0.5 L min; acquisition time 10 min.

Liquid Chromatography Electrospray lonization Mass
Spectrometry/Mass Spectrometry Analysis (LC-ESI-MS/
MS): lon Trap Mass SpectrometéeFryptic peptide maps
were generated by LC-ESI-MS/MS analysis in data-depend-
ent scan mode and dynamic exclusion in both positive and
negative ion modes. For sample preparation, lyophilized
target protein (42@.g) was dissolved in 100L of 50 mM
Tris-HCI (pH 7.8) containig 6 M urea and DTT (%L of a
200 mM solution) and heated at 80 for 60 min. Cysteinyl
thiols were then blocked by the addition of iodoacetamide
(20 uL of a 200 mM solution) for 60 min in the dark at

Bioinformatics. Direct infusion ESI-MS spectra were
deconvoluted using the software package Bioworks 3.1
(ThermoQuest, Milan, Italy) and MagTran 1.Q). Peptide
sequences were identified using the software turboSEQUEST
(Bioworks 3.1; ThermoQuest, Milan, Italy) and using a
database containing only the protein of interest and assuming
trypsin digestion. In silico tryptic digest of actin was also
used as an aid for peptide identification. The protein se-
guence ofo-actin from skeletal muscle was obtained from
the SWISS-PROT database (primary accession number
P68136). PEPTIDEMASSL({) was used to calculate theo-
retical digested masses based on the tryptic digest and
setting all Cys as (carbamidomethyl)cysteine. Predicted y
and b series ions were determined by using the Peptide
Sequence Fragmentation Modeling, Molecular Weight Cal-
culator software program (version 6.37), http://come.to/
alchemistmatt. Xcalibur software provided instrument con-
trol and data analysis for the Thermo Electron mass
spectrometers.

Computational Studiehe minimized structure of native
ATP actin monomer was generated as previously described
(18) using the crystal structure of monomeric actin in the
ATP state (PDB Id INWK). The 15d-P&donformation was
obtained by extracting the structure of P&tbm the crystal

room temperature. Residual iodoacetamide was quenched bytructure of PGF synthase complexed with RGPDB Id

addition of 20uL of DTT and incubation for an additional
60 min in the dark. The sample was then diluted to 1 mL
with 50 mM NHHCO; (pH 7.8), and a 20@L aliquot was
digested with trypsin at a protease:protein ratio of 1:20 (w/
w) for 24 h at 37°C. To terminate the protease activity,
samples were ultrafiltered by using Centricon Ultracel YM-
10 (Millipore, Milan, Italy) according to the supplier's
protocol. The filtrate (LO@L) was injected into a quaternary
pump HPLC system (Surveyor LC system; ThermoQuest,
Milan, Italy). Sample desalting and concentration were
carried out on-line using an Opti-Lynx C18 (40n) trap
cartridge (EI-Chimie srl; Bresso, Milan, Italy) installed in
the rheodyne injection valve loop. Separations were done
by reversed-phase elution with an Agilent Zorbax SB-C18
column (4 mm i.d., particle size 3,6m) (CPS Analitica,
Milan, Italy) protected by an Agilent Zorbax R-P guard
column, thermostated at 2&. After a 5 min isocratic elution
with phase A (0.1% formic acid in water; divert valve
opened), the following gradient program (165 min) was used
to elute the digested peptides: (a) from 100% solvent A to
40% solvent B (acetonitritewater—formic acid, 90:10:0.1
v/viv) in 75 min; (b) isocratic elution for an additional 50
min; (c) from 40% to 100% solvent B within 40 min to return
at 100% solvent A at 171 min. The equilibration period was
set to 14 min, and the mobile phase was delivered at a flow
rate of 0.2 mL min?.

1RYO) and manually transforming the PG 15d-PGJ,
using VEGA software19). The actin structure was used to
build both isomers of the 15d-P&dovalent Michael adduct

at G on the thiol group of Cys374. The adducts were
solvated by a solvent sphere with a radius of 40 A around
the protein, and a spherical boundary condition (radius
50 A) was applied to stabilize the water cluster. Before the
MD simulations were performed, the complexes were also
optimized for the relative position of the solvent molecules
to eliminate any high-energy interaction. The obtained
systems underwentota 5 ns MD simulation with the
following characteristics: constant temperature at 3000

K by means of Langevin’s algorithm; Lennard-Jones (L-J)
interactions were calculated with a cutoff of 10 A, and the
pair list was updated every 20 iterations; Newton'’s equation
was integrated, using the r-RESPA method, every 4 fs for
long-range electrostatic forces, 2 fs for short-range non-
bonded forces, and 1 fs for bonded forces; a frame was stored
every 5 ps, yielding 1000 frames. The simulations were
carried out in two phases: an initial period of heating from
0 to 300 K over 3000 iterations (3 ps, i.e., 1 K/10 iterations)
and the monitored phase of simulation of 5 ns. Only frames
memorized during this last phase were considered. In all
simulations, only the Ca ions were kept fixed. The same
computational protocol was also used to perf@ 5 ns MD
simulation on native actin.
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Table 1: Summary of 15d-P@Modified Proteins

total sequence
no. accession no. protein name MW Pl ionscore  coverage (%) peptide
1 0i]15082535 guanine monophosphate synthetase 76667 6.42 41 16 9
2 gi|37267 transketolase 67844 7.90 73 6 3
3 ND
4 ND
5 0i|15277503 ACTB proteinf-actin) 40194 5.55 201 15 4
6 0i|5902734 actin 41563 5.30 89 9 2
7 0i]16198386 eukaryotic translation initiation factor 4A, isoform 2 46346 5.33 112 10 3
8 0i|15277503 ACTB proteing-actin) 40194 5.55 313 26 5
9 ND
10 0i62896593 enolase 1 variant 47111 7.01 85 14 3
11 ND
12 0i55962250 pyrophosphatase (inorganic) 32639 5.54 84 7 2
13 0i49259212 chain D, human B lactate dehydrogenase 36516 5.86 91 15 4
14 0i13543489 biliverdin reductase A 33411 6.06 66 8 2
15 gil6680047 guanine nucleotide binding protein (G protein), 35055 7.60 68 6 2
S polypeptide 2-like 1 variant
16 gi5726310 14-3-3 protein 28357 4.66 48 10 3
RESULTS o
Pull-down: avidin
Identification off3-Actin as the Major Target of 15d-PGJ ?'Ot'n'PG;
We prepared a biotinylated 15d-PGFigure 1A), which
retains then,S-unsaturated ketone substituent and the elec- Actin km
trophilic g-carbon of 15d-PGJ To identify targets of 15d-
PG} in the cells, the SH-SY5Y cells were treated with 10 IB" anti-actin
uM biotinylated 15d-PGyJfor 2 h, and the 15d-PGprotein '
conjugates were separated on two-dimensional gel electro- IP: anti-actin
phoresis and analyzed by Western blot analysis probed with Bictin-PG Biotin-PG
streptavidin-HRP. As shown in Figure 1B, several 15d- - + - "
PGJ-protein conjugates were detected following biotinylated
15d-PGJ treatment. Spots were then excised from two- Actin 3 ' -————
dimensional gels, subjected to trypsin digestion, and then
successfully analyzed by MALDI-TOF mass fingerprint HRP-avidin IB: anti-actin

analysis. The multiple gel spots for a single identification
may be due to posttranslational modification, such as
phosphorylation. However, at this moment, it is impossible
by visual inspection of a pattern of spots on a gel to
determine which modifications are most likely to be present.
Spot 8 corresponding to a 40 kDa 15d-B&pgrotein
conjugate was one of the major targets of the modification
by biotinylated 15d-PGJ as seen in Figure 1B. Using
MASCOT, the provability based MOWSE score was 313
for f-actin (o < 0.05), with five peptide matches (errer

FiGure 2: Interaction between actin and 15d-B@iintact SH-
SY5Y cells. SH-SY5Y cells were treated with 4® biotinylated
15d-PGJd for 2 h. Cell lysates were incubated with immobilized
NeutrAvidin (A) or with anti-actin-Sepharose (B). The presence
of actin was detected by immunoblot analysis, and the incorporation
of biotinylated 15d-PGudnto actin immunoprecipitates was detected
with HRP-avidin and ECL.

body, and the presence of biotinylated 15d-R@adified
proteins was detected by immunoblot analysis with HRP-
conjugated avidin (Figure 2B). Thus, it appeared that 15d-

0.01%), which represents 26% sequence coverage. Table PG} covalently reacted with endogenofisactin, itself, in

lists the identity of 12 protein spots, which could be identified
in one or more of three independent experiments. The
identified proteins fall into several different functional

intact SH-SY5Y cells.
Disruption of the Actin Cytoskeleton by 15d-RGWe
examined the organization of actin filaments in SH-SY5Y

classes, including glycolytic enzymes (enolase and lactatecells. The actin cytoskeleton in the nontreated control cells
dehydrogenase), redox enzymes (biliverdin reductase), anccomprised a stress fiber-like structure or thick struts of actin

a eukaryotic regulatory protein (14-3-3 protein).

Covalent Binding of 15d-PGJto Endogenoug-Actin in
SH-SY5Y CelldVe then attempted to detect the 15d-PGJ
actin adduct in the cells exposed to the biotinylated 15d-
PGJ. To this end, the SH-SY5Y cells were treated with 10
uM biotinylated 15d-PGJfor 2 h, and the cell lysate was
incubated with NeutrAvidin beads. After being washed with
lysis buffer, proteins bound to the resin through biotinylated
15d-PGgdwere eluted with SDSPAGE sample buffer, and
f-actin was detected by immunoblot analysis with the anti-
p-actin antibody (Figure 2A). Alternatively, cell lysates were
subjected to immunoprecipitation with an afitactin anti-

fiber extended across the length of the neuronal cells (Figure
3A, panels a and b). Incubation of SH-SY5Y cells with 1
uM cytochalasin D and 2@M 15d-PGJ for 2 h induced
marked morphologic changes in the actin filament network
(Figure 3A, panels €f). It is interesting that 9,10-dihydro-
15d-PGJ, an analogue of 15d-P&that lacks the cyclopen-
tenone moiety and displays reduced ability to bind to
proteins, did not induce actin redistribution (data not shown),
thus suggesting that thiol modification is important for the
effects of 15d-PGJon SH-SY5Y cell cytoskeletal organiza-
tion. In addition, F-actin determination by Western blot
analysis confirmed that cells incubated with 15d-pPGJ
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o Ficure 4. Time course of actin filament formation in native and
3 = 15d-PGgtreated actin. Changes in fluorescence intensity were
a3 monitored immediately after the addition of 100 mM K€2 mM
§ N MgCl, to G-actin (10% pyrenyl-actin) samples, previously exposed

to 15d-PG4d Key: native actin@®); 1:5 actin:15d-PGJmolar ratio
(©); 1:10 actin:15d-PGdmolar ratio (J), and 1:20 actin:15d-PGJ

molar ratio ©). All data points represent the mean of two

B DMSO cD 150-PGJ, independent determinations.
F-Actin |e— — showed about 28%, 32%, and 45% inhibition in the G-actin
samples exposed to 1:5, 1:10, or 1:20 actin:15dP@lar

ratio, respectively.
120 Covalent Binding of 15d-PGJto Actin: Direct Infusion

5 100 ESI-MS Analysigrigure 5A reports the positive ion ESI mass
£ * spectrum of native actin showing multiple charged peaks
8 8 e ranging fromm/z 723.1 tom/z 1497.0 (addition of 58 to 28
;‘ 60 protons). To further enhance the MS resolution, a narrow
< a0 scan rangen/z 1300-1420 was used in order to acquire the
‘g MS spectrum for 10 min at a resolution ofz 0.5. Figure
w 20 5B shows the ESI mass spectrum in the scan range
0 OMSO . CD 154.PGJ 1300-1420 relative to native actin, which is characterized
z by two series of ions attributed te-32, +31, and+30
Ficure 3: Disruption of the actin cytoskeleton by 15d-BGA) multicharge ions. The deconvoluted spectrum (right box)

SH-SY5Y cells were treated with DMSO (panels a and )M . . .
cytochalasin D (CD) (panels ¢ and d), or 2Bl 15d-PGJ (panels shows a main peak (A) at 41872 Da, in good agreement with

e and f), as indicated, and stained with phalloidin to visualize the theoretical value relative to the N-terminal acetylated
filamentous actin. Lower magnification: panels a, ¢, and e. Higher o-actin with one methylated His residue of 41873 (SwissProt
magnification: panels b, d, and f. (B) F-actin fractions were entry number P68136), thus exhibiting a good accuracy. The
prepared, resolved on a 10% polyacrylamide gel, and subjected toga:ond peak at 41958 Da (B, 25% of peak A) is attributed

Western blotting with anti-actin antibody. The results are repre- . . n
sentative of three separate experiments. Quantitative analysis oft® N actin endogenous complex, very likely thg (C&")

relative F-actin levels is shown in the lower panel. Results show 10N comple>§. _ )
the meand= SEM of three experiments. f < 0.05; ***, p < When actin was incubated in the presence of 15d,RGJ

0.005 versus vehicle control (DMSO). a molar ratio 1:5 fo1 h at 37°C, an additional ion series
o ) _ ) ~ (C) is detectable whose relative abundanee8% with
undergo a reduction in F-actin (Figure 3B), consistent with respect to native actin) significantly increases with the
an induced depolymerization of cortical F-actin. increase of the actin:15d-P&tholar ratio, ~15% at the
G-Actin PolymerizationThe kinetics of G-actin assembly  molar ratio 1:10 (Figure 5C). Deconvolution analysis indi-
is shown in Figure 4. In the presence of 15d-RP&Gaktin cates a MW of 421904318 Da with respect to native actin;
adducts, a lower amount of F-actin forms, as followed by theoretical mass incremert318.44 Da), attributed to the
the increase in pyrenyl-actin fluorescence intensity, as thereduced 15d-PG3Michael adduct. At the highest molar
major effect of increasing 15d-P&doncentrations occurs  ratio (1:20), the deconvoluted peak C shows a relative
on the maximum extent of actin polymerization, whereas it abundance of 33% with respect to the unmodified actin (data
is negligible on the initial rate of reaction. The timiJ not shown).
required for half-maximum assembly was 4.2 min in control  Identification of the 15d-PGJModification Site by LC-
and 7.0, 7.5, and 10.2 min in G-actin exposed to a 1:5, 1:10, ESI-MS/MS: Peptide Mass Mappingo characterize the
or 1:20 actin:15d-PGJdnolar ratio, respectively. Furthermore, structural modification of actin by 15d-P&dhe native and
exposure of G-actin to 15d-Pgdlters the extent (i.e., the the 15d-PGgtreated protein were reduced by NaBtn
apparent equilibrium) of polymerization, during which the established procedure for adduct stabilizatid®, (21),
fluorescence intensity is constant. Polymerization extent digested with trypsin, and then analyzed by LC-ESI-MS/
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Ficure 5: Positive ion ESI mass spectra of native and 15d;Rfedted actin (infusion experiments). (A) Native actin (mass range
600-1500;Q = m/z 1). (B) Native actin (mass ranga/’z 1310-1420;Q = m/z 0.5). The right box shows the deconvoluted spectrum. (C)
15d-PGgtreated actin (1:10 molar ratio; mass rang 1310-1420;Q = m/z 0.5). The right box shows the deconvoluted spectrum.
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MS. Peptide mass mapping of native actin provided identi- A)

S . . X 79.4
fication of the peptides accounting for approximately 83% 50 783 | 823
of the protein sequence. lon mapping is an useful mass T RTINS e

identification of covalently adducted peptides, when a Bé)z'_z3
diagnostic fragment (neutral or charged) is known: for ﬂ"

o
T

78.3

]

spectrometric tool which can be applied for the rapid 108 B) 79'4h&

Relative Abundance

example, the neutral loss of 158 Da (due to a retro-Michael &

fragmentation reaction) is used to identify Cys-containing ©

peptides adducted by HNE through a Michael addition. This @ 504

approach has been successfully applied to unequivocally I T U“ L

identify Cys374-Phe375 as the target peptide of HNE-  100qp, 7932( o0

adducted actinl(g). Since 15d-PGhas been recently found 504 7824 fezl.za

to preferentially react with Cys protein residue2,(23), AT

and by considering that actin contains five Cys residues in N A R U AR A B
. . . 20 30 40 50 60 70 80 90 100 110 120

the reduced form (the most accessible and reactive being Time (min)

Cys374) (8), as a first step we searched for 15d-PGJ  Fgyre6: LC-ESI-MS/MS analysis of the reduced GSH-15d-pPGJ
modified Cys-containing peptides by using the ion mapping adduct (SICs relative to the ion @iz 626.2). (A) SIC trace obtained
approach. However, since no data are available on theby injectic;nl 638 20 I?mfoldféf ad((j(L:])Ctél(CB) SIC gaQE glz)tai_n_ed by
fragmentation pattern of 15d-Pgddducted to Cys-contain-  'njection of 100 pmol of adduct. trace obtained by Injection
. . . . of 100 pmol of adduct following TCA spiking. (D) SIC trace
ing peptides in thh native and NaB+educed form, the obtained by injection of 100 pmol of adduct following ultrafiltration.
GSH-15d-PGJd Michael adduct was prepared and used as

a model to identify the diagnostic fragment for the ion nyz606.2 [M— H — H,0] and other fragments typical of
mapping search (LC-MS/MS, in both negative and positive GSH Michael adducts atVz 495.4 [M — Glu]~, m/z 272
ion modes). [GSH — H— H,S]~, andm/z 254 [GSH— H — H,S — H,0]

The GSH-15d-PGgdadduct (1 nmol on the column) elutes  (25). From these spectrometric analyses it can be concluded
at 82.2 min, giving abundant [M- H]* and [M — H]~ ions that the fragment ion atVz 301, arising from the dehydrated
atm/z 624.4 andwz 622.7, respectively. The MS2 spectra ion at m/z 608.6 (positive ion mode), is a typical product
(data-dependent scan mode) are dominated by the retrodion of 15d-PGgd adducted to Cys-containing peptides and,

Michael reaction products: the ionsratz307.9 [M+ H — hence, can be used as the diagnostic ion in the ion mapping
15d-PGJ|t andm/z 317 [M + H — GSH]J" in the positive analysis.
ion mode and atv/z 306 [M — H — 15d-PG4d]~ in the The reduced GSH15d-PGJ adducted peptide was also

negative ion mode (data not shown). As reasonably expectedused to optimize other critical parameters before analyzing
(24), the MS and MS2 fragmentation patterns of the NaBH the digested adducted protein and, in particular, the minimal
reduced adducted peptide (retention time 79.8 min) are amount of adducted peptide required to obtain a satisfactory
significantly different: in the positive ion mode the [M ion current and sample preparation. Figure 6 shows the SICs
H]* ion atm/z626.2 is accompanied by the [MH — H,OJ* relative to the ion a/z 626.2 obtained by injecting 20 pmol
ion (30% relative abundance) atz 608.6. No fragments  (panel A) and 100 pmol (panel B). It is well evident that a
are obtained from the ion atvVz 626.2, indicating high  satisfactory ion trace is obtained only by injecting 100
instability of the molecular ion in the gas phase. By contrast, pmol: the ion trace shows four distinct peaks attributed to
the ion atm/z 608.6 gives as main products the ionsrézt the four diastereoisomers, in accord with the insertion of two
301.0 [15d-PGg+ H — H,O]* due to the loss of GSH and new chiral centers. By considering (a) the amount of
at m/z 283.1, arising by a further loss of water (data not incubated actin (2M), (b) the relative amount of 15d-
shown). In the negative ion mode the fMH] ™~ atm/z 624.7 PGJ-adducted protein (no more than 35%), and (c) the
gives the product ions at/z 607.2 [M— H — NHg]~ and at dilution factor after tryptic digestion (1:2), we can assume
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250 400 550 700 850 1000 569.0 in native and 15d-PGdreated actin, respectively. (C) MS

miz spectrum of the peak with retention time 99.6. (D) MS/MS spectrum

FiGUrRE 7: Identification of 15d-PGJadducted peptide by ion  of the parent ion atr/z 587.0. (E) MS/MS spectrum of thevz

mapping. Reconstructed ion maps (productiga 301) obtained 587.0 dehydrated ion at/'z 569.0. The results in panelsHE are

by LC-ESI-MS/MS analysis of native (A) and 15d-PGdeated relative to the 1:20 actin:15d-Pgdample.

actin (B) after trypsin digestion. The ion maps consist of all the

parent ions that give products within the selected product ion. The

results are relative to the 1:20 actin:15d-R&dmple.

Table 2: Secondary Structure Motif Abundances (in %) As
Monitored during Dynamic Simulations of Native and Both Isomers

that by injecting 1QuL of sample the final amount of the ~ °f 18d-PGd Actin Adducted on Cys374

adducted peptide on the column would €30 pmol, an secondary Sns

amount barely detectable. To overcome this problem, a 10-  motif Ons native +(R)-15d-PGd  +(§-15d-PGd

fold sample concentration was carried out on-line using a a helix 29.3 26.4 19.7 18.8

C18 trap cartridge installed in the rheodyne injection valve  3iwohelix 4.8 4.8 1.6 15

loop strand 154 176 10.4 9.9
R ’ di | i tvpical d o tum 347 356 46.1 47.7

egarding sample preparation, a typical procedure to . 144 148 20.0 21
terminate trypsin digestion involves TCA (10% solution)  pridge 1.3 0.8 1.9 1.1

spiking. However, the addition of TCA to the GSH5d-
PGJ adduct (100 pmol injected) results in a total disappear-
ance of the four peaks (Figure 6C), probably due to the
reduced splubility in acidic _conditions. 'Because uItrr?lfiItration All of these results confirm that Cys374 is the adduction
does not induce the peptide loss (Figure 6D), this sample it tin for 15d-PGJ

preparation was adopted for digested-actin sample prepara-S e on-ac ) . ]
tion. Figure 7 shows the ion map for the selected jon Computational StudiesiVe considered C-9 as the only
fragment massvz 301.0, relative to the tryptic peptides of adduction site since the 9,10-dihydro-15d-P@as found
native (panel A) and 15d-P@freated actin (panel B). These r_10t ab_le to interact with act|_n (see above). This finding is in
reconstructed spectra consist of all the parent ions (isolatedline with the work of Suzuki et al.26), who found that the

in the data-dependent scan mode) that give products withinM'Ch?‘e| adduction of thiols occurs §elecnvely at the C11
the product ion of/z 301 (1 tolerance). Both spectra are  Position of A-PGA, methyl ester. A first analysis on MD
characterized by several parent ions and differ only for the Simulation of the 15d-PGJ-actin adduct concerns the
presence of the precursor ion a¥z 569.0 in digested RMSD profile as computed considering the backb_one atoms
modified actin, tentatively attributed to the [M H — H,O]* only. The obtained results clearly show. that both isomers of
ion of the 15d-PGJadducted to the Cys374-Phe375 dipep- the 15d-PGgladduct induce a vast unfc_)ldmg of actin structure
tide. Confirmation was achieved by reconstituting the SIC @S the RMSD values markedly rise during the entire
traces of the precursor ion @z 569.0 in both native (Figure ~ Simulation time and only in the last nanosecond do they seem
8A) and 15d-PGdtreated actin (Figure 8B). A main peak to reach an equilibrium state (data not shown).

at retention time 99.6 min is detectable only in the 15d-PGJ The unfolding process finds a remarkable confirmation
treated protein, whose full mass spectrum (Figure 8C) shows,when comparing the first and the last frames, as obtained
besides the ion atVz 569, the [M+ H] " ion atm/z 587.0, by MD simulation. Thus, the analysis of their secondary
in good agreement with the theoretical mass of the reducedstructure abundances (computed by STRIDE program, as
15d-PGgdadducted to the Cys374-Phe375 dipeptide (586.783 seen in Table 2) suggests that, while native actin conserves
Da). The fragmentation behavior of the [M H]* ion at its secondary structure during the entire simulation, B)e (
m/z 587.0 (no product ions; Figure 8D) and of the corre- 15d-PGdadduction induces a significant decrease of ordered
sponding dehydrated ion at’z 569.0 (Figure 8E), with the  motifs (namely, helices and strands) counteracted by an

diagnostic product ion atVz 301 [15d-PGJ+ H — H,O]",
is similar to that found for the Cys model adducted peptide.
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Ficure 10: Distance profile between Val45 and Asp254 as
computed during the MD simulation of tlieisomer. The residues
were selected to quantitate the collapse between subdomains 2 and
3 in the R)-15d-PGJ adducted actin. Values were calculated
considering the & atoms. Key: dashed line, native actin; continu-
ous line, R)-15d-PGJ adducted actin.

on the concentration. The neuroprotective effect was ob-
served in a 5 uM concentration range2{), while the
neurotoxicant was at concentrations higher thap4Q(28).
More recently, Koh et al.29) confirmed these results since
they found that when neuronal cells (N18D3 cells) where
Ficure 9: 3D representation of actin folding as obtained by MD  treated with 15d-PGJthe viability was unaffected up to 8
simulation of theR isomer. The structures are depicted as cartons yM, but decreased at higher concentrations.
CO'[?rser?egi’ss‘;ﬁ%”g;:ésﬁfg”Ian(”fergﬁ'i’hg%‘ﬁl'gg'gaié’ea'lllg‘(’)" The neurotoxic effects of 15d-P@dan be explained by
repr_esent(_aél as the CPK mod_el. 86\)_ Actin folding at the_ begin_ning ConSIderlng several m_ech_anlsm_s. _15d-£’@1hances COX'_2

of simulation (O ns). (B) Actin f0|d|ng at the end of simulation eXpI’eSSIon by an 0X|dat|Ve Sh|ft n the |ntracellular tthl/
(5 ns). disulfide redox state and increases interleukinfhRNA

i i levels in the neuronal cells28), impairs the ubiquitir-
increase of unfolded structures (namely, turns and coils). An proteasome pathway by inhibiting ubiquitin C-terminal
impressive index of actin unfolding can be found considering hydrolase 80), and induces apoptosi8). Furthermore, in
that more than half (i.e., 53.5%) of the residues change their ;i studies using neuroblastoma cells showed that p53 is a
secondary structure during the simulation. , key molecule in the 15d-PGihduced cell apoptosisl().

A visual scrutiny of two structures (namely, the first and Regarding the molecular mechanisms, the enzyme inhibi-
the last frame, as seen in Figure 9) shows that R)el6d- tion/activation and in general the cellular response induced
PGJ adduct induces a collapse that mainly involves the by 15d-PGd in neuronal cells may be a consequence of
DNase | binding loop (subdomain 2), which approaches g alent binding with cellular proteins, due to the presence
subdomain 4 losing its flexible folding and closing the ATP ot o ynsaturated carbonyl group in the cyclopentenone
binding site. In particular, panels A and B of Figure 9 indicate ety of the molecule, which confers a strong electrophilic
that the unfolding process involves all subdomains, being natyre. Accordingly, Shibata et al. identified thioredoxin 1
more evident in subdomains 2 and 3 than in subdomains 155 4 molecular target for the covalent modification by 15d-
and 4. A quantitative analysis of the collapse process canpgj, providing a biochemical basis for the redox alteration
be obtained by monitoring the distance values between twoquced by 15d-PGJand hence COX-2 activatior2®).
residues on the top of subdomains_z and 4 (for_ exarr_lple, To further gain an insight into the role of 15d-PGJ
Val45 and Asp254) as computed during the MD simulation. oo ajent modification of protein in neuronal cell dysfunction,
Figure 10 shows that the above-mentioned distance markedlyine aim of the present study was to use a proteomic approach
decreases during the entire simulation time, ranging from ;4 identify the main protein target in neuroblastoma cells
321011 A at the end of the simulation. Interestingly, the exposed to cytotoxic concentrations of 15d-PGILO «M).
simulations on the §-15d-PGJ adduct afforded quite By using biotinylated 15d-PGJat least 12 proteins were
identical results (as compiled in Table 2), suggesting that jgentified as biotin-positive spots, falling in different func-
the unfolding effect of 15d-PGRdduction is due to the  (iona| classes, including glycolytic enzymes (enolase and
lipophilic hindrance rather than to specific interactions |actate dehydrogenase), redox enzymes (biliverdin reductase),
between 15d-PGand actin residues. and a eukaryotic regulatory protein (14-8)3
DISCUSSION Aqtin_was four_ld as the maj(_)r target _of 15d-BGhus

confirming the high susceptibility of actin among cellular

Although there are several reports regarding the effects proteins to be modified by reactive electrophilic carbonyls.
of 15d-PGJon neuronal cells, the precise mechanisms have By using mesangial cells and a proteomic approach, Stamatakis
not been completely elucidated. In some reports 15d,PGJ and colleagues recently found that the cellular fate of 15d-
was found to be neurotoxic and in some others neuropro- PGJ is constituted by cytoskeletal proteins, among them
tective, and it seems that these opposing effects are dependeraictin 32). Ozeki and colleagues reported that actin is a major
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target of carbonylation by HNE addition in an oxidative
stress-induced carcinogenesis model of r&8®.(Further-

Aldini et al.

impairment of actin function. Moreover, a second factor that
influences the polymerization process is the capacity of

more, many proteomic studies evidenced that actin is oneadducts to shield the residues involved in interactions with
of the main carbonylated proteins in cells and tissues neighboring actin monomers. HNE is a linear molecule that
although, in most of these studies, the site of actin adductioninserts in the actin nucleotide cleft without covering these

as well as the carbonylating agent was not identifie@8H
39).

15d-PGJ covalent modification of actin induces marked
morphological changes in the actin filament network and,

key residues, while 15d-P&i¥ a bulkier adduct that spans

a large part of actin surface shielding the residues involved

in polymer stabilization. This hypothesis is supported by our
preliminary observation that 2-cyclopenten-1-one, possessing

in particular, promotes F-actin depolymerization as confirmed the similar reactive moiety as 15d-Pgdid not induce actin

by Western blot analysis. The effect of 15d-B®d actin
cytoskeleton organization could be mediated by a direct
covalent modification of the protein through the electrophilic

redistribution (Supporting Information, Figure S1) as well
as any significant unfolding of the protein (data not shown).

Hence, actin Cys374 could be regarded as a molecular

cyclopentenone binding, as suggested by the nil effect onpuffer of reactive carbonyls from lipid peroxidation, and actin

actin redistribution of 9,10-dihydro-15d-P£&n analogue
of 15d-PGJ that lacks the cyclopentenone moiety.

In order to confirm this hypothesis and to gain a deeper
insight into the effects of 15d-P@adduction on actin, in

is one of the main cellular targets of 15d-BGJd human
neuroblastoma SH-SY5Y cells. However, contrary to lipid
peroxidation-derived reactive carbonyl species, the electro-
philic prostaglandin induces conformational distortions, and

the second part of the present work the reaction mechanismthis can in part explain the effect of 15d-RGdn actin

as well as the functional effect of the covalent binding of
15d-PGJ on isolated G-actin was studied in an in vitro

polymerization, as it is conceivable that 15d-R&dctin
adducts cannot participate to the polymerization process

system. By using a mass spectrometric approach, we foundpecause of structural constraints.

that 15d-PGy) reacts within 60 min with actin in a 1:1
stoichiometric ratio and selectively binds the Cys374 site

On the other hand, rearrangement of the actin cytoskeleton
is controlled by dynamic assembly and disassembly of actin

through a Michael adduction mechanism. The reactivity of faments. Regulated disassembly as well as assembly is

Cys374 to unsaturated aldehydes has been previously re

ported by using HNEX8) as well as acroleind(0) as models

of o,f-unsaturated aldehydes and is due to the significant

accessible surface and substantial thiol acidity,
particular microenvironment surrounding the amino acid.

Computational studies showed that the covalent binding
of 15d-PGdinduces a significant unfolding of actin structure.
In particular, MD simulations indicated that 15d-B@istorts

the actin subdomains 2 and 4, which define the nucleotide

binding sites impeding the nucleotide exchange. Moreover,

15d-PGJ occupies a deep cleft between subdomains 1 and

3, which is implicated in contacts with the complementary
residues of the neighboring actin monomer in F-actin.

Actin Cys374 has previously been reported to play an
important antioxidant role by scavenging damaging reactive
molecules/oxidizing agentd 8, 41—43). Furthermore, con-
sidering (i) the relative actin abundance in most mammalian
cells, (i) the high reactivity of the exposed Cys374 sulfhydryl
group, which binds electrophilie,3-unsaturated aldehydes,
up to C9, such as acrolein and HNE8( 33, 44), without
the polymerization process resulting impaird@)( and (iii)
that actin has been identified as a major cellular target of
HNE (33) as well as of biotinylated 15d-P&Jdn mesangial
cells 32), it has been proposed that actin Cys374 could
potentially compete or cooperate with GSH and histidine-
containing dipeptides in the intracellular scavenging of
reactive carbonyl specied().

The nil effect of Cys374 actin carbonylation by acrolein
and HNE is related to the plasticity of the protein whose
covalent modifications induce insignificant conformational
shifts that do not change the global actin folding. However,
we found that 15d-PGJ which is scavenged by actin,
induces a significant conformational distortion and impairs
the ability of actin to polymerize. Hence, in the case of 15d-
PGJ, the plasticity of the segment bearing the Cys374

residue is not sufficient to counteract the steric hindrance of

important for maintaining constant turnover of actin fila-

ments. Tropomyosin, an actin-interacting protein which
cooperatively regulates the interaction of actin with myosin

due to theheads, has been identified as one of the target proteins of

15d-PGJd (32). Since a vast number of actin-interacting
proteins direct the location, rate, and timing for actin
assembly into different structures, binding of 15d-P@J
actin-interacting proteins may also result in the impairment
of regulated assembly and disassembly of actin filaments.

Several studies found that PGs are produced in the brain
and spinal cord in response to different types of challenges
(for review see refl5). PGD; is the major prostanoid made
in the CNS 46) and readily undergoes dehydration in vivo
and in vitro to yield PGgand its metabolitesA'>-PGJ and
15d-PGJ, without requiring additional enzymatic step.(

Thus, it is likely that 15d-PGJis produced in the CNS in

response to proinflammatory events. Interestingly, the levels
of 15d-PGJ are elevated in spinal cord motor neurons of

ALS patients 11). In the present work we found that actin

is the main protein cellular target of 15d-PgJdvhich

specifically binds through a Michael adduction to Cys374,

leading to protein conformational changes, which can explain

the disruption of the actin cytoskeleton and F-actin depo-

lymerization. These cellular effects have been observed by
using concentrations of 15d-P&Gié the micromolar range
(10 uM). Although physiological concentrations of PGs are
present in body fluids in pico- and nanomolar concentrations
(47), their levels rise considerably under pathological condi-

tions, such as hyperthermia, infection, and inflammation, and

local PG concentration reaching the micromolar range has
been detected at the site of damag®8)( Indeed, several

2While this paper was under review, Gayarre et &l) (reported

that actin is a target for modification of biotinylated 15d-R&}s374

is the site for interaction, and actin modified by addition of 15d-PGJ

forms filaments of altered morphology. Our data are in good agreement

the aldehyde, and this induces molecular distortion and with those findings.
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previous studies have successfully determined the in vivo

levels of the d series of PGs. (i) Hirata et al49) have
detected significant quantities~(50 ng/24 h in human
males) ofA>-PGJ} in human and monkey urine and larger
amounts of other, uncharacteriza¢?-PGJ} immunoreactive
compounds in human urine. (ii) Gilroy et al5@) have

observed an elevated level (1000 pg/mL exudate) of 15d-
PGJ in the late phases of inflammation. (iii) Shibata et al.
(4) have reported detecting relatively high levels (80 nM)
of 15d-PGJ in medium from RAW264.7 macrophage-like
cells stimulated with lipopolysaccharidés.

In summary, the results here reported give an insight into
the role of 15d-PGas a cytotoxic compound in the neuronal
cell dysfunction. Actin is the main protein cellular target of
15d-PGJ which specifically binds through a Michael ad-
duction to Cys374 leading to a protein conformational change
which can explain the disruption of the actin cytoskele-

ton,

F-actin depolymerization, and impairment of G-actin

polymerization. Moreover, given the participation of the
actin cytoskeleton in cellular motility and division, it
would be worthwhile to perform further studies to eval-
uate 15d-PGJantiproliferative activity/effects against dif-
ferent tumor cell lines and, possibly/in case, using it as a
model for the development of a new class of antiproliferative
agents.

SUPPORTING INFORMATION AVAILABLE

Effect of 2-cyclopenten-1-one on actin cytoskeleton. SH-
SY5Y cells were treated with DMSO (upper), 2M
2-cyclopenten-1-one (middle), and a®1 2-cyclopentene-
1-one (bottom) fo 2 h and then stained with phalloidin to
visualize filamentous actin. This material is available free
of charge via the Internet at http://pubs.acs.org.
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