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ABSTRACT. Group VIA phospholipase A(IPLA23) is expressed in phagocytes, vascular cells, pancreatic
islet3-cells, neurons, and other cells and plays roles in transcriptional regulation, cell proliferation, apoptosis,
secretion, and other events. A bromoenol lactone (BEL) suicide substrate used to stugy filthdions
inactivates iPLAg by alkylating Cys thiols. Because thiol redox reactions are important in signaling and
some cells that express iPkAproduce biological oxidants, iPLA8 might be subject to redox regulation.

We report that biological concentrations ob®, NO, and HOCI inactivate iPL46, and this can be
partially reversed by dithiothreitol (DTT). Oxidant-treated iP{8Amodifications were studied by L-€
MS/MS analyses of tryptic digests and included DTT-reversible events, e.g., formation of disulfide bonds
and sulfenic acids, and others not so reversed, e.g., formation of sulfonic acids, Trp oxides, and Met
sulfoxides. W9 oxidation could cause irreversible inactivation because it is near the lipase consensus
sequence*f*GTSTG®Y), and site-directed mutagenesis of%\yields active mutant enzymes that exhibit

no DTT-irreversible oxidative inactivation. Cys651-sulfenic acid formation could be one DTT-reversible
inactivation event because Cys651 modification correlates closely with activity loss and its mutagenesis
reduces sensitivity to inhibition. Intermolecular disulfide bond formation might also cause reversible
inactivation because oxidant-treated iPj3Aontains DTT-reducible oligomers, and oligomerization occurs
with time- and temperature-dependent iRAnactivation that is attenuated by DTT or ATP. Subjecting
insulinoma cells to oxidative stress induces iRBBAoligomerization, loss of activity, and subcellular
redistribution and reduces the rate of release of arachidonate from phospholipids. These findings raise the
possibility that redox reactions affect iPkAfunctions.

Phospholipase APLA,)' enzymes catalyze hydrolysis of cPLAxx prefers substrates wittn-2 arachidonoyl residues,
sn-2 fatty acid substituents from glycerophospholipid sub- associates with its substrates in membranes when the
strates to yield a free fatty acid, e.g., arachidonic acid, and cytosolic C&" concentration rises, and is also regulated by
a 2-lysophospholipid that have intrinsic mediator activities phosphorylation®). Several other cPLAfamily members
and are precursors of prostaglandins, thromboxanes, leukotarise from separate genes—10).

rienes, and platelet activating factor (PAF)-G). Mam- Group VI PLA; (iPLA,) enzymes 11—14) do not require
malian PLAs include the PAF-acetylhydrolase family and cz2* for catalysis and are inhibited by a bromoenol lactone
low-molecular weight secretory PLASPLAy) enzymes that  (BEL) suicide substrate that does not inhibit SRIoAcPLA,
require millimolar C&" concentrations for catalysig§)( Of at similar concentrations16—18). Group VIA PLA
group IV cytosolic PLA (cPLA;) family members §), (iPLA,p) resides in the cytoplasm of resting cells, but group
VIB PLA; (iPLAyy) contains a peroxisomal targeting
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dithiothreitol; ECL, enhanced chemiluminescence; ESI, electrospray Structures of group VI PLAfamily members have yet been
ionization; HBSS, Hank’'s balanced salt solution; HPLC, high- determined.

performance liquid chromatography; iPEA group VIA phospholipase - . . .
A; IMAC, immobilized metal affinity chromatography; iNOS, inducible Many pOtem'al b'0|09lcal functions are proposed for

nitric oxide synthase; KRB, Krebs-Ringer bicarbonate buffer; LC, liquid IPLA2 (25—39), and the facts that multiple splice variants
chromatography; MEM, minimal essential medium; MPO, myeloper- are differentially expressed among cells and form hetero-

oxidase; MS, mass spectrometry; MS/MS, tandem mass spectrometry;: ; ot ; ;
NOS, nitric oxide synthase; PAGE, polyacrylamide gel electrophoresis; oligomers with distinct properties suggest that iBigyene

PLA., phospholipase AQ-TOF, quadrupole time-of-flight; RT, reverse Products might have multiple functions dependiqg on cellular
transcriptase; SD, standard deviation; SDS, sodium dodecyl sulfate. context 7, 28). Among the roles proposed for iPLA are
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participation in phospholipid remodeling%, 26), signaling
in secretion 29—31), apoptosis 32, 33), vasomotor regula-
tion (34, 35), transcriptional regulatior3g, 37), eicosanoid
generation 38, 39), and cell proliferation 40—44).

Many cells express multiple distinct PLA&nzymes 13,
17, 18, 45), and attempts to determine their individual
functions have in large part relied on pharmacologic inhibi-
tors that discriminate among PL#& The mechanism-based
iPLA; inhibitor BEL and its enantiomerd§, 16, 34) inhibit
iPLA, at concentrations lower than those required to inhibit
SPLA; or cPLA; enzymes14—18), and this has been widely
exploited in discerning potential biological roles for iPLA
(25—44). BEL affects more than one targéi 23, 24, 46,
47), however, and it was first developed as an inhibitor of
serine proteases, e.g., chymotrypsit8,(49). BEL is a
substrate for chymotrypsiid8, 49) and iPLAS (15, 16),
and its inhibitory effects require its hydrolysis by and result
in covalent modifications of those enzymd$,(16, 48, 49).
We recently demonstrated that BEL inhibits iP{5Aby a
mechanism that involves its hydrolysis to a diffusible
bromomethyl ketoacid that alkylates cysteine thiols in the
enzyme $0). This raises the possibility that iPL,A might
be subject to redox regulation.

Factors that affect the oxidation state of cysteine thiols
play important signaling roles in regulating transcription, the

actions of growth factors and hormones, ion channel function,

and other processe$X—54). Growth factors and insulin
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human brain neurons and in cultured neuronal cell lines has
been demonstrated, and this raises the possibility that HOCI
might play a signaling role in neurons analogous to that of
NO produced by neuronal NO synthas®)( Neurons and
insulin-secreting-cells exhibit many biochemical similari-
ties not shared by other cell§%, 72), and we find that
cultured g-cells also express MPO (unpublished observa-
tions).

The influence of biological oxidants on iPLA is of
interest because generation of superoxide ap@,Hrom
mitochondrial substrate overload and from tissue NADPH
oxidases is thought to play a critical role in diabetic
complications, including the progressive declinefotell
function caused by hyperglycemi&Z3—77). iPLAS is
strongly expressed ip-cells and participates in insulin
secretion and igB-cell proliferation and apoptosisSQ, 31,

33, 41), and effects of biological oxidants such agdd on

its activity might affect these process@sCells stimulated
with cytokines also produce NO via iINOS§ 79), and
iPLA,S is required for iNOS induction in virally infected
macrophages3(’), suggesting that effects of NO on iPLA
could be biologically significant. Phagocyte-derived HOCI
is also believed to exert atherogenic effects on vascular
endothelium§8, 77), and iPLA is expressed in phagocytes
(37), endothelium 80), and vascular myocyte<l§). Both
iPLA,S (81, 82) and MPO [0) are also strongly expressed
in brain, and effects of HOCI on iPL#& could thus also be

activate NADPH oxidases in some target cells to cause jmportant.

production of superoxide anion, which dismutates @l

We have therefore examined effects of the biological

and HO; oxidizes cysteine thiols in the active sites of protein ,yjqants HO,, NO, and HOCI on the activity of purified,
tyrosine phosphatases and lipid phosphatases to inactivatgecompinant iPLAS and have characterized oxidant-induced

these enzymes$E). The iPLAS inhibitor BEL also inacti-
vates some lipid phosphatasés,@7). Inactivation of protein
tyrosine phosphatases by® amplifies the effect of growth

factor receptor tyrosine kinases to induce tyrosine phospho-

rylation, and this appears to be required for optimal growth

factor signaling because overexpression of peroxiredoxins

that catalyze reduction of 4@, attenuates growth factor
action 66—58).

covalent modifications by digesting oxidant-treated iBEA
with proteases and then analyzing peptides in the digest by
LC—ESI-MS/MS.

EXPERIMENTAL PROCEDURES

Materials. Spodoptera frugiperd¢sf) cells and culture
medium were purchased from Invitrogen (Carlsbad, CA).

While a role for reactive oxygen and nitrogen intermediates TALON metal affinity resin was from Clontech (Palo Alto,

in inflicting cellular injury and in killing pathogenic micro-

CA). [5,6,8,9,11,12,14,184]Arachidonic acid (217 Ci/

organisms and tumor cells has long been recognized, manymmol), enhanced chemiluminescence (ECL) reagents, and
of these molecules also have signaling functions such as thosd-palmitoyl-2-f“C]linoleoyl-sn-glycero-3-phosphocholine (16:

described above for 4, that involve covalent modification

of their targets §9). NO is another example of such a
molecule B9). At the high concentrations produced by
inducible NO synthase (iNOS), NO has microbicidal and

0/[**C]18:2-GPC) were from Amersham Biosciences (Pis-
cataway, NJ). Sodium dodecyl sulfatpolyacrylamide gel
electrophoresis (SDSPAGE) supplies and Coomassie Bril-
liant Blue stain were from Bio-Rad (Richmond, CA).

tumoricidal actions, and at low concentrations produced by Polyclonal antibodies to iPL# were obtained from Santa

constitutive NOS isoforms, it plays signaling roles that often Cruz Biotechnology (Santa Cruz, CA). Gentamicin and
involve covalent modification of thiols5@). Hypochlorous INS-1 cell culture media were obtained from the Washington
acid (HOCI) is another biological oxidant produced from University Tissue Culture Support Center. The NO donor
H.0, and CI by the enzyme myeloperoxidase (MPO), and compound diethylamine NONQate and other chemicals were
it participates in microbial killing by phagocytic cell6@— purchased from Sigma Chemical (St. Louis, MO). Solvents
63). HOCI might also have signaling functions that involve Wwere purchased from Fisher Chemical (St. Louis, MO).
thiol modification 64— 70). PepMap HPLC columns and precolumns were obtained from
At pH 7.4, HOCI and OCI exist in an approximately ~ LC-Packings (San Francisco, CA).

equimolar ratio, and HOCI readily traverses cell membranes Oxidation ReactionsStock solutions of KO,, HOCI, and

to interact with intracellular targets that include glutathione the NO donor compound diethylamine NONQate were
and thiol enzymes, such as glyceraldehyde-3-phosphateprepared and calibrated as described previo&dy. Reac-
dehydrogenase (GAPDHB3—66). This can activate signal-  tions were performed at 37C in buffer [50 mM NaHPO,

ing cascades, such as MAP kinase pathways and the tumoand 20 mM imidazole (pH 7.8)] containing 0.2g/uL
suppressor p5367—69). In addition, MPO expression in  iPLA;3 with various concentrations of oxidant for various
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intervals and terminated by adding a 10-fold molar excess cessed by Masslynx software to produce a peak list file, as

of L-methionine.

Cloning, Expression, and Purification of Na#i and His-
Tagged iPLAS Proteins.Sf9 cells were cultured as described
previously 84). For protein expression, cDNA encoding
iPLA,3 with a polyhistidine tag sequence at the C- or
N-terminus 84) was cloned into the EcoRiSall site of
pFastBacl baculovirus shuttle vector (Invitrogen). Sf9 cell

suspensions were infected with recombinant baculovirus,

collected by centrifugation, and disrupted by sonication. His-
tagged proteins were purified with a TALON metal affinity
column, as described previousl84j. Aliquots of protein
solutions were analyzed by SB®AGE. Proteins were

described previouslysd).

Site-Directed Mutagenesis of*f¥to T*6°or Y*¢° To Yield
His-Tagged iPLAS Mutant ProteinsA 2.2 kb rat iPLAZ
cDNA was subcloned into the vector pBluescript 1l SK
(Stratagene) and used for mutagenesis. Substitution of Thr460
or Tyr460 for Trp460 was performed with the QuickChange
mutagenesis kit (Stratagene, La Jolla, CA), as described
previously 60). The sequence of the forward primer was
5'-CCAAGGACCTCTTCGACACCGTGGCAGGAACCA-
GCACAG-3 and 3-CCAAGGACCTCTTCGACTATGTG-
GCAGGAACCAGCACAG-3. The fidelity of the construct
was confirmed by sequencing, and the mutant cDNA was

visualized by Coomassie staining or by being transferred to Subcloned into the pFast-Bacl vector, which was used to

nylon membranes and immunoblotting, as described previ-

ously @4).

Assay of iPLAS Enzymatic Actiity. Ca&"-independent
PLA, enzymatic activity was assayed after ethanolic injection
of substrate 1-palmitoyl-24C]linoleoyl-snglycero-3-phos-
phocholine into assay buffer [40 mM Tris (pH 7.5) and 5
mM EGTA] by monitoring release of'{C]linoleate, as
described previouslyg6).

Quantitation of Free ThiolsThe amount of free thiol was
measured with a thiol and sulfide quantitation kit from

Molecular Probes (Eugene, OR) according to the manufac-

prepare recombinant baculovirus containing the mutant con-
struct as an insert. His-tagged iPy#4%° or iPLA,SY 460
mutant protein was expressed in Sf9 cells and purified by
immobilized metal affinity chromatography (IMAC), as
described above.

Immunoblotting Analyses of iPLA Protein. Protein in
iPLA,S preparations purified by IMAC after expression in
an Sf9 cell-baculovirus system or proteins from INS-1
insulinoma cells that overexpress iPyPwere analyzed by
8% SDS-PAGE, transferred onto Immobilon-P PVDF
membranes, and processed for immunoblotting analyses.
iPLA,5 immunoreactive protein bands were visualized by

turer's instructions. In this spectrophotometric assay, thiols enhanced chemiluminescence (ECL), as described previously
reduce an inactive disulfide derivative of papain (papain-S- (86).

SCH) and release the active enzyme (papain-SH). Activated  preparation of a Construct for Expressing iPyAas a
papain catalyzes hydrolysis of the chromogenic substrate,Fysjon Protein with EGFP and Selection of Stably Trans-

N-benzoylt -argininep-nitroanilide (-BAPNA), resulting in

an amplified spectrophotometric signal proportional to the
amount of thiol. Enzyme activity is determined by measuring
the absorbance at 410 nm of ghnitroaniline chromophore
released from-BAPNA on a Titertek Multiskan MCC/340
microplate reader (ICN Biomedicals, Aurora, OH). Thiol

fected CloneskFull-length iPLAS cDNA was amplified by
PCR using the following primer set: sensé;A&CTTC-
GAATTCATGCAGTTCTTTGGACGC-3 and antisense,5
TTCGATATCGGGAGATAGCAGCAGCTGG-3 The am-
plified full-length IPLAy3 from the pMSCV-neo-iPLAS
constructs were then subcloned into the pEGFP-N2 vector

concentrations in the samples are determined from measureqciontech) after the immediate-early promoter of cytome-
absorbances by interpolation from a standard curve preparedyalovirus major and before the EGFP coding sequences in

with 0.1 mML-Cys (0).

LC—ESI-MS/MS Analysess previously describedb(),
samples (0.2L) were injected into a Micromass (Manches-
ter, U.K.) CapLC liquid chromatography system and con-
centrated on a PepMap C18 precolumn (309 x 5 mm).
The precolumn was then washed (3 min, 0.1% formic acid,
flow rate of 30uL/min), and the sample was eluted onto an
analytical C18 column (150 mnx 17 um) and analyzed
with a solvent gradient from solution A (3% acetonitrile) to
solution B (95% acetonitrile) containing 0.1% formic acid
over 50 min at a flow rate reduced fromi&/min to 200
nL/min by stream splitting. LC eluant was introduced into
the nanoflow source of a Micromass Q-TOF Micro mass
spectrometer. The source temperature was®@0and the
cone gas flow rate was 50 L/h. A voltage of 3.2 kV was

the same code-reading frame as EGFP, as described previ-
ously 7). The EGFP-N2 control vector and the construct
encoding iPLAB-EGFP (FPN2) fusion protein were trans-
fected into INS-1 cells with a Gene PORTER transfection
system according to the manufacturer’s instructions (Gene
Therapy Systems, San Diego, CA). Stably transfected clones
were selected using G418 (0.4 mg/mL). Stably transfected
cells obtained with the EGFP-N2 control vector and FPN2
construct are designed as N2 cells and FPN2 cells, respec-
tively.

Fluorescence Microscopic Analyses of the Subcellular
Distribution of EGFP-Tagged iPL# in INS-1 Insulinoma
Cells. The subcellular distribution of iPL# protein was
visualized in INS-1 cells that expressed EGFP-tagged jBLA
constructs by cytofluorescence analyses after the medium

applied to the nanoflow probe tip, and data were acquired was removed and the cells were washed with PBS. Fluo-
in positive ion mode. Survey scans were integrated over 1 rescence microscopy was performed at an excitation wave-
s, and MS/MS scans were integrated over 3 s. Switching length of 550 nm and an emission wavelength of 570 nm,
from survey to MS/MS scan mode was performed in a data- as previously describe@®7).

dependent manner. The maximum MS/MS-to-survey scan

ratio was 3. The collision energy was 28 eV. Data were
processed with Masslynx version 3.5. Multipoint calibration

[®H]Arachidonic Acid Release Measurement$S-1 in-
sulinoma cells (5< 1 cells/well) were prelabeled for 20 h
with [*H]arachidonic acid at a final concentration of @Gi/

was performed using selected fragment ions produced bymL (5 nM) and incubated (1 h) in serum-free medium. Cells

CAD of Glu-fibrino-peptide B. MS/MS spectra were pro-

were then washed thrice with glucose-free RPMI-1640
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Ficure 1: Effects of biological oxidants and dithiothreitol on the catalytic activity and thiol content of recombinant, purified group VIA
phospholipase A(IPLA23). Varied concentrations of @, (A), the NO donor compound diethylamine NONQate (B), or HOCI (C) were
added to solutions of recombinant, His-tagged iR8A40.2 ug/mL) that had been purified by IMAC, and the mixtures were incubated at
37 °C for 30 min. The oxidation reactions were then quenched with a 10-fold molar excessethionine. Aliquots of each sample were
then removed for measurement of iP{Aactivity () and free thiol content«). A third aliquot of each sample was incubated with 2.5
mM DTT at 37°C for 30 min, and iPLAS activity was then measure®]j. Displayed values represent meahsSD (n = 6).

medium to remove unincorporated radiolabel. Cell viability 89). An H,O,-dependent loss of iPL# activity occurred,
exceeded 98% by trypan blue exclusion. Labeled cells werewith ~50 and~70% inhibition achieved at 50 and ZM
incubated in RPMI-1640 medium containing 0.5% BSA at H,O,, respectively, and loss of activity correlated closely
37°C and treated with various concentrations of diamide or with loss of free thiol groups (Figure 1A). This suggests that
vehicle for various intervals, as specified in the legend of oxidation of cysteine thiols is involved in inactivation of
Figure 11. Supernatants and cells were separated by cenip|A,3 by H,O,, and activity could be restored completely
trifugation (50@ for 5 min) and assayed fdH content by py incubating the enzyme with dithiothreitol (DTT) after
liquid scintillation spectrometry, as described previou8§)(  treatment with HO,. This suggests that reversible oxidation
events, such as formation of disulfide bonds or sulfenic acids
(52, 55), are responsible for #,-induced inactivation of

Effects of Biological Oxidants on iPLA Catalytic Actvity IPLAZf.
and Cysteine ContenAffinity-purified, recombinant, His- Exposure of iPLAS to NO by including various concen-
tagged iPLAS was treated with kD, at varied concentra-  trations of the NO donor compound diethylamine NONQate
tions within the range that can be produced by ce®8 (  in the incubation medium also resulted in a concentration-

RESULTS
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1 (MO) QFFGRLVNT LSSVTNLFSN PFRVKEVSLA DYASSERVRE EGQLILLQNA SNRTWDCVLV
61 SPRNPQSGFR LFQLESEADA LVNFQQYSSQ LPPFYESSVQ VLHVEVLQHL TDLIRNHPS (WO)
121 TVTHLAVELG IRECFHHSRI ISCANSTENE EGCTPLHLAC RKGDSEILVE LVQYCHAQMD
181 VTDNKGETAF HYAVQGDNPQ VLQLLGKNAS AGLNQVNNQG LTPLHLACQ (MO) GKQEMVRVLL
241 LCNARCNI (MO) G PGGFPIHTA (MO) KFSQKGCAE (MO) IIS(MO)DSNQIH SKDPRYGASP LHWAKNAEMA

301 RMLLKRGCDV DSTSASGNTA LHVAVTRNRF D(CO)V(MO) VLLTYG  ANAGARGEHG NTPLHLA (MO) SK
361 DNMEMVKALI VFGAEVDTPN DFGETPAFIA SKISKQLQDL (MO) PVSRARKPA FILSS (MO) RDEK
421 RSHDHLLCLD GGGVKGLVII QLLIAIEKAS GVATKDLFD (WO) VAGTSTGGIL ALAILHSKSM
481 AYMRGVYFRM KDEVFRGSRP YESGPLEEFL KREFGEHTKM TDVKKPKVML TGTLSDRQPA
541 ELHLFRNYDA PEAVREPR (CO3) T PNINLKPPTQ PADQLVWRAA RSSGAAPTYF RPNGRFLDGG
601 LLANNPTLDA (MO) TEIHEYNQD (MO) TRKGQGNKV ~ KKLSIVVSLG TGKSPQVPVT (CO) VDVFRPSNP
661 (WO) ELAKTVFGA  KELGKMVVDC CTDPDGRAVD RARAWCEMVG IQYFRLNPQL GSDIMLDEVS
721 DAVLVNALWE TEVYIYEHRE EFQKLVQLLL SP

FiIGURE 2: Sequence coverage obtained in-H@S/MS analyses of tryptic digests of oxidant-treated iR8.And identified sites of oxidative
modification. Only the underlined regions of sequence were not identified rNME/MS analyses of tryptic digests of HOClI-treated
iPLA,(. MO and WO denote methionine and tryptophan oxidation, respectively. CO denotes sulfenic acid,;ateh@t€s sulfonic acid.

dependent loss of activity with-50% inhibition achieved by LC—MS/MS analyses of tryptic digests of the oxidant-
at a concentration of 100M (Figure 1B). There was also a  treated enzyme. Figure 2 also identifies sites where oxidation
corresponding concentration-dependent loss of free thiol products of methionine (MO), tryptophan (WO), or cysteine
groups, but in contrast to the case foiQ4-treated iPLAS, residues were observed.
activity was incompletely restored (to 71% of the pretreat-  Cysteine Oxidationin the case of cysteine, both sulfenic
ment level) by incubation with DTT after treatment with the (CO) and sulfonic (C) acid derivatives were observed.
NO donor. This indicates that NO caused some reversible Cysteine residues modified in HOCI-treated iRPBAncluded
oxidation or nitrosation event(s), perhaps including formation Cys332, Cys559, and Cys651. Cys332 and Cys651 were
of sulfenic acids and disulfide bonds via Cys-S-NO inter- oxidized to sulfenic acids, and the peptides that contained
mediates §2), and also some events that were less readily them exhibited an increase in mass of 16 Da compared to
reversible or irreversible, such as formation of sulfinic or the mass of the tryptic peptides expected from the native
sulfonic acids or other stable adduct,(55). iPLA,3 sequence without modified amino acids, consistent
Incubation of iPLAS with HOCI also resulted in a  with incorporation of one additional oxygen atom. Cys559
concentration-dependent loss of activity, with 50 and 90% was oxidized to a sulfonic acid, and the peptide that contained
inhibition achieved at-30 and~100uM HOCI, respectively it exhibited an increase in mass of 48 Da compared to the
(Figure 1C), which are concentrations within the ranges mass of the expected native tryptic peptide, consistent with
observed to affect intracellular processes in intact cells incorporation of three additional oxygen atoms.
without cell lysis 62, 63, 65, 69). This was again associated Figure 3 is the singly charged MS/MS spectrum produced
with a corresponding loss of free thiols, and incubating by deconvolution of the spectrum obtained from CAD of
HOCI-treated iPLAS with DTT partially restored catalytic  the [M + 3HJ]** ion (m/z 834.39) of the tryptic peptide
activity. Approximately one-third of the lost activity was not  64SpQVPVT(CO)VDVFRPSNP(WO)ELARS. The mass of
restored by DTT, and this presumably reflects formation of the parent peptide is thus 2500.17, and the mass expected
stable adducts that cannot be reduced by DTT, such asfor the corresponding tryptic peptide from the native iBBA
sulfinic or sulfonic acids, sulfenamides, oxidation products sequence is 2468.17. The difference between the observed
of methionine or tryptophan, or othe83 66, 83, 90—92). and expected masses is thus 32, reflecting incorporation of

Identification of Stable Caalent Modifications of iPLAS two additional oxygen atoms. Singly charged fragment ions
Caused by Biological Oxidants with LOMS/MS Analyses. Y™ (mz 1674.01) and ¥ (m/z 1792.87) identify Cys651 as
Tryptic digests of native and oxidant-treated iPj3Avere the site of incorporation of one oxygen atom because the
analyzed by L&-MS/MS to identify covalent modifications. 119 unit difference between those ions exceeds the Cys
Through a combination of search algorithms and direct data residue mass by 16 units.
inspection, more than 73% sequence coverage was achieved Tryptophan OxidationThe observedvz value of 1674.01
for HOCI-treated iPLAS. Figure 2 displays the complete for the y* fragment ion in Figure 3 is 16 units greater than
amino acid sequence of iPLA, and only the underlined the expectedvzvalue of 1657.9 for the'y ion of the tryptic
regions of sequence were not included in peptides identified peptide from the native iPL# sequence, suggesting that
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Ficure 3: Deconvoluted tandem mass spectrum expressed as singlyHOCl

charged ions obtained from collisionally activated dissociation
(CAD) of the [M + 3H]*" ion of the oxidized peptid&“SPQVPVT-
(CO)VDVFRPSNP(WO)ELAKSS in a tryptic digest of oxidant-
treated iPLAS. An aliquot (10ug) of freshly prepared, recombinant,
purified iPLAyS was incubated at 37C for 30 min with HOCI at

a molar ratio of 1:50. The reaction was quenched with a 10-fold
molar excess of-methionine, and digestion with trypsin was
performed. The digest was analyzed by +KIS/MS, and the
displayed spectrum of singly charged ions was obtained by CAD
of the [M + 3H]3* precursor ion atwz 834.39 and deconvolution
of the charge states.
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Ficure 4: Deconvoluted tandem mass spectrum obtained from
CAD of the [M + 3H]*" ion (m/z 801.09) of the oxidized peptide
SPDLFD(WO)VAGTSTGGILALAILHSK#77in a tryptic digest of
oxidant-treated iPLAS.

an amino acid within the native sequerfé&/ DVFRPSN-
PWELAK?®® of iPLA,3 had also been oxidized. The ob-
servedm/z value of 460.27 for the 4fragment ion corre-
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Ficure 5: Effect of site-directed mutagenesis of iPJfAresidue
W40 to T or Y on the catalytic activity and susceptibility to
irreversible biological oxidant-induced inactivation. The His-tagged
mutant proteins iPLAST*6%and iPLASY 40 were produced by site-
directed mutagenesis, expressed in a baculovigf cell system,

and purified by IMAC. Catalytic activities of native iPL,A& and

the mutant proteins were then determined before and after treatment
with HOCI and then with DTT, as described in the legend of Figure
1. Displayed values represent the loss of activity in the treated
samples compared to the control activity of untreated samples and
are expressed as mea#isSD (n = 6).

y18 (m/z 1708.65) and ¥ (m/z 1910.76) is 16 units greater
than the residue mass of W (186 Da). The strong fragment
ion atm/z 1892.78 is generated fromt%(nvz 1910) by loss

of H,O. Because of the proximity of ¥ to the iPLAS
active site, its oxidation could play a role in that component
of iPLA,3 inactivation by HOCI that cannot be reversed by
DTT, and this possibility is examined further below with
site-directed mutagenesis studies.

Methionine OxidationOf the 26 methionine residues in
the IPLAS sequence, 11 were oxidized by HOCI (Figure
2). Only one methionine residue (M) was oxidized by
H.O,, and no other amino acid residues were found to
incorporate oxygen in pD,-treated iPLAS. This is consis-
tent with the facts that HOCI reacts readily and rather
indiscriminately with thiols and thioether§3, 91) while
H,0O, tends to selectively modify residues in a protein
environment that causes them to be especially reacii2e (
55, 63). No stable amino acid adducts that had incorporated
oxygen were identified in NO-treated iPLA

sponds to that expected for the tryptic peptide from the native DTT Completely Restores Catalytic Adty to HOCI-
iPLA,f sequence, and this indicates that the modified amino Treated iPLAS Mutant Proteins in Which ¥§°1s Replaced

acid is contained in the sequerf®@/DVFRPSNPWS$L An
internal fragment ion atvz 1234.83 represents the sequence
(Y*VT(CO)VDVFRPSN(Y), which indicates that the other
oxidized amino acid in thé*S—K®>5 parent peptide is
contained within th&%PW6®! sequence. Because the cyclic
proline side chain is much less susceptible to chemical
oxidation than the tryptophan aromatic indole ring and
because HOCI is known to cause tryptophan oxidatgd, (
W¢6L s the likely site of oxidation.

Tryptophan residues ¥ and W2 were also oxidized in
HOCI-treated iPLAS. The former lies near the serine lipase
consensus sequenéeGTSTGE®, and its oxidation thus
might affect catalytic activity. Figure 4 is the tandem
spectrum of the tryptic peptid®®DLFD(WO)VAGTSTG-
GILALAILHSK 47 that contains the oxidized AP residue.
The 202 unit difference imvz values between fragments

with T*60 or Y#69 but Not to HOCI-Treated Nate iPLAS.

To evaluate the possibility that #A? oxidation might play a
role in IPLAyS inactivation by HOCI, that residue was
replaced with 7% or Y40 by site-directed mutagenesis. His-
tagged native iPLAS and the mutant proteins iPL,AT*60
and iPLABY 4% were expressed in a baculoviruSf9 cell
system and purified by IMAC, and their catalytic activities
were then compared before and after HOCI treatment. Both
iPLA,8 mutant proteins retained essentially full catalytic
activity and were nearly completely inactivated by 200
HOCI, as was wild-type iPLAS (Figure 5). Subsequent
incubation of the HOCI-treated proteins with DTT restored
97 and 95% of the lost activity of the iPLAT*®° and
iPLA,SY 4 mutant proteins, respectively, but DTT restored
only 72% of the lost activity of native iPL48. Mutagenesis
of W40 to either T or Y thus had little effect per se on
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Ficure 6: Immunoblotting analyses of iPL& preparations treated with biological oxidants, dithiothreitol, and succinic anhydride. Aliquots

(2 ug) of freshly prepared, purified, recombinant, His-tagged it fpanels A and B, lane 1) were treated with 20@ HOCI (panel A,

lanes 2-4, and panel B, lanes-®), H,O, (panel A, lanes 46), or the NO donor diethylamine NONQate (panel A, lanes 6 and 7, and
panel B, lanes 69). The indicated samples (panel A, lanes 3, 5, and 7, and panel B, lanes 3, 5, 7, and 9) were then incubated with 2.5 mM

DTT at 37°C for 30 min. In panel B (lanes 4, 5, 8, and 9), the indicated samples were treated with/4L.5succinic anhydride. SDS
PAGE analyses were then performed under nonreducing conditions, and immunoblotting was performed wjthaiRibddies after the

transfer to PVDF membranes.
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Ficure 7: Effects of dithiothreitol on time-dependent changes in the ijpLéatalytic activity and oligomerization state that occur during
storage. Samples (50 pmol) of recombinant, purified, His-tagged jPl#at had been stored at°€ for 2 weeks were incubated with 2
mM DTT at room temperature for various<{Q50 min) intervals (A) or with varied concentrations{80 mM) of DTT for 60 min (B),
and iPLAS activity was then measured. Displayed values represent me&i3 (n = 6). Aliquots (2ug) of iPLA,f that had been freshly
prepared (C) or stored at°€ for 2 weeks (D) were also analyzed by nonreducing SBAGE and immunoblotting before (left-most lanes
of panels C and D) or after (right-most lanes of panels C and D) incubation with 2.5 mM DTT°& 8% 30 min. Immunoblots were

probed with antibodies to iPL#S.

iPLA,S activity but nearly eliminated the component of
iPLA,3 inactivation by HOCI that cannot be reversed by
DTT. W469 oxidation thus could be involved in irreversible
iPLA,3 inactivation.

Evidence for Formation of Intermolecular Disulfide Bonds
upon Treatment of iPLA& with Biological Oxidants.Im-
munoblotting analyses indicate that treating iBBAwith
H>O,, NO, or HOCI causes the enzyme to form higher-
molecular mass species that could reflect formation of
intermolecular disulfide bonds (Figure 6). Treatment with
HOCI resulted in the most dramatic reduction in intensity
of the monomeric 85 kDa iPL#S-immunoreactive band

(Figure 6A, lane 2), and HOCI also caused a greater reduction
in iIPLA3 thiol content at a given oxidant concentration than
did H,O, or NO (Figure 1). All oxidant-treated samples
exhibited a broad region of poorly resolved higher-molecular
mass iPLAS-immunoreactive species on SBBAGE (Fig-

ure 6).

For H.O,-treated iPLAS samples, incubation with DTT
before SDS-PAGE analysis caused the disappearance of the
higher-molecular mass species, and only a single 85 kDa
iPLA B-immunoreactive band was observed (Figure 6A, lane
5). This is consistent with the fact that incubation with DTT
completely restored the free thiol content and activity of
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H.O,-treated iPLAS (Figure 1) and suggests that,®} A Lipase Activity
induces intermolecular disulfide bond formation between 120
iPLA23 monomers. 100 1

Biological Oxidant-Induced iPL#8 Oligomerization by A '_I\i

Mechanisms Other Than Intermolecular Disulfide Bond 80 7

3 — -
Formation.In contrast, incubating HOCI-treated iPyAwith 2 . -  — e
. . . [+] e
DTT did not cause the complete disappearance of the higher- % \ —a—IPLA2+ATP
40

molecular mass immunoreactive species, but their intensity = 2
was reduced while that of the 85 kDa monomer increased \{—\‘\I
(Figure 6A, lane 3). In addition, a single, sharp higher-

molecular mass band o200 kDa was observed after HOCI- 0
treated iIPLAS was incubated with DTT rather than the broad

region of poorly resolved bands observed before incubation

with DTT. Similarly, incubating NO-treated iPLA with B Free thiol content
DTT caused a reduction in both the intensity and the 45 -
heterogeneity of the higher-molecular mass iBgAmmu-
noreactive bands and the appearance of a sharply focuset
85 kDa band (Figure 6A, lane 7).

The DTT-resistant higher-molecular mass iBBAmmu-
noreactive bands produced by treatment with HOCI or with
NO might represent oligomers stabilized by strong, nonco-
valent interactions. Treating apomyoglobin with HOCl causes 2
the appearance of such oligomers, and they can be disruptec
by charge repulsion when positively charged amino acids
are converted to anions by treatment with succinic anhydride
(93). Upon incubation of HOCI-treated iPLAwith succinic i .
anhydride, the DTT-resistant 200 kDa iPyAimmunore- Ficure 8: Effects of dithiothreitol and ATP on the thermal

: . I : inactivation and thiol content of iPL#S. Freshly prepared, recom-
active band (Figure 6A,B, lane 3) did disappear (Figure 6B, binant, purified, His-tagged iPL# was incubated with vehicle only

lane 5), and this band could thus represent an oligomer ) with 2.5 mM DTT @), or with 10 mM ATP @) at 37°C for
formed by noncovalent interactions. In contrast, incubating various (6-120 min) intervals, and aliquots were removed for

NO-treated iPLAB with succinic anhydride did not cause Mmeasurement of enzymatic activity (A) and thiol content (B).
the complete disappearance of the DTT-resistant higher-Displayed values represent meahsSD (n = 6).
molecular mass iPL4S-immunoreactive bands, but it did
reduce their heterogeneity and that of the 85 kDa monomereffect similar to that of ATP to attenuate thermal inactivation
(Figure 6B, lane 9). NO must, therefore, induce oligomer- of iPLA,S (Figure 8A) and that incubating iPL& at 37°C
iztion of IPLAy5 by mechanisms in addition to forming also results in the loss of free thiols that is prevented by
intermolecular disulfide bonds and noncovalent complexes. ATP (Figure 8B). Incubating iPL48 at 37°C also resulted
Time- and Temperature-Dependent Inaation of iPLAS in the appearance of higher-molecular mass ip-Afnmu-
and Thiol OxidationUpon storage at 4C for 2 weeks, the  noreactive bands on SBD®AGE that disappeared upon
specific activity of recombinant, purified His-tagged iP{A treatment with DTT, and the appearance of these bands was
fell to ~20% of initial values (not shown). Treating iPLA prevented by including ATP in the incubation medium (not
samples at that point with DTT resulted in a concentration- shown). This suggests that thermal inactivation of iREA
and time-dependent increase in activity (Figure 7A,B), is associated with thiol oxidation that is prevented by ATP.
although such an effect was not observed with freshly There are ATP binding sites in the iPkA sequence2,
prepared iPLAS (not shown). These findings suggest that 96), and binding might affect the conformation of iPyA
reversible thiol oxidation contributes to the loss of activity in a way that protects critical thiol groups from oxidation.
upon storage of iPLAS. The data in Figure 8 also suggest that thiol oxidation is
Consistent with that possibility, immunoblotting analyses not the sole mechanism contributing to iPJfAthermal
of iPLA,f3 that had been freshly prepared (Figure 7C) or inactivation and that ATP protects against inactivation by
stored for 2 weeks at 4C (Figure 7D) revealed that storage mechanisms in addition to preventing thiol oxidation. Ap-
was associated with the appearance of higher-molecular masproximately 80% of iPLAS activity is lost after incubation
iPLA2B-immunoreactive bands that were not observed in at 37°C for 2 h (Figure 8A), but only 30% of the free thiol
fresh iPLAS preparations. These higher-molecular mass content is lost. ATP confers complete protection against thiol
bands disappeared upon incubation with DTT (Figure 7D), loss (Figure 8B) but incomplete protection against loss of
suggesting that they represented iBBAligomers formed activity. This could indicate that the loss of certain critical
by intermolecular disfulfide bonds. Because incubation with thiols has a larger effect on activity than the loss of others
DTT also increased the activity of stored iP}#preparations  and/or that activity is also lost by mechanisms independent
(Figure 7A,B), these observations suggest that intermolecularof thiol loss. Approximately 20% of initial activity is lost
disulfide bond formation contributes to the loss of activity. even in the presence of ATP. Similarly, DTT provides partial
iPLA,S undergoes thermal inactivation upon incubation but incomplete protection against thermal inactivation (Figure
at 37°C that is largely prevented by including ATP in the 8A) but presumably complete protection against thiol loss.
incubation mediumd4, 95). We found that DTT exerts an  (The presence of DTT in the incubation medium prevents
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Ficure 9: Demonstration of an intramolecular disulfide bond between Cys143 and Cys153 in thefiRbybtic peptide
140|SCANSTENEEGCTPLHLACRS! by tandem MS. Panel A is the deconvoluted MS/MS spectrum obtained from CAD of the

[M -+ 3H]3" precursor ion at/z 786.96 and demonstrates that the parent peptide contains a disulfide bond between Cys143 and Cys153.
Panel B is the analogous MS/MS spectrum obtained from CAD of theHNH]3* precursor ion atn/z 844.68 after reduction and
carboxyamidomethylation of the parent peptide.

direct measurement of iPLA free thiol content.) Ap- CAD of the [M + 3H]*" ion atm/z 786.96. The N-terminal
proximately 40% of the initial activity is lost in the presence sequence ISS and the C-terminal sequence TPLHLACR are
of DTT. These data thus suggest that, of the activity lost identified by matching theoretical fragment ions with intense
after incubation of iPLAS at 37 °C for 2 h, ~50% is peaks in the spectrum. The sequence between Cys143 and
attributable to thiol oxidation that is prevented by DTT (or Cys153 is not represented by fragment ions because the
ATP) and~25% occurs by some other mechanism that is disulfide bond between these two residues suppresses

prevented by ATP. Another 25% of the activity loss occurs fragmentation. The difference im/z values between the

by a mechanism(s) that is unaffected by ATP.
Identification of iPLAS Disulfide Bonds by LEMS/MS.

Treatment of freshly prepared iPLAwith DTT resulted in

decreased heterogeneity of the 85 kDa iBEAnonomer

singly charged ¥and y° ions in the spectrum is 1135.32,
which is 2 units less than the theoretical mass of the internal
fragment***CANGTENEEGGC?®3 (1137.37 Da). The intense
ion at m/z 1067 corresponds to the internal fragment

band (Figure 7C), suggesting that heterogeneity might arise*ANGTENEEGC® or **CANGTENEEG®? (theoretical
from varied degrees of intramolecular disulfide bonding mass of 1035.4 Da) with an additional sulfur (32 Da)

within the population of iPLAS monomers. To examine this

possibility, the heterogeneous 85 kDa monomer band
freshly prepared iPLAS analyzed by SDSPAGE was

atom derived from the disulfide bond. Figure 8B is the MS/
of MS spectrum of peptidé*®1S(C-S-) ANSTENEEG(C-S-)-
TPLHLACR?®! after reduction with DTT and carboxyami-

excised and digested in gel with trypsin. The digest was then domethylation with iodoacetamide.

analyzed by LEG-MS/MS, and~700 MS/MS spectra so

Another disulfide-linked peptide was identified from the

acquired were analyzed by a modified Signature Discovery iPLA,S C-terminal region. The deconvoluted MS/MS spec-

program 84) that facilitates identification of disulfide-linked
peptides.

The internal disulfide-linked peptidéd1S(C-S-)ANSTE-
NEEG(C-S-)TPLHLACRS®! was so identified. It contains
Cys143, Cys153, and Cys160. The obserw#édvalue for
the precursor ion of the digest peptide representifig-

trum (Figure 10) obtained from CAD of the [M- 2H]?"

ion atm/z 654.76 from the iPLAS tryptic digest reveals an
internal disulfide bond between Cys679 and Cys680. The
mass of the identified peptidé’tMVVDCCTDPDGR?®9)
(Figure 10A) is 1307 Da, which is 2 Da less than the
theoretical value of 1309 Da for tryptic peptid&M —R56

R16lis 786.96. Therefore, the calculated molecular mass of from the native iPLAS sequence. All of the expected y-series
the parent peptide is 2358 Da. This is 2 Da less than theions are observed in the MS/MS spectrum except for the y

theoretical mass of 2360 Da for the tryptic peptiét—

ion, which arises from cleavage of the disulfide bond between

R'61from the native sequence, and this suggests that two ofthe two cysteines. The difference 'z values betweenby
the three Cys residues are linked by a disulfide bond. Figure (m/z 660.27) and §(nmVz 864.29) is 204 units, which is also
9A is the deconvoluted MS/MS spectrum obtained from 2 units less than the expected difference of 206 units if there
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Ficure 10: Demonstration of an intramolecular disulfide bond between Cys679 and Cys680 in thejiRityftic peptide
5"3\MVVDCCTDPDGR6 by tandem MS. Panel A is the deconvoluted MS/MS spectrum obtained from CAD of theZM]" precursor

ion atm/z 654.72 and demonstrates that the parent peptide contains a disulfide bond between Cys679 and Cys680. Panel B is the analogous
MS/MS spectrum obtained from CAD of the [M 2H]?* precursor ion atwz 712.73 after reduction and carboxyamidomethylation of the

parent peptide.

were no disulfide bonds in the intervening sequence. After with [*H]arachidonic acid.
reduction and carboxyamidomethylation, the mass of the
parent peptidé’*MVVDCCTDPDGRe®® increased to 1424  DISCUSSION
Da, and its MS/MS spectrum contains a strofAdgoyn atm/z _ ) _
820.28 (Figure 10B). The observed mass is consistent with 1he recent demonstration that the widely used igftA
modification of the two Cys residues in this peptide by inhibitor BEL inactivates the enzyme by alkylating critical
carboxyamidomethylation, resulting in a 114 Da increase in CYS thiols B0) raises the possibility that thiol modification
mass. by biological redox reactions might affect the activity or other
Effects of Oxidatie Stress in INS-1 Insulinoma Cells on Properties of the enzyme. Such reactions play important
iPLA8 Oligomerization State, Subcellular Distribution, and "egulatory roles in a variety of biological phenomeba
Activity. Diamide is a cell-permeant, thiol-specific oxidant 54). Because many cells that express iBEAproduce
that induces mild, noninjurious oxidative stress and disulfide biological oxidants that can modify thiols, it is likely that
bond formation in intact cells89, 97). INS-1 insulinoma  the enzyme is exposed to such molecules in vivo. L&
cells that overexpress EGFP-tagged iBBA(87) were expre_ssed in phagog:yt_es, for example, and_ is a reqt_Jlred
incubated with diamide and then studied by cytofluorescence Participant in transcriptional events involved in increasing
microscopy or lysed for iPL48 immunoblotting and activity ~ Phagocyte expression of inducible NO synthase (iNOS) in
assays. Treating the cells with diamide induced the appear-"éSponse to viral infectior8(). Phagocytes thus can produce
ance of a high-molecular mass iPyimmunoreactive band ~ NO via iNOS, and they also produce?Ovia NADPH
upon SDS-PAGE analyses (Figure 11A). This was associ- oxidase, which dismutates to,8, that is used by the
ated with accumulation of EGFP-iPLA into a punctate ~ Phagocyte enzyme MPO to generate HOGDH63).
pattern within the cells on cytofluorescence analyses (Figure Phagocyte-derived HOCI is also thought to affect prolif-
11B) reminiscent of that induced by treating INS-1 cells with eration and other properties of vascular wall ce@8, (77),
thapsigargin to deplete ER &astores or with cAMP- and iPLAS is expressed in such cells and participates in
elevating agents3@, 87). Incubating the cells with diamide  regulating their proliferation43, 80). Similarly, iPLAS is
also caused a decline in iPLAactivity (Figure 11C) and a  expressed in insulin-secretin@ycells (13), which produce
concentration-dependent decrease in the rate of release oboth NO via iNOS 78, 79) and G /H,O, through mito-
[®H]arachidonic acid into the incubation medium (Figure chondrial metabolism and other pathway8<77). We have
11D) from cells whose phospholipids had been prelabeled also found thajs-cells express MPO (S. Bao and J. Turk,
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Ficure 11: Effects of oxidative stress caused by treating INS-1 insulinoma cells with the cell-permeant thiol oxidant diamide gn iPLA
oligomerization state, subcellular distribution, and catalytic activity. INS-1 insulinoma cells that express EGFP-tagggavéieAncubated

(37 °C for 10 min) with diamide (5 mM). Aliquots of cell suspensions were removed before (A, lane 1) and after (A, lanes 2 and 3)
incubation with diamide and then treated (A, lane 3) or not treated (A, lanes 1 and 2) with 2.5 mM DTT and analyzedi3ASES

under nonreducing conditions. Immunoblotting was then performed with jPlAtibody after transfer to PVDF membranes (A). In panel

B, fluorescence microscopic analyses were performed with INS-1 cells infected with an empty viral vector (top micrographs) or with a viral
vector containing cDNA encoding EGFP-tagged iBBAbottom micrographs) and incubated without (left micrographs) or with (right
micrographs) diamide (5 mM). In panel C, iPkAcatalytic activity was determined in aliquots of lysates from INS-1 cells that had been
incubated without (left bar) or with (right bar) diamide (5 mM). In panel D, INS-1 cells were preincubated®#jdrdchidonic acid to

label their phospholipids and then washed to remove unincorporated radiolabel. Aliquots of cell suspensions were then seeded onto 16-well
plates and incubated (30 min at 3Z under 95% air and 5% C{with the indicated concentrations of diamide. Aliquots of media were
then removed for determination of the amount of relea&dhfachidonic acid by liquid scintillation spectrometry. Displayed values represent
meanst SD (n = 6). Asterisks indicate < 0.05 vs the control condition.

unpublished observations), as do neurof®,(and iPLAS sulfenic acids %2, 55). Inactivation of iPLAS by NO or

is the major PLA in brain neurons&1, 82). It is thus likely HOCI also can be partially reversed by DTT, and this
that iPLAgS is exposed to bD,, NO, and HOCI in various  presumably reflects similar covalent modifications of the
cellular contexts, and these biological oxidants could affect enzyme. NO- or HOCI-induced iPL inactivation also has
the function of the enzyme. Characterizing such effects coulda component that cannot be reversed by DTT, and this
be important because factors that regulate iF_Activity presumably reflects DTT-resistant covalent modifications,
and subcellular distribution are much less well understood such as formation of sulfonic acids, Trp oxides, Met
than those that affect the better-studied enzyme cBL(&, sulfoxides, or others5@, 55).

6). DTT-reversible covalent modifications were observed
Our observations indicate that biological concentrations upon LC-MS/MS analyses of tryptic digests of oxidant-
of H,O, inactivate iPLAS, and this can be completely treated iPLAS. Cys332 and Cys651, for example, were
reversed by subsequent incubation with DTT. This suggestsconverted to sulfenic acid derivatives upon oxidant treatment,
that inactivation results from covalent modifications that can and Cys559 was further oxidized to the stable sulfonic acid
be reduced by DTT, such as formation of disulfide bonds or derivative. In previous studies, Cys was the only amino acid
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Ficure 12: Reversible and irreversible oxidative covalent modifications of iLand modes of catalytic inactivation. Treatment of
iPLA,S with biological oxidants reduces catalytic activity, and this is partially but incompletely reversed by dithiothreitol, indicating that
there are reversible and irreversible modes of oxidative inactivation. Some covalent modifications induced by oxidants, e.g., formation of
Cys-sulfenic acids or disulfide bonds, can also be reversed upon incubation with DTT, while others, e.g., Trp oxidation or formation of Met
sulfoxide or Cys sulfonic acids, are not reversible.

residue observed to be modified during the inactivation of DTT and that this was associated with the loss of igEA
iPLA,3 and its covalent modification by the suicide substrate activity in cell lysates, the subcellular redistribution of EGFP-
BEL, and modification of Cys651 correlated most closely tagged iPLAS on cytofluorescence analyses, and a reduction

with BEL-induced inactivation of iPLAG (50). Moreover, in the rate of release oftfilarachidonic acid from membrane
site-directed mutagenesis of Cys651 to Ala yielded an active phospholipids.
mutant enzyme with reduced sensitivity to inhibitids0). Although spontaneous, time- and temperature-dependent

It is thus possible that oxidation of Cys651 to a sulfenic acid oxidative inactivation of iPLAS has a component that can
might be a mechanism for regulating iPkAactivity that be reversed by incubation with DTT, there is another
would be reversible by subsequent reduction to the free thiol. component that is not. Binding of ATP appears to reduce

Formation of cysteine sulfenic acid (Cys-SOH) residues both modes of inactivation, possibly by causing the enzyme
in iPLA,3 upon treatment with biological oxidants is of to adopt a conformation that renders it less susceptible to
interest because protein-sulfenic acids are now recognizedoxidation. Such a conformational change might be involved
to play important roles in redox regulatiobl(—55, 98). Cys- in the effect of ATP to prevent completely the time- and
SOH formation causes reversible inhibition of protein temperature-dependent loss of free thiol groups in iffL.A
tyrosine phosphatase89, 100 and glutathione reductase and protection against thiol oxidation might account for the
(101) during tyrosine phosphorylation-dependent signal long recognized but previously unexplained effect of ATP
transduction events and nitrosative stress, respectively. Cysin attenuating iPLAS thermal inactivation 94, 95). There
SOH also participates in the redox regulation of transcription is also a component of time- and temperature-dependent
factors such as Fos, c-Jun/Activator protein-1 and bovine iPLA,S inactivation that is not prevented by ATP or reversed
papillomavirus-1 E2 proteinl02—104). by DTT.

A second class of DTT-reversible covalent modifications ~ Covalent modifications that cannot be reversed by DTT
of oxidant-treated iPLAG that was identified is disulfide  that were observed upon EMS/MS analyses of tryptic
bond formation. Intramolecular disulfide bonds (Cys143-S- digests of oxidant-treated iPLA included formation of
S-Cys153 and Cys679-S-S-Cys680) were also identified in sulfonic acids, Trp oxides, and Met sulfoxides. Although Trp
fresh iPLAyS preparations even under conditions where free and Met oxidation can occur during sample processing, such
thiol groups were blocked, suggesting that these bonds wereoxidations can also serve regulatory functions in vivo.
not generated during processing and may exist in the enzymeOxidation of a specific Trp residue (8% in B-crystallin has
within cells. Incubating freshly prepared iPkAwith DTT been demonstrated @5, and oxidation of a critical con-
reduced these bonds but caused little chasg®®o increase)  served Trp residue (%) in luminal loop E of chloroplast
in activity, suggesting that the bonds may not be critical in photosystem Il protein CP43 is a highly selective in vivo
regulating catalytic activity, although they could have a role modification (L06). Oxidation of a methionine residue (i)
in governing the interaction of the enzyme with other proteins to the sulfoxide in cathepsin G targets the enzyme for
(86) or its subcellular distribution87). proteolysis 107). The oxidized residue ¥§°identified here

Intermolecular disulfide bond formation appears to be in oxidant-treated iPLAS is located near the serine lipase
involved in the spontaneous time- and temperature-dependentonsensus sequendé3GTSTG*Y), and its oxidation could
oxidation of iPLAS that occurs without exposure to added represent one mechanism for irreversible iR Aactivation.
biological oxidants, and this is also associated with the loss That possibility is consistent with our finding that mutagen-
of enzymatic activity. That intermolecular disulfide bond esis of W% to less readily oxidizable residues yields active
formation could affect properties of iPLA in vivo is mutant enzymes that no longer exhibit a DTT-irreversible
suggested by the facts that subjecting INS-1 insulinoma cellscomponent of HOCI-induced inactivation.
to mild oxidative stress with diamide induced formation of  In summary, two distinct modes of iPLA inactivation
iPLA 5-immunoreactive oligomers that could be reduced by occur upon exposure to biological oxidants (Figure 12). One
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can be reversed by DTT and is associated with formation of 12.

higher-molecular mass oligomers that can be reduced by
DTT. DTT-reversible oxidation events could include forma-
tion of Cys-sulfenic acid derivatives and/or of Cys-Cys
disulfide bonds, and both were observed in oxidant-treated
iPLA,S. Formation of Cys651-sulfenic acid could represent
one mechanism for DTT-reversible iPLA inactivation

because alkylation of that residue by the suicide substrate 14.

BEL is strongly associated with loss of activity, and
mutagenesis to a nonalkylatable residue reduces the sensitiv- 5
ity to inhibition (50). Another mode of oxidative iPL#S
inactivation cannot be reversed with DTT and could be
caused by Trp or Met oxidation or by formation of Cys-

sulfonic acid derivatives, and all of these modifications were ¢

also observed in oxidant-treated iPYA W*€0 oxidation
could represent one mechanism for irreversible igtA
inactivation because of the proximity of that residue to the

485G TSTG catalytic center and because its mutagenesis to 17

a less readily oxidizable residue protects against irreversible
inactivation. Although the relevance of these studies to
biological function within cells remains unproven as yet, the

findings described above and the observation that subjecting 1s.

insulinoma cells to mild oxidative stress affects IPf3A
oligomerization state, activity, and subcellular distribution
and alters release of arachidonic acid from phospholipids
suggest that iPLAS might be subject to intracellular redox
regulation.
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