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Abstract The mechanism by which the inflammatory en-
zyme prostaglandin H2 synthase-1 (PGHS-1) deactivates re-
mains undefined. This study aimed to determine the
stabilizing parameters of PGHS-1 and identify factors lead-
ing to deactivation by nitric oxide species (NOx). Purified
PGHS-1 was stabilized when solubilized in b-octylglucoside
(rather than Tween-20 or CHAPS) and when reconstituted
with hemin chloride (rather than hematin). Peroxynitrite
(ONOO2) activated the peroxidase site of PGHS-1 indepen-
dently of the cyclooxygenase site. After ONOO2 exposure,
holoPGHS-1 could not metabolize arachidonic acid and was
structurally compromised, whereas apoPGHS-1 retained full
activity once reconstituted with heme. After incubation of
holoPGHS-1 with ONOO2, heme absorbance was dimin-
ished but to a lesser extent than the loss in enzymatic func-
tion, suggesting the contribution of more than one process
to enzyme inactivation. Hydroperoxide scavengers improved
enzyme activity, whereas hydroxyl radical scavengers pro-
vided no protection from the effects of ONOO2. Mass spec-
tral analyses revealed that tyrosine 385 (Tyr 385) is a target
for nitration byONOO2 onlywhen heme is present.Multimer
formation was also observed and required heme but could be
attenuated by arachidonic acid substrate. We conclude that
the heme plays a role in catalyzing Tyr 385 nitration by
ONOO2 and the demise of PGHS-1.—Deeb, R. S., G. Hao,
S. S. Gross, M. Lainé, J. H. Qiu, B. Resnick, E. J. Barbar, D. P.
Hajjar, and R. K. Upmacis. Heme catalyzes tyrosine 385
nitration and inactivation of prostaglandin H2 synthase-1 by
peroxynitrite. J. Lipid Res. 2006. 47: 898–911.
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Eicosanoids such as the prostaglandins, thromboxanes,
and leukotrienes, which are formed from arachidonic
acid metabolism, regulate vascular tone and platelet aggre-
gation (1). Alterations in eicosanoid metabolism occur
during the pathogenesis of inflammatory diseases (2), but
the mechanisms are not well established.

Eicosanoid biosynthesis is initiated by prostaglandin
H2 synthase-1 (PGHS-1) and PGHS-2. Although similar in
structure, PGHS-1 and PGHS-2 have distinct roles. PGHS-1
is constitutively expressed in most tissues and has homeo-
static functions, whereas PGHS-2 is inducible and found
mainly at sites of inflammation (3, 4). PGHS enzymes are
glycosylated membrane proteins that are dimeric. Each
dimer consists of identical monomers of 70 kDa and con-
tains three domains: an epidermal growth factor domain, a
membrane binding domain, and a catalytic domain com-
prising the cyclooxygenase and heme-containing per-
oxidase active sites (5). PGHS metabolizes the substrate
arachidonic acid to prostaglandin G2 and prostaglandin
H2 in two sequential reactions. The cyclooxygenase site
binds arachidonic acid and converts it to prostaglandin G2,
which is then reduced to the cyclic endoperoxide prosta-
glandin H2 by the heme-containing peroxidase site (6–8).
The cyclooxygenase site is the target for nonsteroidal anti-
inflammatory drugs, such as aspirin and ibuprofen, which
interfere with the binding of arachidonic acid (7). During
catalysis, the enzyme undergoes irreversible self-inactivation
(9). The generation of a ferryl-oxo porphyrin intermediate,
followed by tyrosine radical formation at tyrosine 385 (Tyr
385), is thought to be essential for activation/inactivation
(6, 10). Others have suggested that a cluster of aromatic
amino acids in the vicinity of the heme group in addition to
Tyr 385 can form radicals involved in enzyme catalysis and
inactivation (11). Recently, it was shown that the process of
PGHS-1 oxidant-driven inactivation is altered by inhibitor
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binding to the cyclooxygenase channel, which likely leads to
radical formation at a site different from Tyr 385 (12). Key
unresolved questions include the mechanism(s) of PGHS
suicide inactivation, the factors that contribute to its de-
activation, and the involvement of enzyme modification in
these processes.

Evidence suggests that nitric oxide species (NOx) mod-
ulate PGHS activity and eicosanoid production under
physiological conditions (13, 14). Investigations of the
direct effect of NO and NO-derived species on purified
PGHS-1 enzyme activity have been controversial, with re-
ports of activation (15–18) as well as inhibition (19). The
complexity of NO chemistry, which results in the forma-
tion of various NO species such as nitrite (NO2

2), nitrate
(NO3

2), nitrosonium ion (NO1), nitroxyl anion (NO2),
peroxynitrite (ONOO2), and nitrosoperoxocarbonate
(ONO2CO22), can contribute to the variable actions (20–
22). Thus, although one particular form of NOx may stim-
ulate PGHS-1 activity, another form inhibits. Our studies
indicate that one particular NOx, ONOO2, has several
modes of action on PGHS-1. First, ONOO2 directly acti-
vates PGHS-1 by serving as a peroxide substrate, leading to
heme oxidation (15). Second, ONOO2 indirectly affects
eicosanoid biosynthesis via modification of signaling pro-
cesses that are upstream of PGHS, thus controlling
arachidonic acid availability to the enzyme (23). Finally,
ONOO2 nitrates purified PGHS-1 in the absence of ara-
chidonate (24, 25), and PGHS-1 is nitrated in human
atherosclerotic lesions (24). It has been shown that
tetranitromethane (TNM) and ONOO2 nitrate two to
three Tyr residues per PGHS-1 monomer, resulting in the
loss of enzyme function (24–26, 28). It is likely that one of
the Tyr residues nitrated is Tyr 385, and in fact, it has
been shown that NO from NOC-9 [1-Hydroxy-2-oxo-3-(N-
methyl-6-aminohexyl)-3-methyl-1-triazene] (27) and TNM
(28) lead to Tyr 385 nitration in PGHS-1.

In this study, we investigated the role of the peroxi-
dase heme on NOx-induced modification and loss of func-
tion in PGHS-1. In particular, the NOx that we used in our
studies included ONOO2, 3-morpholinosydnonimine
hydrochloride (SIN-1; which produces low levels of su-
peroxide and NO that form ONOO2), 1-hydroxy-2-oxo-3-
(N-methyl-aminopropyl)-3-methyl-1-triazene (NOC-7;
which produces NO), NO2

2, and NO3
2. We demonstrate

that the active heme center of PGHS-1 regulates ONOO2-
induced modification and loss of enzyme reactivity. These
modifications aremanifested as changes in PGHS-1 solvent
accessibility and heme absorption characteristics, Tyr
nitration, and multimer formation. We also show that in
the absence of heme, PGHS-1 Tyr nitration occurs, but not
at Tyr 385 and with no impact on the ability of PGHS-1 to
reconstitute heme and metabolize arachidonic acid.

MATERIALS AND METHODS

Ram seminal vesicles were obtained from Pel Freeze. Hepta-
oxyethylene decyl ether, diethyldithiocarbamate (DEDTC),
hemin chloride (hemin), hematin, GSH, GSH peroxidase, so-

dium nitrite, sodium nitrate, TNM, CHAPS, Tween-20, and LysC
endoproteinase were obtained from Sigma-Aldrich (minimum
95% purity; HPLC grade). NOC-7 was purchased from Alexis
Biochemicals. Arachidonic acid (99% purity, by capillary GC) was
obtained from Sigma-Aldrich, solubilized in ethanol (EtOH),
and stored in aliquots (168 mM) at 2808C. N,N,N9,N9-tetrameth-
ylphenylenediamine (TMPD), also from Sigma-Aldrich, was pre-
pared freshly for each experiment as a 1 mg/ml stock solution.
Aspirin, SIN-1, and N G-nitro-L-arginine methyl ester (L-NAME)
were purchased from Cayman Chemicals. N-Decyl-b-D-maltopyr-
anoside (C10M) and N-octyl-b-D-glucopyranoside (bOG) were pur-
chased from Anatrace. Sodium peroxynitrite (170–200 mM in
4.7% sodium hydroxide) was obtained from Calbiochem. Mono-
clonal 3-nitrotyrosine antibody (clone 1A6) was obtained from Up-
state Biotechnology. Monoclonal PGHS-1 antibody was obtained
from Cayman. Anti-mouse horseradish peroxidase-conjugated IgG
and ECL Plus reagents were obtained from GE Healthcare. All
materials for SDS-PAGE and Western blotting were obtained
from Bio-Rad Laboratories. Fast-flow DEAE-Sepharose and S-200
and S-300 beads were purchased from GE Healthcare.

Isolation and purification of PGHS-1 from
ram seminal vesicles

PGHS-1 solubilized in Tween-20 was purified from ram semi-
nal vesicles (300 g) as described previously by Van der Ouderaa
et al. (29). When using CHAPS or bOG, purified PGHS-1 was
obtained by the procedure described by Malkowski et al. (30),
although we implemented modifications described below to
enable purification by regular-flow liquid chromatography. Con-
centrations of detergents used in the purifications were chosen
based on the published literature (29, 30). Levels of detergent used
in our experiments are the residual amounts present that result
from the purification process. For PGHS-1 solubilized in CHAPS
or bOG, microsomal homogenates obtained in the absence of
detergent were extracted with heptaethylene glycol monodecyl
ether and C10M and stored at 2808C.

Frozen microsomal extracts (70 ml) were rapidly thawed and
loaded on a fast-flow DEAE-Sepharose column (20 cm 3 1.5 cm)
preequilibrated with wash buffer (10 mM Tris, 10 mM Bis-Tris, 1
mM NaN3, and 0.15% C10M, pH 8.5). Figure 1A shows the
chromatogram for the elution profile described below. The col-
umn was washed with two column volumes (V0 5 40 ml) of equi-
libration buffer followed by linear pH gradient I (rate, 2 ml/min)
[(40 ml) 10 mM Tris, 10 mM Bis-Tris, 1 mM NaN3, and 0.15%
C10M, pH 8.5, to (40 ml) 40 mM Tris, 40 mM Bis-Tris, 20 mM
NaCl, 1 mM NaN3, 0.05 mM EDTA, 0.1 mM DEDTC, and 0.15%
C10M, pH 6.5]. Note that during the column wash stage, a major
protein band (peak a), which has no PGHS-1 activity, eluted off
the column (Fig. 1A). Active PGHS-1 eluted from the column
with salt gradient II [(40 ml) 40 mM Tris, 40 mM Bis-Tris, 20 mM
NaCl, 1 mM NaN3, 0.05 mM EDTA, 0.1 mM DEDTC, and 0.15%
C10M, pH 6.5, to (40 ml) 40 mM Tris, 40 mM Bis-Tris, 500 mM
NaCl, 1 mM NaN3, 0.05 mM EDTA, 0.1 mM DEDTC, and 0.15%
C10M, pH 6.5]. Highly active fractions of z90% apoPGHS-1
eluted off the column z30 ml into gradient II, in a sharp and
narrow band (Fig. 1A, peak b). Peak b9 represents the fractions
absorbing at 412 nm (the Soret band) that are holoPGHS-1
(z10%). The second band to follow (Fig. 1A, peak c) was broader
and contained more heme (peak c9) but was significantly less
active than peak b fractions. Fractions from peak b were com-
bined, concentrated, and desalted on a S-300 gel filtration col-
umn for use in this study.

ApoPGHS-1 was concentrated on Ultra-15 spin concentrators
(50 kDa cutoff; Millipore Corp.) to ,5 ml. The concentrate
was adjusted to 1% (w/v) C10M and loaded on a S-300 column
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(80 cm3 2.5 cm) preequilibrated with 20 mM Tris, 50 mM NaCl,
1 mM NaN3, 0.1 mM EDTA, 0.1 mM DEDTC, and 0.15% C10M,
pH 8. An active peak with a trailing shoulder eluted off the S-300
column (data not shown). Fractions containing the active peak
werepooled, concentrated to 2ml, and adjusted to either 1%(w/v)
bOG or CHAPS. Detergent was exchanged on a S-200 column
(80 cm 3 2.5 cm) preequilibrated with 100 mM Tris, 5 mM GSH,
5mMEDTA, 0.3mMDEDTC, and 0.3% (w/v) bOGor 0.4% (w/v)
CHAPS, pH 8.0. A single active peak eluted from the column, and
the protein content in each fraction was determined using the Bio-
Rad protein assay, measuring absorbance at 595 nm. The use of
GSH during the last step removed residual heme from PGHS-1.
Purified apoPGHS-1 was then concentrated and exchanged into
appropriate buffers without GSH to prevent its interference in the
reactions described below. Yields were determined by ultraviolet-
visible spectroscopy (described below).

Protein identity and purity were confirmed by Western blot
analysis, SDS-PAGE (10% acrylamide), amino acid sequencing,
and mass spectrometric analysis of peptide fragments from
PGHS-1 digests, as described briefly below. The band corre-
sponding to PGHS-1 was excised from a SDS-PAGE gel, washed,
and digested with trypsin, and the peptides were extracted
and lyophilized. Molecular mass analysis on the peptide digests
from gels was performed by matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry using
an Applied Biosystems ABI4700 TOF/TOF mass spectrometer
(Applied Biosystems, Inc., Farmingham, MA) with an accelerat-
ing voltage of 20 kV. Samples were mixed in a 1:6 ratio with a-
cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1%
triflouroacetic acid. An aliquot of the sample solution (0.5 ml)

was applied to the sample plate and air-dried before mass spec-
tral analysis.

MALDI-TOF analysis of free heme from HoloPGHS-1

ONOO2-treated holoPGHS-1 samples were exchanged into
detergent-free buffer using Centricon spin filters and mixed in a
1:1 ratio with sinapinic acid solution (10 mg/ml in 50% ace-
tonitrile, 50% water, and 0.1% triflouroacetic acid). Samples
were applied to a target plate for MALDI-TOF analysis using a
Voyager DE Pro (Applied Biosystems) MALDI-TOF mass spectro-
meter in reflectron mode.

Liquid chromatography-tandem mass spectrometry
analysis of nitrated PGHS-1 and database search

Nanoflow liquid chromatography-tandem mass spectrometry
(nLC-MS/MS) was used to identify sites of Tyr nitration in pep-
tides from apoPGHS-1 and holoPGHS-1 treated with ONOO2

and SIN-1. Analyses were performed using an 1100 series LC/
MSD XCT plus or an 1100 series LC/MSD XCT ultra ion trap
mass spectrometer with a chip cube (Agilent). The mobile phases
were 0.1% formic acid in 3% acetonitrile (solvent A) and 0.1%
formic acid in 100% acetonitrile (solvent B). ApoPGHS-1 and
holoPGHS-1 (8 mM in 13 ml) were each incubated with ONOO2

(1 mM) or SIN-1 (2 mM) for 1 h at room temperature. Proteins
were precipitated by adding 2 volumes of acetone, centrifuged,
and then resolubilized in ammonium bicarbonate (20 mM,
pH 8). After reduction by DTT (10 mM; 30 min at 508C) and
alkylation by iodoacetamide (50 mM; 30 min at ambient tem-
perature), proteins were digested with 1:100 sequencing grade
trypsin (Promega):PGHS-1 for 8 h at 378C. Samples were diluted
100-fold with solvent A, 8 ml of the protein digest was injected
onto a 0.3 3 5 mm Zorbax 300SB-C18 enrichment column at a
flow rate of 10 ml/min, and peptides were subsequently resolved
on a 0.075 3 150 mm Zorbax 300SB-C18 analytical column
(3.5 mm particle size) at a flow rate of 0.3 ml/min with a gradient
of 10–40% solvent B for 40 min and 40–80% solvent B for
30 min. Mass spectra were acquired in the automated MS/MS
mode, in which MS/MS scans were performed on the three most
intense ions from each MS scan (acquired at 0.5 s intervals). The
MS/MS spectra were used to identify the sites of Tyr nitration
in PGHS-1 by a database search using SpectrumMill software
(Millennium Pharmaceuticals). The parameters for searching
were as follows: minimum matched peak intensity of 50%, pre-
cursor mass tolerance of 2.5 Da, and product mass tolerance of
0.7 Da. The program was instructed to account for Tyr nitration
when matching peptide fragments to PGHS-1.

Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy experiments were
performed using a Perkin-Elmer Lambda 20 spectrophotometer.
Matching cells [Hellma (Plainview, NY); 1 cm path length, 1 ml
or 200 ml volume] were used. For each heme reconstitution ex-
periment, an aliquot of freshly prepared hemin or hematin at the
desired concentration was added to a sample cell containing
apoPGHS-1, and the absorbance was measured at 412 nm. After
each addition, the increase in optical density proportionally
reflected the amount of reconstituted holoPGHS-1 (e 5 1.42 3

105 M21cm21) (31, 32). Titration was completed when the ab-
sorbance remained constant upon further additions of heme
(31). The concentration of excess heme was calculated by sub-
tracting the concentration of reconstituted holoPGHS-1 at
412 nm (10 mM) from the total concentration of heme used
for each reconstitution. Note that free heme contributes to the
spectrum of holoPGHS-1 at 385 nm when present. From the

Fig. 1. Purification of ovine prostaglandinH2 synthase-1 (PGHS-1).
A: Elution profiles at 280 nm (open squares) and 412 nm (closed
circles) of PGHS-1 fractions from the DEAE-Sepharose column.
Individual peaks are described in Materials and Methods. B: SDS-
PAGE (10% acrylamide) of PGHS-1 fractions from various stages of
the purification. Lane 1, commercially obtained purified PGHS-1
solubilized in Tween-20; lane 2, homogenate from seminal vesicles;
lane 3, supernatant from solubilized microsomes in N-decyl-b-D-
maltopyranoside (C10M); lane 4, column-purified PGHS-1 solubi-
lized in N-octyl-b-D-glucopyranoside (bOG). C: SDS-PAGE (10%
acrylamide) analysis of the 70 kDa band that remains of holoPGHS-1
(12 mg) solubilized in Tween-20 (lane 2) and in bOG (lane 4) after
digestion with LysC endoproteinase (1 unit) for 18 h. Undigested
holoPGHS-1 (12mg) in Tween-20 and bOGare shown in lanes 1 and
3, respectively.
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absorbance spectrum of heme-reconstituted holoPGHS-1 (to a
1:1 molar complex), we calculated a yield of 43 mg (from 300 g
of seminal vesicles), which compares well with the yield calcu-
lated using the Bio-Rad protein assay (36 mg).

The concentration of ONOO2 used for each experiment was
determined by measuring absorbance at 302 nm (e = 1,670 M21

cm21). For control experiments using decomposed ONOO2, the
ONOO2 maximum at 302 nm was completely decayed. Absor-
bance spectra for the reactions of ONOO2 (250 mM) and NOC-7
(250 and 750 mM) with holoPGHS-1 (10 mM) were monitored
between 200 and 700 nm (2, 10, 20, and 60 min) after the ad-
dition of NOx. For each time point, the activity was measured as
described below.

Treatment of purified PGHS with NOx

PGHS-1 reactions with NOx were conducted in 20 mM
HEPES/20 mM NaCl at pH 7. Fresh stock solutions were made
of ONOO2 (38–48 mM), SIN-1 (35 mM), as well as NO2

2, NO3
2,

and NOC-7 (10–30 mM) when required, and the desired amount
was added to the reaction. For experiments with decomposed
ONOO2 and NOC-7, stock solutions were allowed to decay over-
night at room temperature, before incubation with PGHS-1. For
samples analyzed by Western blotting, reactions of NOx-treated
PGHS-1 were treated for the designated times and then boiled
for 5 min in SDS/mercaptoethanol buffer in preparation for
immediate separation by SDS-PAGE. PGHS-1 (10 mM) was re-
acted with TNM (1 mM) for 1 h and used as a nitrated PGHS-1
marker in Western blot analysis (described below).

Modification of PGHS-1 with aspirin

Samples of soluble aspirin (0.5 mM) were prepared freshly
from a 10 mM stock. To prepare 10 mM stock solutions, aspirin
was first solubilized in 70% EtOH, followed by dilution with 0.9%
NaCl. Aspirin was reacted with PGHS-1 at a 2.5:1.0 molar ratio for
10 min before coupled cyclooxygenase-peroxidase assays (de-
scribed below).

Proteolysis of PGHS-1 and NOx-treated PGHS-1
with LysC endoproteinase

PGHS-1 (5 mg; holo-, apo-, or ONOO2-treated) was digested
with 1 unit of LysC endoproteinase for 18 h at 378C in 0.1 M
NH4HCO3, pH 8.3. Detergents for PGHS-1 solubilization during
purification were diluted to 0.07% bOG and 0.03% Tween-20.
Proteolysis was stopped by the addition of SDS/mercaptoetha-
nol, followed by rapid boiling for 5 min and separation by SDS-
PAGE (10% acrylamide).

PGHS-1 activity assays

A peroxidase assay was used to measure PGHS-1 activity. This
assay monitors the oxidation of TMPD by changes in absor-
bance at 611 nm after activation (33, 34). In some experiments,
ONOO2 was used as the activating species. In other experiments,
the cyclooxygenase binding site substrate arachidonic acid was
used as the activating species. We refer to assays using
arachidonic acid as coupled cyclooxygenase-peroxidase assays.
The standard reaction mixture in a spectrophotometer cuvette
contained 1 ml of Tris buffer (0.1 M, pH 8.0), purified apoPGHS-
1 enzyme (0.07 mM), hematin or hemin (0.1 mM), and TMPD
(84 mM) from a 1 mg/ml stock solution. The reaction was ini-
tiated by the addition of arachidonic acid (0.1 mM). Maximal
activity was achieved when 30% excess hemin was used to re-
constitute apoPGHS-1 in the standard reaction mixture (data not
shown). At 258C, the ratio of TMPD oxidation to oxygen con-
sumption by PGHS-1 in 60 s is 1 mol TMPD/1 mol O2 (34).

PGHS-1 activity is expressed as the rate of change in TMPD oxi-
dation in 1 min.

Activity assays on ONOO2-treated holoPGHS-1 were also mea-
sured at 611 nm as described above. Assays of ONOO2-treated
apoPGHS-1 activity were performed identically to holoPGHS-1
reactions except that hemin was added (0.1 mM) to the 1 ml
cuvette before arachidonate. To determine whether ONOO2

scavenges arachidonic acid in our reaction mixtures, we com-
pared the mass spectrum of arachidonic acid (250 mM) with that
of ONOO2-treated arachidonic acid (250 mM each) and found
them to be identical, indicating that arachidonic acid was not
chemically altered to a significant extent by ONOO2 (data not
shown). Assays for the reaction of apoPGHS-1 and holoPGHS-1
with SIN-1, NO3

2, NO2
2, NOC-7, decomposed ONOO2, and

decomposed NOC-7 were also performed as described above for
reactions with ONOO2. For reactions in the presence of glu-
thathione-peroxidase (GSH-Px) and GSH, concentrations in the
reaction mixture and the assay chamber were kept at 25 U/ml
and 0.25 mM, respectively. For reactions with the hydroxyl radi-
cal (.OH) scavenger EtOH, concentrations ranging from 10 to
1,000 mM were used. For reactions with the .OH scavengers L-
NAME and potassium iodide (KI), concentrations ranging from
0.25 to 1.25 mM were used.

Detection of 3-nitrotyrosine in NOx-treated, purified
PGHS-1 by Western blotting

Two micrograms of protein per sample was treated with SDS/
mercaptoethanol, separated on a 10% acrylamide gel, and trans-
ferred onto a nitrocellulose membrane (Bio-Rad). The membrane
was immunoblotted with a mouse monoclonal 3-nitrotyrosine
antibody according to the manufacturer’s instructions (Upstate
Biotechnology). The bands were revealed using enhanced che-
miluminescence (ECL Plus) and visualized by scanning on a
Storm 860 scanner. Blots were stripped by agitating at room tem-
perature (10 min) in guanidinium chloride buffer (7 M) and re-
probed with anti-mouse PGHS-1 antibody for 1 h.

Statistical analysis

All results were reproduced at least three times. Where appro-
priate, data are reported as averages 6 SEM with significant dif-
ferences determined by Student’s t-test. P , 0.05 is statistically
significant. Image J (version 1.34s) was used to quantify Western
blot and SDS-PAGE band densities (National Institutes of Health).

RESULTS

Purification of ovine PGHS-1

Purification of detergent-extracted PGHS-1 on an anion-
exchange DEAE-Sepharose column (Fig. 1A) is a critical
step as it reduces the amount of PGHS-1 bound to natural
lipids, allowing control of the detergent environment (35).
Figure 1B shows an SDS-PAGE analysis of PGHS-1 (70 kDa)
at three different stages of purification (see Methods).
Homogenates from seminal vesicles (lane 2) and detergent-
extracted microsomes (lane 3) contained considerable
amounts of PGHS-1; however,many contaminating proteins
were also present. Purification of PGHS-1 by the method
used achieved purity levels (lane 4) comparable to those of
commercially available ovine PGHS-1 (lane 1).

To investigate the effects of different detergents used
in PGHS-1 purification on properties of the purified en-
zyme, we compared apoPGHS-1 solubilized in either
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Tween-20 or bOG after reconstitution with hemin to
holoPGHS-1 (10 mM) containing heme at a 1:1 molar
ratio. Heme-reconstituted PGHS-1 was then subjected to
limited proteolysis with LysC endoproteinase and analyzed
by SDS-PAGE (Fig. 1C). Undigested holoPGHS-1 in either
Tween-20 (lane 1) or bOG (lane 3) have identical ap-
parent masses atz70 kDa. Residual PGHS-1 in bOG digest
(lane 4; 47.85 6 1.25%) was more abundant than PGHS-1
in Tween-20 digest (lane 2; 14.41 6 0.81%), indicating
that PGHS-1 in Tween-20 is more accessible to proteolysis
and is possibly structurally compromised. Levels of de-
tergent in samples were diluted before digestion to 0.07%
bOG (from 0.4%) and 0.02% Tween-20 (from 0.1%) and
are not expected to affect the action of LysC endoprotei-
nase. In fact, previous studies show that the enzymatic
activity of this endoproteinase is only affected by SDS, high
NaCl concentrations (5 M), and prolonged exposure to
temperatures of >708C (36). This result suggests that the
detergent composition influences the conformation of
PGHS-1 and its accessibility to proteases.

Hemin-reconstituted PGHS-1 is stable and active in bOG

To determine the form of heme and detergent that best
stabilizes active PGHS-1, purified apoPGHS-1 in Tween-20,
CHAPS, C10M, or bOG was reconstituted with hemin or
hematin to yield a holoPGHS-1 concentration of 10 mM
(Table 1). The concentration of holoPGHS-1 was calcu-
lated from the absorbance at 412 nm using a molar ex-
tinction coefficient of 142,000 M21cm21 (described in
Materials and Methods). Table 1 shows that with all four
detergents, a larger amount of heme is incorporated into
apoPGHS-1 when it is supplied as hemin. This is evident
from the lower concentrations of hemin required to re-
constitute identical apoPGHS-1 samples. Conversely, the
concentration of free hematin in solution for each trial
exceeds that of free hemin. Among the four detergents
used for PGHS-1 solubilization, PGHS-1 in bOG required
the least amount of heme for reconstitution, as opposed
to PGHS-1 in Tween-20, which needed the highest con-
centration. Furthermore, holoPGHS-1 solubilized in bOG
and, in particular, if reconstituted with hemin was most
active, as opposed to the least active holoPGHS-1 that is
reconstituted with hematin and solubilized in Tween-20
(Table 1). For optimal activity, all subsequent experiments

described herein used PGHS-1 solubilized in bOG and
holoPGHS-1 reconstituted with hemin.

The effect of ONOO2 on PGHS-1 catalysis is independent
of the cyclooxygenase binding site

We have shown previously that micromolar concentra-
tions of ONOO2 enhanced PGHS-1 activity in purified
protein and in smooth muscle cells treated with arachi-
donic acid. Accordingly, we postulated that ONOO2 acts
as a peroxide initiator at the iron center of the peroxidase
site (15). To test whether ONOO2 initiation of peroxidase
activity involves the cyclooxygenase site, we inhibited the
cyclooxygenase site with aspirin (25 mM, 10 min) and
initiated peroxidase activity with arachidonic acid
(Fig. 2A) as well as with ONOO2 (Fig. 2B). Figure 2A
shows that when we measured peroxidase activity in the
presence of arachidonic acid (25 mM), activity was sig-

TABLE 1. Values of PGHS-1-bound heme and free heme in solution from reconstitutions

Detergent Heme DTMPDox/min

Total Heme Concentration
Needed for HoloPGHS-1
Concentration 5 10 mM

Excess Heme
Concentrationa

bOG Hemin 1.00 6 0.05 14 mM 4 mM
bOG Hematin 0.73 6 0.05 35 mM 25 mM
Tween-20 Hemin 0.74 6 0.02 35 mM 25 mM
Tween-20 Hematin 0.15 6 0.02 61 mM 51 mM
CHAPS Hemin 0.52 6 0.02 35 mM 25 mM
CHAPS Hematin 0.46 6 0.02 46 mM 36 mM
Maltoside Hemin 0.80 6 0.02 23 mM 13 mM
Maltoside Hematin 0.90 6 0.01 46 mM 36 mM

bOG, N-octyl-b-D-glucopyranoside; PGHS-1, prostaglandin H2 synthase-1; TMPD, N,N,N 9,N 9-tetramethylphe-
nylenediamine.

aExcess heme concentration 5 total heme concentration 2 10 mM.

Fig. 2. Effect of peroxynitrite (ONOO2) on PGHS-1 catalysis is in-
dependent of the cyclooxygenase binding site. A: Cyclooxygenase-
coupled peroxidase activity measured in the presence of arachi-
donic acid (AA; 100 mM) was significantly reduced for aspirin-
treated holoPGHS-1 (black bars) compared with holoPGHS-1
(diagonal bars). B: ONOO2 (250 mM) equally activated the peroxi-
dase function of holoPGHS-1 (diagonal bars) and aspirin-treated
holoPGHS-1 (black bars) without arachidonic acid. The results are
expressed as the change in absorbance at 611 nm in 60 s as a result of
N,N,N9,N 9-tetramethylphenylenediamine (TMPD) oxidation. The
concentrations of holoPGHS-1 and aspirin were 10 and 25 mM,
respectively. These concentrations were diluted during activity as-
says (see Materials and Methods). Data shown are averages 6 SEM.
* P , 0.001.
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nificantly inhibited by aspirin. In contrast, Fig. 2B shows
that ONOO2 (250 mM) activated peroxidase function (in
the absence of arachidonic acid) and aspirin had no
impact on the level of activation. Results from Fig. 2 dem-
onstrate that the cyclooxygenase site is vital for generat-
ing the necessary initiating peroxide from arachidonic
acid, whereas ONOO2 acts directly as the activating per-
oxide at the heme center. Thus, in the case of arachidonic
acid, we are measuring cyclooxygenase-coupled peroxi-
dase activity. In contrast, ONOO2 activates solely at the
peroxidase site.

ONOO2 modulation of PGHS-1 reactivity
is heme-dependent

Although the experiments described above demon-
strate that ONOO2 provides the peroxide tone to activate
peroxidase function, it is also known to modify proteins,
causing typical loss of function. In the presence of ara-
chidonic acid, initiation of peroxidase activity by ONOO2

leads to enhanced eicosanoid production (15, 17, 25). We
hypothesized that in the absence of arachidonic acid,
peroxidase activation by ONOO2 will render the enzyme
incapable of any subsequent arachidonic acid metabolism.
Therefore, we examined the effect of preincubating
holoPGHS-1 and apoPGHS-1 with ONOO2 for varying
time periods in HEPES buffer (pH 7) on cyclooxygenase-
coupled peroxidase activity using arachidonic acid as sub-
strate (see above). Note that it was necessary to add hemin
to the apoPGHS-1 sample at the time of the activity assay.
In the absence of ONOO2, activity levels of apoPGHS-1
and holoPGHS-1 remained unchanged for up to 3 h at
room temperature. Preincubation of holoPGHS-1 (con-
taining heme) with ONOO2 (250 mM) for 2 min almost
abolished arachidonic acid metabolism (Fig. 3A, black
bars). However, apoPGHS-1 (without heme) pretreated
for 2 min with ONOO2 retained its ability to metabolize

arachidonic acid once reconstituted with heme, and ac-
tivity was not different from the control level (Fig. 3A, gray
bars). Concentrations of ONOO2 .250 mM resulted in
very rapid deactivation of holoPGHS-1, whereas concen-
trations ,150 mM had unreliable effects on activity (data
not shown). Reconstitution of PGHS-1 with excess hemin
results in some free hemin, which could potentially react
with ONOO2 and contribute to loss of activity in PGHS-1.
To test the effect of free hemin on PGHS-1 activity in the
presence of ONOO2 (250 mM), we performed a stoichio-
metric titration of apoPGHS-1 with hemin, followed by
exposure to ONOO2 and activity measurements. The rec-
onstituted hemin:PGHS-1 complexes (1.3:1, 1:1, and
0.75:1) were equally deactivated after ONOO2 treatment
for 2 min, indicating that potential reactions between ex-
cess hemin and ONOO2 do not contribute significantly to
holoPGHS-1 deactivation under our experimental condi-
tions (data not shown). We also added a hemin/ONOO2

mixture to holoPGHS-1 and determined the effect on
activity. The hemin/ONOO2 mixture also had no effect
on holoPGHS-1 activity.

Similar to ONOO2, preincubation of holoPGHS-1 with
the ONOO2 donor molecule SIN-1 (2 mM) inhibited
arachidonic acid metabolism. The loss in activity was as
extensive as that observed with ONOO2 (Fig. 3B) but oc-
curred over a longer time period (3 h). This reflects the
slow decomposition of SIN-1 to ONOO2 (37). Concentra-
tions of SIN-1 ,1 mM did not impair PGHS-1 activity,
whereas higher concentrations resulted in loss of activity
in a dose-dependent manner (data not shown). Preincu-
bation of apoPGHS-1 with SIN-1 (2 mM) had no effect
on arachidonic acid metabolism (data not shown). Pre-
incubation with NOC-7 (250 mM–2 mM), NO2

2 (250–
500 mM), NO3

2 (250–500 mM), and decomposed ONOO2

(250–500 mM) had no effect on PGHS-1 activity under our
experimental conditions (data not shown). These results

Fig. 3. ONOO2modulation of PGHS-1 reactivity is heme-
dependent. A: HoloPGHS-1 (black bars) and apoPGHS-1
(gray bars) were preincubated with ONOO2 (250 mM) for
2 min, and enzyme activity was measured after the ad-
dition of arachidonic acid (100 mM) in 20 mM HEPES
buffer, pH 7.0. For apoPGHS-1, hemin was added at the
time of activity measurement. Control apoPGHS-1 and
holoPGHS-1 samples have no addedONOO2. Results are
expressed as the change in absorbance at 611 nm in 60 s
as a result of TMPD oxidation. B: Enzyme activity was
measured in a similar manner to A after preincubation of
holoPGHS-1 with 3-morpholinosydnonimine hydrochlo-
ride (SIN-1; 2mM) at different time points. C: Percentage
remaining digested fractions at 70 kDa from SDS-PAGE
analysis of LysC endoproteinase digests (0.6 units, 18 h) of
holoPGHS-1 (lane 1), apoPGHS-1 (lane 2), ONOO2-
treated holoPGHS-1 (lane 3), and ONOO2-treated
apoPGHS-1 (lane 4). The concentrations of PGHS-1 and
ONOO2 in the reaction mixtures were 10 and 250 mM,
respectively, and treatments with ONOO2 were for 1 h.
These concentrations were diluted during activity assays
(see Materials and Methods). Data shown are averages 6
SEM. * P , 0.05 relative to control.
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indicate that in the presence of heme, ONOO2 and SIN-1
lead to amodification in PGHS-1 that abolishes subsequent
arachidonic acidmetabolism. In contrast, preincubation of
apoPGHS-1 with ONOO2 and SIN-1 did not affect the en-
zyme’s ability to reconstitute heme and exhibit full activity.

To probe the effect ofONOO2 on the structure of PGHS-
1, ONOO2 reacted with both holoPGHS-1 and apoPGHS-1
was examined for susceptibility to proteolytic cleavage.
Changes in secondary structure can render the protein
more accessible to proteases. Notably, ONOO2 treatment
was found to alter the protease digestion patterns of PGHS-1
(Fig. 3C). Equal concentrations of holoPGHS-1, apoPGHS-
1, ONOO2-treated holoPGHS-1, and ONOO2-treated
apoPGHS-1 were digested with LysC endoproteinase and
analyzed by SDS-PAGE, as described in Materials and
Methods. As expected, the percentage of undigested frac-
tion of holoPGHS-1 at 70 kDa (lane 1) was greater than that
of apoPGHS-1 (lane 2), suggesting that holoPGHS-1 is less
solvent-exposed and more resistant to proteolysis than

apoPGHS-1. ONOO2-treated holoPGHS-1 (lane 3) also di-
gested much more extensively than untreated holoPGHS-1
(lane 1) and to a similar extent to apoPGHS-1, with and
without ONOO2 (lanes 2, 4). These results suggest that the
secondary structure of holoPGHS-1 is compromised by
ONOO2 treatment.

ONOO2 and SIN-1 induce Tyr 385 nitration in
holoPGHS-1 but not in apoPGHS-1

To map variations in nitration sites between apoPGHS-1
and holoPGHS-1 after their reactions with either ONOO2

(1 mM) or SIN-1 (2 mM), proteins were subjected to
trypsinolysis and peptide products were analyzed by nLC-
MS/MS, as described in Materials and Methods. Figure 4A,
B shows extracted ion chromatograms at m/z 645.5 for
ONOO2-treated holoPGHS-1, ONOO2-treated apoPGHS-
1, SIN-1-treated holoPGHS-1, and SIN-1-treated apoPGHS-
1. The peptide ion at z38 min represents the quadruple-
charged peptide ion IAMEFNQLYHWHPLMPDSFR (iso-

Fig. 4. ONOO2 and SIN-1 induce tyrosine 385 (Tyr 385) nitration in holoPGHS-1 but not apoPGHS-1.
HoloPGHS-1 (8 mM) and apoPGHS-1 (8 mM) were incubated with ONOO2 (1 mM) or SIN-1 (2 mM) for 1 h
and subjected to acetone precipitation, resuspension in ammonium bicarbonate, reduction, and alkylation
(as described in Materials and Methods). The samples were digested with 0.3% trypsin overnight and
analyzed by nanoflow liquid chromatography-tandem mass spectrometry (nLC-MS/MS). A, B: Extracted ion
chromatograms for the peptide fragment (m/z 645.5) representing the quadruple-charged peptide ion
IAMEFNQLYHWHPLMPDSFR that is nitrated at the Tyr residue. The extracted ion chromatograms mon-
itor LC elution of this peptide ion with time for ONOO2-treated holoPGHS-1, ONOO2-treated apoPGHS-1,
SIN-1-treated holoPGHS-1, and SIN-1-treated apoPGHS-1. The asterisks atz38 min in the elution profiles in
the top panels of A and B denote a peptide of m/z 645.5 that is missing in ONOO2-treated apoPGHS-1 and
SIN-1-treated apoPGHS-1 (bottom panels). C, D: MS/MS analysis of the peptide ion eluting atz38min from
ONOO2-treated holoPGHS-1 (C) and SIN-1-treated holoPGHS-1 (D) confirms the identity of this peptide
sequence as IAMEFNQLYHWHPLMPDSFR containing nitrated Tyr 385. Black arrowheads denote the
parent ion at m/z 645.5 from which the depicted daughter ions arise.
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leucine 377–arginine 396), which is nitrated at Tyr 385.
The nitrated peptide ion was observed in the ONOO2-
treated holoPGHS-1 and SIN-1-treated holoPGHS-1 sam-
ples (z38 min, indicated by asterisks) but was absent from
the ONOO2- and SIN-1-treated apoPGHS-1 samples.
Fragmentation of this peptide ion (m/z 645.5) by MS/MS
from ONOO2-treated holoPGHS-1 and SIN-1-treated
holoPGHS-1 confirmed its identity as nitrated Tyr 385
peptide (Fig. 4C, D). The untreated apoPGHS-1 and
holoPGHS-1 samples did not show evidence of the nitrated
peptide ion, as expected (data not shown). The corre-
sponding unmodified peptide ion (isoleucine 377–argi-
nine 396) with m/z 634.3 was present in all samples (data
not shown).

Figure 5 shows overlays of extracted ion chromatograms
that compare peak areas for the Tyr 385 nitrated peptide
ion (m/z 645.5) and its corresponding unmodified peptide
ion (m/z 634.3) from the reactions of SIN-1 with apoPGHS-
1 (Fig. 5A) and holoPGHS-1 (Fig. 5B). Figure 5B shows
that SIN-1-treated holoPGHS-1 results in almost equal
intensity peaks at z38 min (black trace, nitrated peptide
ion) and atz32 min (red trace, unmodified peptide ion),
suggesting that z50% Tyr 385 nitration in holoPGHS-1 is
achieved by SIN-1. In contrast, SIN-1-treated apoPGHS-1
(Fig. 5A) produces a peak only at z32 min (green trace),
indicating that SIN-1 did not result in Tyr 385 nitration in
apoPGHS-1. Similarly, we estimate the percentage of Tyr
385 nitration in ONOO2-treated holoPGHS-1 to bez50%
(data not shown). These results confirm that the heme
is required for Tyr 385 nitration in PGHS-1.

ONOO2 changes the heme Soret band
intensity of holoPGHS-1

The effect of preincubating holoPGHS-1 with ONOO2

on the extensive activity loss was further investigated by
monitoring the heme Soret band at 412 nm (Fig. 6A).
ApoPGHS-1 (10 mM) gives a relatively flat spectrum con-
sistent with heme depletion (spectrum a), which, when
reconstituted with hemin (z1:1 heme:proteinmolar ratio),
gives rise to the heme-replete spectrum b in Fig. 6A. The
corresponding enzymatic activity profile for holoPGHS-1
is shown in Fig. 6B (profile b). Although deactivation of
holoPGHS-1 by ONOO2 occurs within 2 min, for ease and
consistency of experimentation, we monitored reactions
for 1 h. The UV-Vis spectrum and corresponding activity
profile (measured by adding 100 mM arachidonic acid) of
holoPGHS-1 did not change over the course of 1 h in the
absence of ONOO2. When holoPGHS-1 was incubated
with ONOO2, the Soret maximum at 412 nm decreased by
50% within 2 min and remained unchanged during the
course of 1 h (Fig. 6A, spectrum c); notably, this was ac-
companied by a 90% loss in PGHS-1 activity (Fig. 6B,
profile c). The addition of fresh hemin (5 mM) to
ONOO2-treated holoPGHS-1 appeared to restore absor-
bance at 412 nm to control levels (data not shown), but
interestingly, the protein exhibited only 34% of its original
ability to metabolize arachidonic acid (Fig. 6B, profile d).
The disproportionality between remaining Soret absor-
bance and activity loss suggests that i) a modification that
is heme-related (e.g., heme loss, modification of heme,
formation of heme-protein adducts) and/or ii) ONOO2-
mediatedmodifications to the polypeptide backbone (e.g.,
Tyr 385 nitration) occurred. To determine the fate of
heme after ONOO2 reaction with holoPGHS-1, we anal-
yzed the nature of free heme obtained from holoPGHS-1
and ONOO2-treated holoPGHS-1 by MALDI-TOF mass
spectrometry. This method allows us to detect free heme
that may be released as a result of ONOO2 (or as a result of
the MALDI-TOF process). No changes in free heme spec-
tra were observed between untreated and ONOO2-treated
holoPGHS-1 samples (data not shown), suggesting that
ONOO2 did not modify heme from holoPGHS-1.

On reacting holoPGHS-1 withNOC-7 (250 and 750mM),
no changes in enzymatic activity or heme Soret spectra
occurred (compared with nonreacted holoPGHS-1) dur-
ing a 1 h incubation period (data not shown). These data
indicate that ONOO2, but not NO from NOC-7, suppres-
ses holoPGHS-1 metabolism of arachidonic acid under the
test conditions.

To determine whether the ONOO2-induced PGHS-1
loss of function was attributable to its inherent peroxide
nature, the heme Soret band of PGHS-1 was monitored in
the presence of ONOO2 and a hydroperoxide scavenging
system comprising GSH-Px (24 U/200 ml) and GSH
(0.25 mM) (Fig. 6C). Although little or no decrease in
absorbance at 412 nm occurred after 1 h of ONOO2

exposure (Fig. 6C, spectrum c), the enzyme lost 50% of its
activity (Fig. 6D, profile c). Addition of fresh hemin (5mM)
to ONOO2-treated holoPGHS-1 in the presence of GSH-
Px/GSH restored 80% of enzymatic activity (Fig. 6D,

Fig. 5. Extracted ion chromatograms of nitrated and unmodified
peptide ions for SIN-1-treated holoPGHS-1 and apoPGHS-1. Ex-
tracted ion chromatogram overlays for SIN-1-treated apoPGHS-1
(A) and SIN-1-treated holoPGHS-1 (B) (2mM SIN-1) compare peak
areas of the nitrated peptide ion (IAMEFNQLYHWHPLMPDSFR)
at Tyr 385 (m/z 645.5,z38 min) and its corresponding nonnitrated
peptide ion (m/z 634.3, z32 min).
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profile d). Note that the control spectra of holoPGHS-1 in
Fig. 6A, C were obtained by reconstituting with identical
concentrations of heme. In the presence of GSH-Px/GSH,
the Soret maximum for the holoPGHS-1 control was
slightly reduced from the control in the absence of GSH-
Px/GSH, indicating that GSH-Px/GSH interferes with
heme reconstitution of PGHS-1. In fact, addition of fresh
hemin actually resulted in the Soret band intensity in-
creasing to the levels observed in Fig. 6A (data not shown),
which may account for the increased activity. Addition-
ally, a dose-response study of ONOO2 (50–250 mM) with
holoPGHS-1 showed that increasing concentrations of
ONOO2 resulted in a decrease in the Soret band at 410 nm
and reached a plateau at z50–60%. However, loss of en-
zyme activity increased progressively with ONOO2 con-
centrations (data not shown). The GSH-Px/GSH mixture
may effectively decrease ONOO2 concentrations, with the
result that activity was less impaired (15) and no loss of
heme Soret absorption. In summary, these data show that
the antioxidant system provided partial protection against
ONOO2-induced processes that contribute to PGHS-1 ac-
tivity loss.

.OH scavengers do not protect PGHS-1 from inactivation
by ONOO2

To investigate whether .OH generated by ONOO2

homolysis contributes to the loss of holoPGHS-1 function,
we used EtOH as a scavenger of .OH (38). In additional
studies, we assessed whether inactivation of PGHS-1 by
ONOO2 is attenuated by KI, a scavenger of .OH, H2O2,
and triplet oxygen (39), as well as by L-NAME. Although
L-NAME is a nitric oxide synthase inhibitor, it can also
scavenge .OH directly and more quickly than the estab-

lished .OH scavenger mannitol and without interfering
with ONOO2 oxidation chemistry (40). EtOH (100 mM)
(Fig. 7, dark gray bars) and L-NAME (1.25 mM) (Fig. 7,
light gray bars) showed no protection from the deleterious
effects of ONOO2, whereas KI (1.25 mM) (Fig. 7, white
bars) showed a significant improvement compared with
EtOH and L-NAME. Activity assays were also performed
using a range of scavenger concentrations (described in

Fig. 6. ONOO2 decreases heme Soret absorption in holoPGHS-1. A: Absorbance spectra were acquired
after incubation of holoPGHS-1 with ONOO2 for 1 h. B: Enzyme activity profiles acquired by adding
arachidonic acid (100 mM) after preincubation of holoPGHS-1 with ONOO2 for 1 h. C: Absorbance spectra
were acquired similarly to A but in the presence of GSH-Px (24 U/200 ml)/GSH (0.25 mM). D: Enzyme
activity profiles acquired similarly to B but in the presence of GSH-Px (24 U/200 ml)/GSH (0.25 mM). The
recorded spectra and profiles are as follows: a, apoPGHS-1; b, holoPGHS-1; c, ONOO2-treated holoPGHS-1;
and d, freshly added hemin (5 mM) to the sample from c. The concentrations of PGHS-1 and ONOO2 were
10 and 250 mM, respectively.

Fig. 7. Hydroxyl radical scavengers do not protect PGHS-1 from
deactivation by ONOO2. HoloPGHS-1 was preincubated with
ONOO2 for 2 min in the presence and absence of ethanol (EtOH),
N G-nitro-L-arginine methyl ester (L-NAME), or potassium iodide
(KI), and enzyme activity was measured after the addition of
arachidonic acid (100 mM). The black bars represent enzyme
activity in the absence of EtOH, L-NAME, or KI. The dark gray bars
represent enzyme activity in the presence of EtOH (100 mM). The
light gray bars represent enzyme activity in the presence of
L-NAME (1.25 mM). The white bars represent enzyme activity in
the presence of KI (1.25 mM). The concentrations of PGHS-1 and
ONOO2 in the reaction mixtures were 10 and 250 mM, respec-
tively. These concentrations were diluted during activity assays (see
Materials and Methods). Results are expressed as the change in
absorbance at 611 nm in 60 s as a result of TMPD oxidation. Data
shown are averages 6 SEM. * P , 0.005.
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Materials and Methods), with results similar to those ob-
served in Fig. 7. These results suggest that loss of PGHS-1
activity is mediated by a direct action of ONOO2 and does
not involve the secondary oxidant .OH.

Tyrosine nitration of PGHS-1 by ONOO2 and SIN-1 is
enhanced by heme

As demonstrated above, PGHS-1 inactivation and Tyr
385 nitration by ONOO2 and SIN-1 are directed by heme.
In addition, the disproportionality between the exten-
sive loss of activity in ONOO2-treated PGHS-1 and the
remaining 50% heme Soret absorbance led us to in-
vestigate levels of PGHS-1 nitration by ONOO2 and SIN-1
in the presence and absence of heme. By Western blot
analysis with a anti-nitrotyrosine antibody, we examined
the extent of PGHS-1 Tyr nitration by ONOO2 as a
function of time in the presence and absence of hemin
and arachidonic acid (Fig. 8A, B). Under our experimen-
tal conditions, NO2

2, NO3
2, NOC-7, and decomposed

ONOO2 did not nitrate PGHS-1 (data not shown). Tyr
nitration of both holoPGHS-1 (Fig. 8A, top blot) and
apoPGHS-1 (Fig. 8B, top blot) was complete within 2 min
of ONOO2 exposure in the presence and absence of
arachidonic acid (100 mM). However, nitration was more
extensive in holoPGHS-1 compared with apoPGHS-1.
Treatment of holoPGHS-1 with ONOO2 resulted in the
appearance of bands at apparent molecular masses as
high as z250 kDa, indicating the presence of nitrated
PGHS-1 multimers (Fig. 8A, top blot). These nitrated
multimers were absent from ONOO2-treated apoPGHS-1
(Fig. 8B, top blot). These results suggest that the heme
group promotes ONOO2-elicited multimer formation
and amplifies nitration levels. Arachidonic acid appeared
to reduce nitration levels in both ONOO2-treated holo-
PGHS-1 and apoPGHS-1 (Fig. 8A, B) but increased levels

of nitrated high molecular mass species in holoPGHS-1
(Fig. 8A). Loss of nitration in the presence of arachidonic
acid is likely attributable to its binding in the cyclooxyge-
nase channel, blocking access of nitrating species to Tyr
385. Notably, mass spectrometric analysis (described in
Materials and Methods) confirmed that arachidonic acid
did not chemically react with ONOO2 to a detectable ex-
tent under the reaction conditions used (data not shown).

The extents of Tyr nitration by SIN-1 of holoPGHS-1
and apoPGHS-1 were also compared by Western blot
analysis (Fig. 8C). Quantitation of nitrated PGHS-1 band
intensities relative to equal PGHS-1 protein loading show
that SIN-1 (5 mM) nitrated holoPGHS-1 (white bars) more
extensively than apoPGHS-1 (black bars) in a time-
dependent manner. Similar results were observed with
2 mM SIN-1 (data not shown). Results for PGHS-1 ni-
tration by SIN-1 are consistent with the results obtained
with ONOO2 and indicate that Tyr nitration in the ab-
sence of heme does occur (even at low steady-state levels
of SIN-1-derived ONOO2), but with no effect on enzyme
activity unless heme is present. In summary, these results
show that in the presence of heme, there is enhance-
ment of overall PGHS-1 nitration and aggregation and
specific nitration of Tyr 385, which may play a pivotal role
in PGHS-1 inactivation.

DISCUSSION

In these studies, we developed conditions to prepare
large quantities of purified PGHS-1 using regular-flow
liquid chromatography (Fig. 1). It was critical to deter-
mine PGHS-1 detergent solubilization and heme recon-
stitution conditions that limited enzyme inactivation or
denaturation and allowed for reproducible activity. We

Fig. 8. Tyrosine nitration of PGHS-1 by ONOO2 is en-
hanced by heme. Western blots for the reaction of purified
holoPGHS-1 (10 mM) (A) and apoPGHS-1 (10 mM) (B)
with ONOO2 (250 mM) in the presence (1) and absence
(2) of arachidonic acid (AA; 100 mM) as a function of
time. Blots were probed with monoclonal anti-nitrotyr-
osine (Anti NT) antibody (top) and then stripped and
reprobed with monoclonal PGHS-1 antibody (bottom).
Lane 1 in A and B represents PGHS-1 that has been ni-
trated by tetranitromethane and serves as a nitrated PGHS-
1 control. Lane 2 (A, B) and lane 3 (B) represent PGHS-1
controls in the absence of ONOO2. C: Reaction of puri-
fied apoPGHS-1 (10 mM; black bars) and holoPGHS-1
(10 mM; white bars) with SIN-1 (5 mM) as a function of
time. Reactions were probed by Western blotting with
monoclonal anti-nitrotyrosine antibody and then stripped
and reprobed with monoclonal PGHS-1 antibody. Relative
nitration was obtained by quantifying band density ratios
between nitrated PGHS-1 and total PGHS-1 for each
reaction. Control has no added SIN-1. HEPES (20 mM)
was used in all samples. ND, not detected. Data shown are
averages 6 SEM.
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found that bOG was most stabilizing to enzyme activity,
whereas the commonly used Tween-20 was least stabilizing.
In addition, we found that the detergent influences the
structure of PGHS-1. In this regard, PGHS-1 proteolysis
was limited when solubilized in bOGcompared with Tween-
20 (Fig. 1C), suggesting that PGHS-1 possesses a more or-
dered structure in bOG. Reconstitution profiles with hemin
and the more commonly used hematin (Table 1) indicated
that with all four solubilization detergents, hemin incor-
poratedmore readily into apoPGHS-1, especially whenbOG
was the detergent of choice. It is possible that the propen-
sity of hematin to form m-oxo dimers (41) interferes with
PGHS-1 reconstitution and may explain the larger concen-
trations of hematin required, compared with hemin. In
summary, solubilization of PGHS-1 in bOG and reconstitu-
tion with hemin provided the most optimal conditions for
solution studies with purified PGHS-1.

This study implemented peroxidase assays to investi-
gate the peroxidase activity of PGHS-1. It is known that
binding of arachidonic acid to the cyclooxygenase binding
site generates the cyclic endoperoxide prostaglandin G2,
which is reduced to prostaglandin H2 at the peroxidase
site. Therefore, when using arachidonic acid, the perox-
idase assay actually measures a coupled cyclooxygenase-
peroxidase function. Our studies using aspirin show that
ONOO2 acts solely at the peroxidase site of PGHS-1 and
independently of the cyclooxygenase site (Fig. 2). It is
important to note here that although ONOO2 concentra-
tions used in this study (250 mM) are seemingly high, the
active species is extremely short-lived. The half-life of
ONOO2 is z1 s under physiological conditions, and
250 mM ONOO2 decays in seconds to nanomolar con-
centrations (42). For instance, a bolus addition of 250 mM
ONOO2 decays toz0.4 mM in 10 s and toz0.7 nM in 20 s.

Using the cyclooxygenase-coupled peroxidase assay, we
investigated whether PGHS-1 can be activated follow-
ing NOx exposure. For these experiments, we measured
enzymatic activity at different times after incubation of
apoPGHS-1 and holoPGHS-1 with NOx (Fig. 3A, B).
HoloPGHS-1 exposed to ONOO2 for 2 min could not
metabolize arachidonic acid, whereas apoPGHS-1 activity
was not decreased under these conditions. Incubation of
holoPGHS-1 with SIN-1, which provides a system that
slowly and continuously delivers low levels of both super-
oxide (7.02 mM/min) and NO (3.68 mM/min) (37) that
combine at rates near the diffusion-controlled limit to
form ONOO2 (43), also resulted in an extensive activity
loss, but at a slower rate than directly added ONOO2.
Deactivation of PGHS-1 by ONOO2 can potentially occur
through oxidative damage to the peroxidase site (e.g.,
heme loss, modification of heme, formation of heme-
protein adducts) and/or modification of amino acids
in the polypeptide backbone that are essential to struc-
ture and function (24, 25, 27, 32). PGHS-1 metabolism
of arachidonic acid was not affected by preincubation
with NO2

2, NO3
2, NOC-7, and decomposed ONOO2,

suggesting that ONOO2 is the relevant inhibitory NOx.
Proteolysis combined with SDS-PAGE analysis (Fig. 3C) was
used to probe for secondary structure changes in PGHS-1 in

response to ONOO2 treatment. ONOO2-treated holo-
PGHS-1 digested more extensively than ONOO2-treated
apoPGHS-1, indicating that the structure of holoPGHS-1 is
compromised (i.e., becomes less rigid) after reaction with
ONOO2. nLC-MS/MS analysis of ONOO2-treated and SIN-
1-treated holoPGHS-1 (Fig. 4) revealed Tyr 385 nitration,
which was undetectable in ONOO2-treated and SIN-1-
treated apoPGHS-1. The percentage of Tyr 385 nitration
by ONOO2 and SIN-1 (Fig. 5) may exceed 50% under our
reaction conditions. These results indicate that the heme
is required for Tyr 385 nitration in PGHS-1 by ONOO2

and SIN-1.
UV-Vis spectral analyses were conducted in an attempt

to correlate changes in enzyme activity with changes in
heme Soret absorption (Fig. 6A, B). We found that pre-
incubation of holoPGHS-1 with ONOO2 destroyed 90% of
subsequent enzyme function but retained z50% of the
Soret absorbance, whereas NOC-7 and decomposed
ONOO2 had no effect on either. Furthermore, fresh
heme additions to ONOO2-treated PGHS-1 did not re-
instate full activity. It is possible that loss of function by
ONOO2 can occur throughheme loss and/or alterations of
the heme, including heme-protein adducts or modified
heme that interferes with activity but continues to absorb in
the Soret region (50% Soret absorbance/90% loss in ac-
tivity). MALDI-TOF analysis of free heme that could be
released as a result of ONOO2 addition (or as a result of
the MALDI-TOF process) did not reveal heme modifica-
tion attributable to the ONOO2 reaction. An altered form
of PGHS-1 that is inactive could involve heme-PGHS-1
adduct formation. A covalently modified porphyrin-PGHS-1
complex has been detected for deactivated PGHS-1 in the
presence of cyclooxygenase inhibitors (32). Another inac-
tive form may involve thiol oxidation of cysteine residues
(44). PGHS-1 contains three surface cysteine residues (cys-
teines 313, 512, and 540), which are potential targets for
oxidativemodification.Mutagenesis studies have shown that
although these cysteine residues are not essential for cy-
clooxygenase activity, they do contribute to the structural
integrity of PGHS-1 (45). Although S -nitroso-N-acetylpeni-
cillamine, an agent that S-nitrosates cysteine residues (46),
had no effect on PGHS-1 activity (15, 17), it was recently
reported that S -nitrosation enhances the activation of
PGHS-2 (18). ONOO2 has been reported to generate
S -nitroglutathione from GSH (47) and is involved in the
formation of sulfenic (-SO), sulfinic (-SO2), and sulfonic
(-SO3) moieties (44). Thus, the involvement of cysteine
oxidation inPGHS-1 function cannot bediscounted andwill
be the focus of separate studies. Chemical modification of
PGHS-1 by ONOO2 also involves the nitration of Tyr res-
idues (24) and was the focus of this study. Our findings
reveal that the heme group catalyzes the modification of
Tyr 385 that is essential to PGHS-1 function.

Studies were performed to determine the nature of
the PGHS-1-inactivating species that may derive from
ONOO2, as well as the conditions under which we can
protect enzymatic function from this species. GSH and
GSH-Px destroy hydroperoxides (48) and are efficient
scavengers of ONOO2 (44, 49). Our results (Fig. 6C, D)
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indicate that GSH-Px/GSH prevented changes to the
Soret maximum at 412 nm but only partially protected
against ONOO2-induced processes that contribute to the
loss of PGHS-1 activity. PGHS-1 inactivation by ONOO2

was also partially prevented by KI (Fig. 7). Although KI
scavenges .OH, it is nonspecific and also scavenges H2O2

(39). Thus, some of the protective effect offered by KI is of
a similar nature to that offered by GSH-Px/GSH in sca-
venging ONOO2. The .OH scavenger EtOH as well as L-
NAME, which is a specific scavenger of .OH but not
ONOO2 or ONOO2-derived nitrating species, had no
effect on PGHS-1 deactivation by ONOO2. L-NAME is re-
ported to be more effective than mannitol at scavenging
.OH (40). Therefore, deactivation of PGHS-1 appears
not to involve the secondary oxidizing intermediate .OH
but may occur by direct reaction with ONOO2.

Nitration of aromatic Tyr residues by ONOO2 was
demonstrated previously in PGHS (24, 25). However, the
role of the PGHS-1 heme group and arachidonic acid
substrate in Tyr modification had not been examined.
One important observation made in our study is that
nitration of apoPGHS-1 does not interfere with its ability

to reconstitute heme and metabolize arachidonic acid.
However, mass spectrometric and Western blotting results
depicted in Figs. 4, 5, and 8 demonstrate that heme
catalyzes the nitration of Tyr 385 in PGHS-1 by ONOO2

and SIN-1; importantly, this residue is critical to enzyme
activity (11, 28). A similar phenomenon has been de-
scribed for ferric hemoglobin and cytochrome P450 in the
presence of ONOO2 (50, 51). We conclude that in the
presence of ONOO2, the heme group of PGHS-1 catalyzes
its own demise by inducing the nitration of a Tyr resi-
due that is critical for activity. As such, we propose a pos-
sible heme-catalyzed mechanism that leads to ONOO2

nitration of the internal Tyr 385 residue that is critical to
PGHS-1 activity (Fig. 9). In the proposed scheme, cataly-
sis is likely initiated by ONOO2 reaction with FeIII heme,
resulting in the formation of a FeIII-ONOO complex
(pathway A) and producing the FeIV5O porphyrin cation
radical intermediate and NO2

2. The FeIV5O porphyrin
cation radical (intermediate I) has been observed during
PGHS-1 activation (52). Electron transfer from NO2

2 to
the porphyrin cation radical intermediate may occur,
resulting in nitrogen dioxide (.NO2) formation (pathway B).

Fig. 9. Proposed mechanism of PGHS-1 Tyr 385 nitration by ONOO2. Reaction A: ONOO2 oxidizes the
FeIII heme to a FeIV5O porphyrin cation radical and NO2

2 via a FeIII-ONOO intermediate. Reaction B:
Electron transfer from NO2

2 to the porphyrin cation radical intermediate and formation of nitrogen
dioxide (.NO2). Reaction C: Hydrogen atom transfer from Tyr 385 leading to Tyr radical formation.
Reaction D: Coupling of the Tyr radical and .NO2 to form 3-nitrotyrosine.
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Hydrogen atom abstraction from Tyr 385 (pathway C) re-
sults in a Tyr radical that can couple with .NO2 to form 3-
nitrotyrosine (pathway D).

Another potentially important observation (Fig. 8) is
that the heme group catalyzes PGHS-1 multimer forma-
tion in the presence of ONOO2. The mechanism of ag-
gregation is unknown. However, we can rule out the
contribution of disulfide formation, because samples used
in Western blot analysis were treated with a potent thiol
reductant (mercaptoethanol). An alternative process
leading to multimer formation could involve dityrosine
cross-linking, which has been observed in proteins iden-
tified in neurodegenerative disorders (53). Multimer for-
mation was increased by arachidonic acid via mechanisms
that await elucidation.

In summary, we show that ONOO2 acts at the pero-
xidase site of PGHS-1 to inactivate catalytic function. This
reaction initially activates the peroxidase site of PGHS-1
but subsequently yields modified forms of PGHS-1, which
are catalytically incompetent. These modifications involve
perturbations to the PGHS-1 backbone and heme absorp-
tion characteristics, Tyr nitration, and multimer forma-
tion. The levels of Tyr nitration and multimer formation
are modulated by arachidonic acid and heme. Nitration,
however, had no impact on the ability of apoPGHS-1 to
reconstitute heme andmetabolize arachidonic acid. Heme
serves to target nitration to the critical Tyr 385 residue, in-
creasing overall Tyr nitration and multimer formation in
holoPGHS-1 compared with apoPGHS-1. We propose that
heme plays a decisive role in catalyzing these processes in
PGHS-1 and potentially other hemoproteins that become
exposed to nitrative stress in an inflammatory setting.
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