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Abstract

Aims: Prostaglandin endoperoxide H2 synthase (PGHS) is a well-known target for peroxynitrite-mediated nitra-
tion. In several experimental macrophage models, however, the relatively late onset of nitration failed to coincide
with the early peak of endogenous peroxynitrite formation. In the present work, we aimed to identify an alternative,
peroxynitrite-independent mechanism, responsible for the observed nitration and inactivation of PGHS-2 in an
inflammatory cell model. Results: In primary rat alveolar macrophages stimulated with lipopolysaccharide (LPS),
PGHS-2 activity was suppressed after 12 h, although the prostaglandin endoperoxide H2 synthase (PGHS-2)
protein was still present. This coincided with a nitration of the enzyme. Coincubation with a nitric oxide synthase-2
(NOS-2) inhibitor preserved PGHS-2 nitration and at the same time restored thromboxane A2 (TxA2) synthesis in
the cells. Formation of reactive oxygen species (ROS) was maximal at 4 h and then returned to baseline levels. Nitrite
(NO2

- ) production occurred later than ROS generation. This rendered generation of peroxynitrite and the nitration
of PGHS-2 unlikely. We found that the nitrating agent was formed from NO2

- , independent from superoxide
(�O2

- ). Purified PGHS-2 treated with NO2
- was selectively nitrated on the active site Tyr371, as identified by mass

spectrometry (MS). Exposure to peroxynitrite resulted in the nitration not only of Tyr371, but also of other tyrosines
(Tyr). Innovation and Conclusion: The data presented here point to an autocatalytic nitration of PGHS-2 by NO2

- ,
catalyzed by the enzyme’s endogenous peroxidase activity and indicate a potential involvement of this mechanism
in the termination of prostanoid formation under inflammatory conditions. Antioxid. Redox Signal. 17, 1393–1406.

Introduction

Alveolar macrophages contribute to the lung’s re-
sponse to injury or inflammatory events by releasing

signaling molecules. These include not only the bronchocon-
strictor thromboxane A2 (TxA2) and prostaglandin E2 (PGE2),
but also the broncho- and vasodilator nitric oxide (�NO), as
well as superoxide (�O2

- ), that can combine with �NO in an
almost diffusion-limited interaction (6.7 · 109 M - 1 s - 1) (1, 16)
to the strong oxidant and cellular-signaling molecule per-
oxynitrite (10, 24, 27, 31, 45). There are indications that per-

oxynitrite plays a vital role in the cross-talk between the
prostanoid and the �NO-pathway. Peroxynitrite was demon-
strated to activate prostaglandin endoperoxide H2 synthase
(PGHS or cyclooxygenase) by providing the so called peroxide
tone that describes the enzyme’s demand for peroxides for
continuous reinitiation of the PGHS catalytic cycle. PGHS
contains a cyclooxygenase and a heme-containing peroxidase
active site that are functionally interconnected by a radical-
based catalytic mechanism. For activation, the enzyme re-
quires defined levels of peroxides that convert the peroxidase
active site ferric porphyrin [Fe3 + PPIX] into an unstable radical
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cation intermediate [Fe4 + = O PPIX$ + ]. An intramolecular re-
duction of this intermediate is achieved by an electron origi-
nating from a tyrosine (Tyr) residue of the cyclooxygenase
active site, thereby functionally connecting both domains. The
resulting tyrosyl radical allows the conversion of the substrate
arachidonic acid (AA). The cyclooxygenase domain strictly
depends on the peroxidase activity; however, the peroxidase
can work independently of cyclooxygenase turnover (2, 20, 21,
23). Due to the 10-fold higher peroxide requirement of the
constitutively expressed PGHS-1 (21 nM), compared with the
inducible PGHS-2 (2 nM) (22), it was proposed that the per-
oxide tone could represent a cellular regulatory mechanism
preventing uncontrolled prostanoid synthesis under normal
conditions. This was shown not only in vitro with the isolated
enzyme, but also in lipopolysaccharide (LPS)-stimulated
smooth muscle cells where the inducible PGHS-2 required
peroxynitrite in the low nanomolar range for activation (35).
On the other hand, in RAW 264.7 macrophages, stimulation by
LPS caused inhibition of PGHS-2, which was found to corre-
late with a nitration of a Tyr residue of the enzyme (36). Since
peroxynitrite at high concentrations is known to nitrate the
active site Tyr in isolated PGHS-1 under experimental settings
utilizing high concentrations, it was proposed that also in
macrophages, peroxynitrite was the nitrating species (6, 7, 41).
This, however, was at variance with the observation that in
RAW 264.7 macrophages, the formation of peroxynitrite and
the nitration of PGHS-2 showed a different time course (32,
33). These observations indicated a delayed induction of nitric
oxide synthase-2 (NOS-2) that was accompanied by the for-
mation of relatively high levels of nitrite (NO2

- ). Although
NO2

- is partially protonated at acidic pH and can form per-
oxynitrous acid in the presence of H2O2, it is incapable to di-
rectly nitrate biological structures at physiological pH (44).

Nevertheless, NO2
- was recently suggested as an additional

source for biological Tyr nitrations, as it was discovered that
peroxidases such as myeloperoxidase, lactoperoxidase, or eo-
sinophil peroxidase can catalyze a one-electron oxidation of
NO2

- to form the highly reactive �NO2 radical (43, 46). These
peroxidases are typically expressed in white blood cells,
whereas most other cell types usually do not explicitly express
peroxidases. However, some enzymes, such as PGHS, contain
an endogenous peroxidase activity. The potential relevance of a
peroxidatic activation of NO2

- in the lung becomes apparent,
when plasma NO2

- levels, typically in the range of 0.5–3 lM,

are compared with NO2
- levels in the respiratory tract-lining

fluid that can easily exceed 15lM in man even under normal
conditions (12, 26). Previous publications provided first indi-
cations that the oxidation of NO2

- by the intrinsic peroxidase
activity of PGHS might had been involved in the observed
inactivation of PGHS-2 (30, 36). In this earlier work, the position
of the nitrated Tyr could not be established, and also a physi-
ological or a pathophysiological significance was not apparent.

In the present investigation, we identified nitration of the
active site Tyr371 by NO2

- /peroxides in isolated PGHS-2. The
biological relevance of this mechanism was underlined by
the observation of a timely lack of overlap in the formation of
�NO and �O2

- in activated alveolar macrophages that limits
the involvement of significant peroxynitrite formation. This
concept was further verified in a noninflammatory NOS-2-
inducible HEK 293T cell model, in which nitration and
inactivation of PGHS-2 were observed irrespectively of the
expression of superoxide dismutase-1 (SOD-1), excluding the
contribution of peroxynitrite.

Results

PGHS-2 nitration in a lung inflammation model

Male Wistar rats were treated with LPS (200lg in 200 ll
phosphate buffered-saline [PBS] per animal) by intranasal in-
stillation. The rats were then kept for 12 or 24 h; separate 24-h
groups additionally received the NOS-2 inhibitor 5,6-dihydro-
6-methyl-4H-1,3-thiazin-2-amine (AMT) (1 mM in 200-ll vol-
ume) or the SOD-mimetic Cu(II)2(3,5-diisopropylsalicylate)
(CuDips, 1 mM in 200-ll volume). After the treatment period,
a bronchoalveolar lavage was performed to recover alveolar
macrophages. These cells were further purified and used for
a protein analysis. PGHS-2 protein expression was not de-
tectable in cells from control animals, but was upregulated
after 12 h of LPS treatment, and further increased at 24 h.
NOS-2 protein expression was only detectable after 24 h. Im-
munoprecipitation of PGHS-2 from the isolated cells and
subsequent staining of the respective protein band on a
Western blot by an antibody specific for 3-nitrotyrosine (3-
NT) indicated a nitration of PGHS-2 that was reduced by the
NOS-2 inhibitor AMT, but not by the SOD-mimetic CuDips
(Fig. 1A). Detection of total PGHS activity indicated an in-
crease after 12 h of LPS treatment and a subsequent decline
at 24 h. The drop in the activity was prevented by the presence
of AMT, whereas CuDips had no effect (Fig. 1B). Analysis of
the cell types and cell numbers in bronchoalveolar lavages
from control rats or from animals treated with LPS showed
a significant infiltration of neutrophil granulocytes in LPS-
challenged lungs, while the total number of macrophages
increased only slightly (Fig. 1C). Heme is an essential cofactor
of PGHS. To rule out that changes in heme levels contribute to
the observed LPS effect on PGHS activity, mRNA and protein
expression of heme oxygenase-1 (HO-1), an enzyme that
catalyzes the degradation of heme, as well as HO activity and
intracellular levels of heme were analyzed (Fig. 1D–F). Even
though the HO activity increased fourfold, total levels of
heme did not change significantly over time.

PGHS-2 and NOS-2 expression patterns

Due to the relatively high variability and the observed
infiltration of neutrophils, all further experiments were

Innovation

Peroxynitrite is currently assumed as the dominating
nitrating species under inflammatory conditions. In acti-
vated alveolar macrophages, however, an early peak in
endogenous superoxide (�O2

- ) formation, but a late onset
of nitric oxide (�NO) formation was observed that limits a
significant role of peroxynitrite in the observed nitration
and inactivation of prostaglandin endoperoxide H2 syn-
thase-2 (PGHS-2). As a novel mechanism, this study sug-
gests a self-catalyzed nitration and inactivation of PGHS-2,
assisted by the enzyme’s peroxidase-mediated activation
of nitrite (NO2

- ) into the highly reactive nitrogen dioxide
radical (Fig. 8). The proposed mechanism of an autocata-
lytic NO2

- -dependent inactivation of PGHS-2 could be
involved in the resolution of acute inflammatory events.
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performed with isolated alveolar macrophages that were
stimulated with LPS ex vivo.

To obtain quiescenced cells, freshly lavaged alveolar macro-
phages were allowed to rest for at least 24 h. Both the induction
of PGHS-2 as well as that of NOS-2 were observed directly after
isolation. After the resting phase of 24 h, corresponding mRNA

and protein levels dropped under the detection limit. The rel-
atively high concentration of LPS added (10 lg/ml) was chosen
for maximal cell stimulation. Under such conditions, PGHS-2
mRNA and protein expression demonstrated a gradual increase
with a peak after 12–16 h of LPS incubation (Fig. 2A, B). After
24 h, PGHS-2 mRNA expression almost returned to resting

FIG. 1. Nitration of PGHS-2 and its inhibition in an in vivo lung inflammation model. (A) Rats were treated with LPS
(200 lg in 200 ll PBS, intranasally) for 12, 24, or for 24 together with the NOS-2 inhibitor AMT (1 mM in 200 ll) or the SOD-
mimetic CuDips (1 mM in 200 ll). Following lavage from isolated lungs, alveolar macrophages were separated from other cell
types and protein expression was analyzed by Western blots, stained for PGHS-2 or NOS-2. Additionally, PGHS-2 was
separated from the crude protein extracts by immunoprecipitation and then analyzed by Western blot using and antibody
against 3-NT. (B) The PGHS activity was detected in cell lysates of the LPS-challenged, freshly isolated, macrophages after
addition of the substrate AA (14C-AA) for 20 min. (C) Cell number of macrophages and neutrophils in crude lavages of
control and LPS-challenged rats were detected by the differential cell count (�= one animal). For the detection of HO-1 mRNA
(D) and protein levels (E), as well as for the analysis of total HO activity and intracellular levels of heme (F), rats were
challenged for 0, 12, or 24 with LPS. Values represent means – SD of three independent isolations. *p < 0.05 versus t = 0. 3-NT,
3-nitrotyrosine; AA, arachidonic acid; AMT, 5,6-dihydro-6-methyl-4H-1,3-thiazin-2-amine; CuDips, Cu(II)2(3,5-diisopro-
pylsalicylate); HO-1, heme oxygenase-1; LPS, lipopolysaccharide; NOS-2, nitric oxide synthase-2; PBS, phosphate-buffered
saline; PGHS-2, prostaglandin endoperoxide H2 synthase-2; SD, standard deviation; SOD, superoxide dismutase.
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levels. TxA2 synthase protein expression was not affected by the
stimulation (Fig. 2B). The activities of terminal prostanoid
synthases in the LPS rat alveolar model were tested by the ad-
dition of 14C-15-hydroxy prostaglandin-9, 11,-endoperoxide
(14C-PGH2) to cell homogenates. The resulting pattern of pros-
tanoids exhibited no significant alteration during the time
course of LPS stimulation, thus allowing the conclusion that
terminal synthases are not significantly affected by an inflam-
matory activation of rat alveolar macrophages (not shown).

NOS-2 mRNA expression was maximal after 4 h of LPS
incubation followed by an exponential decline (Fig. 2A). In-
terestingly, NOS-2 protein expression was significantly de-
layed compared to the appearance of mRNA transcripts and
reached a plateau between 12 and 16 h (Fig. 2B).

Decline in PGHS-2 activity correlates with NO2
-

accumulation and nitration

Peroxynitrite, originating from the interaction of �NO and
�O2

- , is generally considered as a key candidate for biological
Tyr nitrations. We therefore assayed formation of reactive
oxygen species (ROS) in LPS-challenged macrophages by the
cell permeable fluorescence probe 2¢,7¢-dichlorodihydro-
fluorescein diacetate (H2-DCFDA) that indicates the forma-
tion of �O2

- and its derivatives such as �OH, H2O2 and
peroxynitrite. In contrast to the gradual increase in �NO
generation, detected as its stable oxidation product NO2

- ,
ROS formation demonstrated an early peak at 4 h that rapidly
returned to almost baseline values (Fig. 3A). These observa-
tions indicate a significant time lag between the respective
maximal formation rates of �O2

- and �NO, thus limiting the
likelihood for the generation of peroxynitrite, that is maximal
at an �NO:�O2

- ratio of 1:1.
To discover the relative contribution of the two PGHS

isoforms to the experimentally measured total PGHS activity,
cells were stimulated for 8 h with LPS for PGHS-2 induction,
homogenized, and treated with the PGHS-2 selective inhibitor
DuP-697, with the PGHS-1 selective inhibitor SC-560, or with
the isoform-unselective inhibitor aspirin for 20 min. PGHS-2
almost exclusively contributed to the detected total PGHS
activity, whereas PGHS-1 was involved only to a minor extent
(not shown).

The PGHS activity was then measured indirectly by the
detection of TxB2 (the stable hydration product of TxA2) or
PGE2 as relevant representatives of prostanoids formed by
activated alveolar macrophages. In accordance with the ob-
served increase in PGHS-2 mRNA and protein expression, the
two prostanoids increased between 0 and 12 h of LPS expo-
sure, however, formation ceased after 12 h (Fig. 3B).

To circumvent a possible involvement of changes in
phospholipase A2 (PLA2) activity, which liberates the PGHS
substrate AA from cellular membranes, the total PGHS ac-
tivity was directly assessed in freshly prepared cell lysates by
the detection of PGHS-dependent metabolites following the
conversion of 14C-AA. The PGHS activity in LPS-stimulated
macrophages peaked at 8 h, followed by a rapid decline (Fig.
3C). This observation parallels the termination of TxA2 and
PGE2 synthesis as observed in Figure 3B, but is strikingly
inconsistent with the maximum in PGHS-2 protein expression
after 16 h (Fig. 2A, B). According to previous observations by
us and others (6, 7, 36), the observed decline in the PGHS
activity may have been caused by nitration and inhibition of
the enzyme. Immunoprecipitation of PGHS-2 followed by the
Western blot analysis and staining for 3-NT showed first in-
dications of PGHS-2 nitration under the conditions employed
(Fig. 3D).

PGHS-2 inactivation depends on NO2
- accumulation

The participation of NOS-2-derived �NO-dependent spe-
cies in the nitration process was further investigated by using
the NOS-2 selective inhibitor AMT. To avoid effects of AMT
on NOS-2 or PGHS-2 protein expression (15), alveolar macro-
phages were pretreated with LPS for 8 h for PGHS-2 and NOS-
2 induction, washed, and then incubated in a fresh medium for
additional 8 h with LPS and AMT. Inhibition of endogenous
�NO synthesis by AMT protected PGHS-2 from nitration and
inactivation (Fig. 4A), which was paralleled by a preservation

FIG. 2. Induction of PGHS-2 and NOS-2. Following iso-
lation of primary rat alveolar macrophages, the cells were
allowed to rest for 24 h to avoid baseline induction of PGHS-
2 and NOS-2 that were under detection limit on the mRNA
and protein level following this regiment. The cells were then
stimulated with LPS (10 lg/ml) for the time periods as in-
dicated. (A) For the mRNA expression analysis, GAPDH
served as control, values at t = 0 were defined as 1. (B) Pro-
tein expression of PGHS-2, NOS-2, and TxA2 synthase was
quantitatively assessed, actin served as the loading control.
Data represent mean values – SD of at least three indepen-
dent experiments. *p < 0.05 versus t = 0. GAPDH, glyceralde-
hyde 3-phosphate dehydrogenase; TxA2, thromboxane A2.
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of TxA2 and PGE2 formation (Fig. 4B). Interestingly, the effect
was significantly less pronounced for PGE2 compared with
TxA2. Immunoprecipitation of PGHS-2 from cell homogenates
and staining with an anti-3-NT antibody indicated that nitration
of PGHS-2 is concentration-dependently prevented by NOS
inhibition (Fig. 4C). The same set of experiments as in Figure 4
was performed with the NOS-inhibitor L-NG-monomethyl ar-
ginine (L-NMMA) and qualitatively provided the same results
(not shown). The same experimental setup as in Figure 4C was
then applied to test the impact of the SOD mimetic CuDips
instead of the NOS-2 inhibitor AMT. Dismutation of �O2

- in the
presence of an active NOS-2 displayed no impact on the nitra-
tion status and activity of PGHS-2 (Fig. 4D, E).

Overexpression of SOD-1 has no significant impact
on PGHS-2 nitration and inactivation

To obtain an alternative cellular system in which the
generation of �O2

- and hence the intracellular generation
of peroxynitrite can be excluded, HEK 293T cells were trans-
fected with plasmids coding for constitutively expressed human
PGHS-2 and Cu/Zn-SOD as well as with a doxycycline-
inducible NOS-2. Activation of NOS-2 by doxycycline for 48 h
lead to an increase in NO2

- accumulation that was paralleled by
an increase in PGHS-2 nitration and a concomitant decline in the
PGHS-2 activity. In the HEK 293T model, additional over-
expression of Cu/Zn-SOD had no significant impact, thus ex-
cluding a significant role of endogenously formed �O2

- and
hence peroxynitrite in the observed inactivation of PGHS-2 (Fig.
5A). In PGHS-2–Cu/Zn-SOD–NOS-2-transfected cells, addition
of doxycycline lead to a time-dependent accumulation of NO2

-

(which was completely prevented by the addition of NOS-2
selective inhibitors such as AMT or L-NMMA) that was ac-
companied by a concomitant decline in the cellular PGHS-2
activity (Fig. 5B).

Autocatalytic activation of NO2
- and inhibition

of PGHS-2

For defined conditions without interference by cellular
components, purified and heme-reconstituted PGHS-2 was
used for the following experiments. PGHS contains an in-
trinsic peroxidase activity and was incubated for 4 h with
increasing concentrations of NO2

- in the presence of various
levels of unlabeled substrate AA. For the activation of the
peroxidase domain and generation of the Tyr� radical, 0.1 lM
of 12-hydroperoxy-5Z,8Z,10E,14Z-eicosaetraenoic acid (12-
HpETE) was added.

A concentration-dependent decline of the PGHS-2 activity
by NO2

- was observed, which at the same time, exhibited
competition with AA (Fig. 6A). Detectable nitration of puri-
fied PGHS-2 by the Western blot analysis became evident at a
threshold of 10 lM NO2

- in the presence of 0.1 lM AA and
0.1 lM 12-HpETE (Fig. 6B).

For direct comparison of the relative impact on PGHS in-
activation, the enzyme was incubated for 4 h with 0.1 lM 12-
HpETE to provide the peroxide tone for PGHS in the absence
of substrate, together with either authentic peroxynitrite, or
with the same concentration of NO2

- . The experiment was
conducted in the presence or absence of SOD (1 U/200-ll
volume) to exclude a potential impact of �O2

- that could
originate from autoxidation or by enzymatic turnover. The
PGHS activity was then detected by following the conversion

FIG. 3. PGHS activity in LPS-challenged macrophages.
Quiescenced rat alveolar macrophages were stimulated by
LPS (10 lg/ml) for the time intervals indicated. (A) Forma-
tion of ROS was assessed by H2-DCFDA (1 lM), added for a
period of 30 min to cells pretreated with LPS for the time
intervals as indicated. NO2

- , as stable oxidation product of
�NO was detected in parallel in the supernatants. (B) TxA2

and PGE2 were analyzed in the same time course as repre-
sentatives of prostanoids released by activated alveolar
macrophages. The values detected represent accumulated
TxA2 or PGE2 levels at the respective time points. (C) To
avoid an impact of substrate availability or modulation in
the activities of terminal synthases, the PGHS activity was
directly assessed in LPS (10 lg/ml)-primed macrophages by
cell lysis and addition of 14C-labeled substrate AA for 10 min
to the homogenates. Products were separated by thin layer
chromatography and background values were obtained by
parallel samples pretreated with the PGHS-2 selective in-
hibitor DuP-697 and the PGHS-1 selective inhibitor SC-560.
The sum of all DuP-697 and SC-560-inhibitable prostanoids
was integrated and served as measure for the PGHS activity.
(D) PGHS-2 was immunoprecipitated from the respective
cell homogenates, subjected to the Western blot analysis and
stained for 3-NT. *p < 0.05 versus t = 0. H2-DCFDA, 2¢,7¢-
dichlorodihydrofluorescein diacetate; �NO, nitric oxide; NO2

- ,
nitrite; PGE2, prostaglandin E2; ROS, reactive oxygen species.
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of 14C-labeled substrate AA. In the absence of substrate dur-
ing treatment, both peroxynitrite and NO2

- lead to a con-
centration-dependent decline with a ca. 30% reduction in the
PGHS activity by NO2

- and an almost 100% reduction by
peroxynitrite levels > 100 lM (Fig. 6C). Dihydrorhodamine 123
(DHR 123) is a relatively selective dye for the detection of
peroxynitrite, respectively, the �NO2 radical; however, it has to
be considered that also other radical species are measured. In
the presence of peroxides and varying concentrations of NO2

- ,
PGHS-2 leads to a NO2

- -dependent increase in the oxidation of
DHR 123, thus indirectly indicating the formation of ROS. To
further highlight the potential formation of �NO2 radicals, the
enzyme was incubated with fixed concentrations of peroxides
and NO2

- and increasing levels of the peroxynitrite/�NO2

selective scavenger uric acid that lead to a concentration-
dependent decline in DHR 123 oxidation (Fig. 6D).

Nitration of the active site Tyr residue

The position of the nitrated Tyr residue was confirmed with
purified human PGHS-2. The enzyme was incubated with
0.1 lM 12-HpETE in the presence of 50 lM NO2

- for 30 min to
obtain complete nitration. The nitrated enzyme was purified
by reverse-phase high-performance liquid chromatography
(HPLC), and all the fractions were analyzed by matrix-assisted
laser desorption/ionization – time of flight (MALDI-TOF) in
the linear mode to identify the PGHS-2-containing fraction (Fig.
7A). Nitrated PGHS-2 was digested with sequencing grade
trypsin and analyzed by Fourier transform ion cyclotron re-
sonance mass spectrometry. The spectrum in Figure 7A was
internally calibrated by two polyethylene glycol (PEG) peaks at

644.3977 Da (H2C = CH-CH = CH-(CH2CH2O)28-H) and
776.4781 Da (H2C = CH-CH = CH-(CH2CH2O)34-H) and by a
single peptide peak 240–253 (YQIIDGEMYPPTVK) at
827.4131 Da. All peptides observed in the tryptic digests of
nitrated PGHS-2 were annotated, and peaks labeled by as-
terisk represent PEG contaminants. The two different charge
states ( + 4 at 770.6337 Da and + 3 at 1027.173 Da) of nitrated
peptide 363–387 (IAAEFNTLYHWHPLLPDTFQIHDQK)
were detected within 2-ppm mass accuracy. A single Tyr
residue was found to be nitrated and identified as the cy-
clooxygenase active site Tyr371.

The table in Figure 7B provides an overview on the mass
spectrometry (MS) analysis of PGHS-2 treated with NO2

- or
the peroxynitrite-donor Sin-1 (100 lM) in the presence or ab-
sence of substrate AA (10 lM). Sin-1 served as control, since it
is known that peroxynitrite is capable of inactivating PGHS-2.
In the presence of AA, both NO2

- or Sin-1 failed to nitrate the
active site Tyr371 residue. While Sin-1 also led to the nitration
of other Tyr in PGHS-2, treatment with NO2

- in the absence
of AA only resulted in the nitration of Tyr371. To investigate
the biological significance of Tyr371 nitration, PGHS-2 was
treated with increasing concentrations of Sin-1. In the pres-
ence of substrate, Sin-1 led to a concentration-dependent in-
crease in the PGHS-2 activity up to 100 lM of Sin-1, an effect
described in the literature with the term ‘‘peroxide tone’’ (Fig.
7C), followed by a concentration-dependent decline with
higher Sin-1 concentrations that was accompanied by a de-
tectable nitration of the enzyme (Fig. 7D). In the absence of
AA, nitration of Tyr371 was observed even with low Sin-1
concentrations (Fig. 7B) and correlated with a decline in the
PGHS-2 activity (Fig. 7C).

FIG. 4. Impact of NOS-2 inhibition on PGHS activity. (A) Resting rat alveolar macrophages were incubated with LPS
(10 lg/ml) for 8 h to allow PGHS-2 induction without interference by pharmacological compounds, new medium containing
LPS and the NOS-2 selective inhibitor AMT was then added for additional 8 h. The concentration-dependent decline in NO2

-

levels by AMT inversely correlated with a rise in PGHS activity. (B) In parallel to the direct assessment of PGHS in cell
homogenates, formation of TxA2 and PGE2 by intact cells was detected by an enzyme immunoassay. (C) For an evaluation of
PGHS-2 nitration, the enzyme was immunoprecipitated from cell homogenates and then stained with an anti-3-NT antibody.
(D) In the same experimental setup, the SOD-mimetic CuDips was used instead of AMT, immunoprecipitated PGHS-2 was
subjected to the Western blot analysis and stained with an anti-3-NT antibody. (E) The PGHS activity was determined in
CuDips-treated cells by lysis, addition of 14C-labeled substrate AA (14C-AA), and separation of labeled prostanoids by thin
layer chromatography. Values represent means – SD of three independent macrophage isolations. *p < 0.05 versus t = 0.
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Discussion

The present study was initiated by previous observations in
which a nitration and inhibition of inducible PGHS-2 under
inflammatory conditions had been reported (8, 36). We have
chosen alveolar macrophages as a (patho)-physiologically
relevant model, since Tyr-nitration is commonly observed in
the lung of patients with acute pulmonary inflammation and
alveolar macrophages represent one of the dominating sour-
ces of �NO under such conditions (25, 31). This scenario was
recapitulated in an in vivo rat lung inflammation model,
where we could observe nitration of PGHS-2. The NOS in-
hibitor AMT largely blocked Tyr-nitration and restored ac-

tivity, but this still allows peroxynitrite or NO2
- to be sources

for the nitration process. However, the SOD-mimetic CuDips
had no effect on the staining intensity and activity, which
could be an indication for a �O2

- - and hence peroxynitrite-
independent mechanism. For further investigations on the
nitration mechanism involved, we applied an ex vivo LPS
stimulation protocol with primary rat alveolar macrophages
(Fig. 1A, B). The key question of the present article was the
identification of the dominating �NO-derived species respon-
sible for the observed nitration of PGHS-2. In attempts of
identifying the underlying mechanisms, the direct interaction
of �NO with the active site tyrosyl radical or the nitration of
PGHS-2 by peroxynitrite has been suggested (3, 18, 28, 38, 39).

FIG. 5. Inactivation of PGHS-2 in a Cu/Zn-SOD overexpression model. To limit a potential involvement of peroxynitrite
that originates from the interaction of �NO and �O2

- , HEK 293T cells were transiently transfected to constitutively express
PGHS-2 and Cu/Zn-SOD. The cells were additionally transfected with a construct coding for NOS-2 under the control of a
doxycycline-dependent promoter. (A) HEK 293T cells were transfected with combinations of plasmids coding for PGHS-2,
Cu/Zn-SOD, and NOS-2. Doxycycline (1 lg/ml) was added for 48 h and NO2

- , as indicator for NOS-2 induction was
detected in the supernatants. The respective cell pellets were homogenized, PGHS activity was detected by following the
conversion of 14C-AA. The SOD activity was analyzed in parallel by the cytochrome c assay. PGHS-2 was then im-
munoprecipitated from the cell homogenate, subjected to SDS-gel electrophoresis, and probed with anti-PGHS-2 and anti-3-
NT antibodies. (B) HEK 293T cells were transfected with plasmids coding for PGHS-2, Cu/Zn-SOD, and NOS-2. Doxycy-
cline, required for the induction of NOS-2 was added for the time intervals as indicated and NO2

- was detected in the
supernatant as an indicator for the NOS-2 activity. The time-dependent accumulation of NO2

- correlated with a decline in
the PGHS activity and an increase in 3-NT staining of immunoprecipitated PGHS-2. Values are mean – SD (n = 4). *p < 0.05
versus AMT = 0. �O2

- , superoxide; SDS, sodium dodecyl sulfate.
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Direct interaction of �NO with the Tyr� radical state
of PGHS, however, was only observed at unphysiologically
high fluxes of �NO in the millimolar range, since the cou-
pling of both radicals has been identified as completely
reversible (13, 14, 40). Hence, nitrotyrosine formation
would require a consecutive oxidation step of the nitro-
socyclohexadienone intermediate, which limits the physio-
logical significance of this type of mechanism.

Due to the observed inadequate temporal overlap in �NO
and �O2

- formation in activated alveolar macrophages (Fig.
3A), generation of significant levels of peroxynitrite ap-
pears as rather unlikely, since peroxynitrite formation is
maximal only at a 1:1 ratio between �NO and �O2

- (4). Our
finding that the NOS-2 inhibitor AMT, but not the SOD
mimetic CuDips prevented nitration of PGHS-2 both in vivo

(Fig. 1) and in vitro (Fig. 4) also indicated that a nitration
mechanism distinct from that by peroxynitrite might be in-
volved. Furthermore, in the HEK 293T model that consti-
tutively expresses PGHS-2 (Fig. 5), doxycycline-induced
expression of NOS-2 leads to the nitration and inactiva-
tion of PGHS-2, irrespectively of the presence or absence of
overexpressed SOD-1 that decomposes �O2

- , and hence
prevents the formation of peroxynitrite. As an independent
mechanism that could be involved in the observed decline in
PGHS-2 activity, a reduction of intracellular heme levels was
previously observed in some inflammation models. Since
heme is an essential cofactor of the peroxidase active site of
PGHS, we tested heme levels in LPS-challenged alveolar
macrophages and observed a time-dependent moderate
decline along with the induction of HO-1 that might

FIG. 6. Nitration and inhibition of PGHS-2. (A) Purified PGHS-2 (10 U/reaction) was treated with 0.1 lM 12-HpETE for
activation and variable concentrations of NO2

- in the presence of different levels of unlabeled substrate AA for 30 min.
Before 14C-AA was added for activity detection, levels of unlabeled AA were supplemented to add up to the maximal
concentration of 10 lM AA in all samples. The activity of the enzyme was then assessed by the addition of 14C-AA for
3 min. (B) Samples preincubated with 0.1 lM unlabeled AA and increasing concentrations of NO2

- were subjected to SDS-
PAGE. Consecutive staining with anti-PGHS-2 and anti-3-NT antibodies demonstrated the appearance of a nitrated band
with increasing concentrations of NO2

- at the same molecular weight as PGHS-2. (C) Purified human PGHS-2 (10 U/
reaction) in the presence of 0.1 lM 12-HpETE was incubated with variable concentrations of either NO2

- or authentic
peroxynitrite. Following an incubation period of 2 h, the activity was the assessed by the addition of 14C-AA. (D) For the
detection of radical formation, PGHS-2 (10 U/reaction), together with 0.1 lM 12-HpETE was treated with increasing
concentrations of NO2

- in the presence of DHR 123 (1 lM). DHR 123 is a relatively selective dye for the detection of
peroxynitrite, respectively, the �NO2 radical. Rhodamine fluorescence (lex 485 nm; lem 538 nm) was then detected after 2 h.
In a second experiment, PGHS-2 was treated with 0.1 lM 12-HpETE, 100 lM NO2

- , and 1 lM DHR 123 and varying
concentrations of the peroxynitrite/�NO2 radical scavenger uric acid for 2 h. *p < 0.05 versus conc. = 0. 12-HpETE, 12-
hydroperoxy-5Z,8Z,10E,14Z-eicosatetraenoic acid; DHR, dihydrorhodamine; SDS-PAGE, sodium dodecylsulfate–poly-
acrylamide gel electrophoresis.
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contribute to the effects observed, but certainly does not
play a dominant role in the nitration and inactivation of
PGHS-2 (Fig. 1D–F).

The present results support the concept of an auto-nitra-
tion of PGHS-2 by NO2

- by proving the selective nitration
of Tyr371 at the active site. Peroxynitrite treatment of puri-
fied PGHS-2 in the absence of substrate not only resulted in
the nitration of Tyr371, but also in the nitration of several
other Tyr. However, at physiologically steady-state perox-
ynitrite fluxes in the low nanomolar range, and in the
presence of substrate AA, no nitration of Tyr371, but even an
activation of the enzyme (peroxide tone) was observed. In
contrast, NO2

- was found to cause a nitration already at
levels present under inflammatory conditions and, similar
to the situation with peroxynitrite, this occurred in compe-
tition with AA (5, 17, 36). Thus, a NO2

- -dependent inacti-
vation of PGHS-2 would become effective only after the
downregulation of PLA2 activity that liberates AA from
the cell membrane. For the cellular situation, this implies
that under initial conditions of low NO2

- and elevated AA
availability, an autocatalytic inactivation of PGHS-2 ap-
pears rather unlikely. In contrast, in progressive stages of
the inflammatory response, highly elevated NO2

- levels
and also a downregulation of liberated AA can be observed.
The self-catalyzed nitration of PGHS-2 could therefore be
involved in the events leading to the termination of the
inflammatory process.

A simple mechanistic model on the self-catalyzed activa-
tion of NO2

- and nitration of PGHS is so far difficult to pos-
tulate, since it has to be considered that two spatially
separated activities are involved, the active site tyrosyl radical
at the apex of the cyclooxygenase channel in the center of the
enzyme, and the peroxidase catalytic site on the surface (34).
Although it is not elucidated yet how this spatial barrier
is actually resolved, the observation that 15-hydroperoxy
prostaglandin-9,11,-endoperoxide (PGG2), formed in the cy-
clooxygenase channel, is reduced to PGH2 by the peroxidase
activity, indicates the existence of efficient transport mecha-
nisms linking both catalytic sites. Furthermore, additional
channels in the cyclooxygenase domain were proposed (11)
that may allow guidance of small radical species such as $NO2

to the active site tyrosyl radical and hence facilitate PGHS ni-
tration. The dimer interface region between the two monomers
of both PGHS-1 and PGHS-2 is furthermore characterized by
an enrichment of positive charges that could contribute to an
accumulation of NO2

- and thus support the self-catalyzed
nitration with the substrate NO2

- (11) (see Fig. 8).
An interesting and yet unexplained observation concerns

the weak impact of PGHS-2 nitration on PGE2 release (Fig.
4). PGE2 formation was inducible so that either a modified
form of PGHS-2 was present in association with PGE2 syn-
thase or the self-nitration by NO2

- occurred in a different
compartment or was hindered by formation of a PGHS-2/
PGE2 synthase complex (29). In view of the multiple func-
tions of PGE2 through its four receptors, a different signal-
ing pathway may exist and reports in literature point to a
separate organization of the PGE2-synthesizing activity. It
could be speculated that PGE2 plays a role in the regenera-
tion of an acute inflammatory activation in which $NO
continues to be formed and cAMP as well as cGMP may act
on phosphorylation pathways or on the downregulation of
the Ca2 + -response.

FIG. 7. Detection of tyrosine nitration. (A) Human PGHS-
2 (5 lg) was treated with 0.1 lM 12-HpETE and 50 lM
NO2

- for 1 h, trypsin digested, and analyzed by electrospray
ionization-Fourier transform mass spectrometry. All the de-
tected peptides were labeled. The inserts represent the
charge-state distribution of the different charge states of ni-
trated peptides 363–387. (B) For a comparison of the impact
of NO2

- versus peroxynitrite, PGHS-2 (5 lg) and 0.1 lM 12-
HpETE were incubated either with NO2

- (50 lM) or with the
peroxynitrite donor Sin-1 (100 lM) in the presence or absence
of substrate AA. (C) For an illustration of the role of perox-
ynitrite as an activator and inhibitor of PGHS-2, the enzyme
(10 U/reaction) was treated with varying concentrations of
the peroxynitrite-donor Sin-1 in the presence or absence of
substrate AA (5 lM) for 30 min, and then 14C-AA was added
for 5 min for activity determination. (D) Sin-1-treated PGHS-
2 was subjected to the Western blot analysis and stained with
an anti-3-NT antibody. Tyr, tyrosine.
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In summary, our in vitro data show a release of TxA2 after
LPS stimulation in a time window of 4–12 h after which an
auto-nitration of PGHS-2 terminates the supply of PGH2 for
the constitutive TxA2-synthase. This endogenous regulatory

mechanism may be involved in the resolution of an acute
inflammatory response in the lung.

Materials and Methods

Materials

LPS (Escherichia coli, serotype 026:B6), AMT, CuDips, DHR
123, and aspirin were obtained from Sigma (St. Louis), L-
NMMA, Sin-1, authentic peroxynitrite, SC-560, and DuP 697
were purchased from Cayman Chemicals, 14C-AA was from
Perkin Elmer.

Preparation of rat alveolar macrophages

Male Wistar rats (400–500 g) were sacrificed by inhalation
of Isoflurane (Essex); lungs were excised and lavaged three
times with a sterile ice-cold 0.9% NaCl solution (Braun). Cells
were pooled, resuspended in the RPMI 1640 medium (Bio-
chrom) containing 10% fetal calf serum and 100 U/ml Pen/
Strep, and plated at a density of 5 · 106 cells/35-mm dish in
4-ml medium. After incubation for 4 h at 37�C in a humidified
atmosphere of 5% CO2, the medium was changed and the
cells were allowed to rest for at least 24 h. Animal handling
was conducted by staff of the animal housing unit, the Uni-
versity of Konstanz, Germany, in accordance with the Ger-
man Institutional Animal Care and Use Committee.

A few hours after lavage, the isolated alveolar macro-
phages contained already nitrated PGHS-2. For the purpose of
stimulation by LPS, a 24 h resting period was required to
obtain quiescent cells with basal levels of PGHS2 and NOS-2
under the detection limit. The stress during the isolation
procedure was sufficient to activate the cells, which was
supported by the absence of PGHS-2 and NOS-2 induction
directly after isolation.

Airway macrophage inflammation model

Male Wistar rats were briefly anesthetized by inhalation of
isoflurane. LPS was instilled intranasally (200 lg in 200 ll PBS
per rat). Control rats received 200 ll PBS. Animals were sac-
rificed after 12 or 24 h by inhalation of pure isoflurane and the
lungs were quickly excised. Bronchoalveolar lavage was re-
peated two times with 20 ml ice-cold 0.9% NaCl solution. To
recover alveolar macrophages, the total lavage was centri-
fuged at 2500 g for 10 min, cells were resuspended in RPMI-
1640, seeded onto six-well dishes, and incubated for 30 min to
allow selective recovery of macrophages. The medium was
changed to remove nonadherent neutrophils.

The total cell number in crude lavages was counted with an
Advia 120 hemocytometer (Siemens). Differential cell counts
were performed on cytocentrifuged preparations stained with
DiffQuik (Dache Behring).

All experimental procedures were carried out in accor-
dance with national and international laws and policies (EEC
Council Directive 86/609, National German Animal Review
Board; Guide for the Care and Use of Laboratory Animals,
U.S. National Research Council, 1996).

HO activity assay

The HO activity was determined according to the protocol
of Klemz et al. (19). Briefly, cells (105 per data point) were lysed
in 100 mM Tris, 150 mM NaCl, 1% Triton X-100, and pH 7.4,

FIG. 8. Inhibition of PGHS by autocatalytic activation of
NO2

2. The prosthetic ferric heme [Fe3 + PPIX] of the peroxidase
domain is oxidized by peroxides (ROOH) to an unstable radical
cation intermediate [Fe4 + = O PPIX� + ] (9, 37, 42). It is assumed
that an equilibrium between the ferryl porphyrin radical cation
and the ferryl-tyrosyl state [Fe4 + = O PPIX] + [Tyr�] exists. Inter-
action of NO2

- with the radical cation formed at the peroxidase
site would lead to the formation of a �NO2 radical and leaves
the prosthetic heme in its ferryl form that would be oxidized by
the presence of peroxides. In the presence of low levels of sub-
strate AA (left), the newly generated �NO2 radical could then
reach the tyrosyl radical at the cyclooxygenase active site either by
diffusion via the main cyclooxygenase channel, or by one of the
four alternative smaller channels connecting the active site with
the exterior, leading to the nitration (Tyr-NO2) and inactivation of
PGHS. In the presence of low NO2

- concentrations, the tyrosyl
radical would interact with AA to form AA� and ultimately 15-
hydroperoxy prostaglandin-9,11,-endoperoxide (PGG2) (right),
according to the proposed concept by Ruf and Kulmacz et al. (9,
20, 21, 37, 40, 42). Under these circumstances, PGG2 is reduced
into PGH2 by the peroxidase site with electrons originating from
the active site tyrosyl residue, leaving a Tyr� radical ready for
the initiation of a new catalytic cycle. PPIX, protoporphyrin
IX. PGG2, 15-hydroperoxy prostoglandin-9,11,-endoperoxide;
PGH2, 15-hydroxy prostaglandin-9,11,-endoperoxide.
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including protease inhibitor cocktail (Roche) for 30 min on ice
and three pulses by a sonication needle. The reaction buffer
consisted of 100 mM Tris, 15 lM hemin, 0.8 mM NADPH,
1 mM MgCl2, 0.8 mM glucose 6-phosphate, 300 lM bovine
serum albumin, 1 U/100ll glucose 6-phosphate dehydroge-
nase, and biliverdin reductase A (1 U/100 ll) (Sigma). Ten
microliters of the cellular sample was mixed with 90 ll of the
reaction buffer in a 96-well plate; fluorescence was detected in a
fluorescence reader (Infinite M200; Tecan Instruments) at 37�C
(lex 441 nm; lem 528 nm), and a biliverdin standard curve was
routinely performed on the respective 96-well plate.

Intracellular heme was determined photometrically after
three washing steps of freshly isolated alveolar macrophages
(2 · 105 cells per data point) by using a commercially available
detection kit (Bio Assay Systems).

Quantitative polymerase chain reaction analysis

Total RNA was isolated by the guanidine isothiocyanate/
phenol method, according to the manufacturer’s instruction
(Peqlab). For reverse transcription, murine leukemia virus
reverse transcriptase (Invitrogen) and random hexamer
primers (Promega) were used. The reaction was performed at
42�C for 60 min. PCR amplification was carried out in a
LightCyclerTM Instrument using LightCycler FastStart DNA
Master SYBR Green I (Roche Diagnostics) and the PGHS-2-
specific sense primer, 5¢-ATC TTT GGG GAG ACC ATG GTA
GA-3¢ and the antisense-primer, 5¢-ACT GAA TTG AGG CAG
TGT TGA TG-3¢; for the NOS-2 sense-primer, 5¢-AGT GTC
AGT GGC TTC CAG CTC-3¢ and the antisense primer, 5¢-
AGT GTC AGT GGC TTC CAG CTC-3¢; for the glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) sense primer, 5¢-
TCC ATG ACC GTT GTC AGC AAT GC-3¢ and the antisense
primer, 5¢-GTG GTC ATT AGC CCT TCC ACG AT-3¢. Set-
tings were used as follows: denaturation at 95�C for 15 s, an-
nealing at 65�C for 5 s, and amplification at 72�C for 19 s. Fifty
cycles were run before the reaction was stopped. Amplifica-
tion was followed in real time, and its crossing-points were
used for evaluation. After polymerase chain reaction (PCR), a
melting curve analysis was conducted. Expression of HO-1
mRNA was analyzed with quantitative real-time polymerase
chain reaction using an iCyclerTM iQ system (Bio-Rad La-
boratories). TaqMan� Gene Expression assays (Applied Bio-
systems) for HO-1 and GAPDH were purchased as probe and
primer sets, and gene expression was normalized to the en-
dogenous control, GAPDH.

Western blot analysis

Proteins were separated electrophoretically by 6% or 8%
sodiumdodecylsulfate–polyarylamide gel electrophoresis and
then transferred onto nitrocellulose membranes (HybondTM-C
extra) by semidry blotting. Ponceau S staining ensured equal
protein loading and transfer. The membranes were blocked for
2 h with 5% milk powder and incubated with the primary
antibodies for 2 h at room temperature or at 4�C overnight and
for 45 min with a peroxidase-conjugated secondary antibody at
room temperature. Bands were visualized by the enhanced
chemiluminescence technique (Interchim) and exposed to X-
ray hyperfilm (Fuji). Anti-PGHS-2, anti-NOS-2, and anti-smooth
muscle cell actin monoclonal antibodies were purchased from
Transduction Laboratories. The anti-3-NT monoclonal anti-
body was from HBT and the anti-TxA2-synthase antibody

was a kind gift from Prof. Tanabe, Osaka, Japan. For HO-1
detection, antibodies against actin (42 kDa) (1:2500, Sigma)
and HO-1 (1:5000, monoclonal, Stressgen) were used.

PGHS activity

The PGHS activity was determined by the conversion of 14C-
labeled AA (14C-AA). Cells were washed twice, collected in
cold PBS, and centrifuged at 1000 g for 3 min. The pellet was
dissolved in a lysis buffer (20 mM HEPES, 1% Triton X-100, 1%
aprotinin, and 10% glycerol, pH 7.5) for 30 min on ice. Fol-
lowing centrifugation at 12,000 g for 1 min, the supernatant was
incubated with the reaction buffer (80 mM Tris-HCl, 0.1 mM
phenol, 5 lg/ml heme, and 5 lM 14C-AA, pH 8.0) for 20 min.
Purified PGHS-2 was treated as indicated and incubated with
14C-AA for 2 min. The reaction was terminated by the addition
of ethyl acetate/2 M citric acid (30:1). After vortexing for at
least 1 min, the organic phase was evaporated and spotted by
glass capillaries onto silica thin layer chromatography plates
(Silica 60, Merck) and subjected to chromatography. The sol-
vent consisted of ethyl acetate:2,2,4-trimethylpentane:acetic
acid:water (110:50:20:100). Plates were dried and exposed to a
PhosphorImagerTM screen overnight. For reading the screen, a
PhosphorImager system from Molecular Dynamics was used.
Quantification was performed by the detection of total pros-
tanoid formation utilizing ImageQuantTM software. Purified
PGHS-2 was a kind gift from Dr. R. Kulmacz, Houston, TX.

Measurements of prostanoids and NO2
- in cell

culture supernatants

TxB2, as the stable hydration product of TxA2, and PGE2

were determined by using commercially available enzyme
immunoassay-kits (Assay Designs), according to the manu-
facturer’s instructions. NO2

- , as the stable autoxidation
product of �NO formation, was measured by the Griess assay.
Briefly, 30 ll 12.5 lM sulfanilamide (Sigma) and 30 ll 6 M HCl
were mixed with 200 ll cell culture supernatant at room
temperature and incubated for 5 min. Absorbance was mea-
sured before and after the addition of 25 ll N-(1-naphthy-
l)ethylenediamide (12.5 lM) (Sigma) at 560 nm using a
microtiter plate reader. NO2

- concentrations were calculated
from a NaNO2 standard curve in the range of 0.5–10 lM.

Measurement of ROS

Rat alveolar macrophages were prepared as described and
seeded in 96-well plates at a density of 105/well. Following
LPS exposure, the fluoroprobe H2-DCFDA (1 lM) (Molecular
Probes) was added for 20 min, cells were washed twice, and
fluorescence was detected (lex 485 nm; lem 538 nm).

SOD activity assay

Xanthine oxidase (1 mU/ml) plus hypoxanthine (500 lM)
in 10 mM potassium phosphate, pH 7.4, were used as a radical
generating system, and the reduction of cytochrome c (50 lM)
was measured in the presence of cell homogenate samples by
a spectrophotometer at 550 nm in 3-min intervals over a pe-
riod of 20 min.

MS analysis of PGHS-2

Purified PGHS-2 was incubated with 0.1 lM 12-HpETE
and 50 lM NO2

- for 60 min. 5 lg of nitrated PGHS-2 was
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separated on a Beckman Coulter HPLC system with a
Vydac C4 column (5 lm, 1 mm · 250 mm). All fractions
were collected and analyzed on a Brucker Revlex IV
MALDI-TOF mass spectrometer equipped with a nitrogen
laser from Laser Science having a 3-ns pulse width at
337 nm under a linear mode with a 2.5-dihydroxybenzoic
acid matrix. The major fraction that contained nitrated
PGHS-2 (Fig. 5B) was digested with sequencing grade
trypsin (Promega) in a 100 mM ammonium bicarbonate
buffer (pH 8.0) at 37�C overnight and desalted by Poros
50 R1 solid-phase extraction material (Applied Biosys-
tems). The purified and dried sample was reconstituted in
10 ll 50/50 acetonitrile/water containing 1% formic acid.
This digest mixture was analyzed on a custom-built triple
quadrupole Fourier transform mass spectrometer with a
nanospray source and a 7T actively shielded magnet
(Cryomagnetics, Inc.) (Fig. 5C). The standard ion cyclo-
tron resonance conditions were the same as previously
published (47). The data were analyzed without apodi-
zation and with two zero-fills to improve mass accuracy.

Plasmids

All genes were originally obtained from The I.M.A.G.E.
Consortium. The Clone IDs are PTGS2 (PGHS-2); iratp970-
c0917d, SOD-1; iralp962g0610q, and NOS-2; ircmp5012g1219d.
The PTGS2 (PGHS-2) gene was expressed under the control of
the cytomegalovirus (CMV) immediate early promoter in the
pCMV_SPORT6 vector (Accession No. BG913014), and this
construct was used as it is. The SOD-1 gene was originally
cloned in pOTB7 and recloned in the pBABE_puro vector. The
NOS-2 gene was obtained as a pCR4-TOPO clone. For induc-
ible expression, it was cloned into the bidirectional tetracycline-
regulated vector pBI-5GFP. This vector is a derivative of the
pBI-5 vector in which the original luc-gene was replaced by the
enhanced green fluorescent protein gene. Both the NOS-2 gene
and the gene for EGFP were coexpressed, allowing easy as-
sessment of induction.

Transfection

HEK 293T cells were seeded onto six-well plates and grown
to confluency. Cells in a single well were transfected with a
total of 1 lg DNA complemented with 2.5 ll of lipofectamine
(Invitrogen). Transfections were done according to the
guidelines supplied by the manufacturer. To exclude a dose-
dependent variation between the different transfections, the
amount of a single plasmid was 0.25 lg. If necessary, an
empty vector was added to reach 1 lg total DNA.

Twenty-four hours after transfection, the medium was ex-
changed, and doxycycline was added to a final concentration
of 1 lg/ml for 36 h.

Statistics

All data were confirmed in at least three independent ex-
periments. Values are expressed as the mean – standard de-
viation (n ‡ 3). Data were analyzed by the one-way analysis of
variance or the Student’s t-test as appropriate. Differences
between treatment groups in multiple comparisons were de-
termined by the Dunnet’s post hoc test (Graph Pad Prism
software). Means were considered statistically significant at
p < 0.05.
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Abbreviations Used

12-HpETE¼ 12-hydroperoxy-5Z,8Z,10E, 14Z-
eicosatetraenoic acid

3-NT¼ 3-nitrotyrosine
AA¼ arachidonic acid

AMT¼ 5,6-dihydro-6-methyl-4H-1,3-thiazin-
2-amine

CuDips¼Cu(II)2(3,5-diisopropylsalicylate)
DHR¼dihydrorhodamine

H2-DCFDA¼ 2¢,7¢-dichlorodihydrofluorescein
diacetate

HPLC¼high performance liquid
chromatography

L-NMMA¼L-NG-monomethyl arginine
LPS¼ lipopolysaccharide

MALDI-TOF¼matrix-assisted laser desorption/ionization-
time of flight

MS¼mass spectrometry
�NO¼nitric oxide

NO2
-¼nitrite

NOS-2¼nitric oxide synthase-2
�O2 ¼ superoxide
PBS¼phosphate buffered saline
PCR¼polymerase chain reaction
PEG¼polyethylene glycol

PGG2¼ 15-hydroperoxy prostaglandin-9,11,
-endoperoxide

PGH2¼ 15-hydroxy prostaglandin-9,11,
-endoperoxide

PGHS¼prostaglandin endoperoxide H2 synthase
PGHS-2¼prostaglandin endoperoxide H2

synthase-2
PLA2¼phospholipase A2

PPIX¼protoporphyrin IX
ROS¼ reactive oxygen species

SDS-PAGE¼ sodiumdodecylsulfate–polyarylamide
gel electrophoresis

SOD-1¼ superoxide dismutase-1
TxA2¼ thromboxane A2

Tyr¼ tyrosine
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