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Abstract
Reaction of prostaglandin H synthase (PGHS) isoforms 1 or 2 with peroxide forms a radical at Tyr385
that is required for cyclooxygenase catalysis, and another radical at Tyr504, whose function is
unknown. Both tyrosyl radicals are transient and rapidly dissipated by reductants, suggesting that
cyclooxygenase catalysis might be vulnerable to suppression by intracellular antioxidants. Our initial
hypothesis was that the two radicals are in equilibrium and that their proportions and stability are
altered upon binding of fatty acid substrate. As a test, we examined the effects of three competitive
inhibitors (nimesulide, flurbiprofen and diclofenac) on the proportions and stability of the two
radicals in PGHS-2 pretreated with peroxide. Adding nimesulide after ethyl peroxide led to some
narrowing of the tyrosyl radical signal detected by EPR spectroscopy, consistent with a small increase
in the proportion of the Tyr504 radical. Neither flurbiprofen nor diclofenac changed the EPR
linewidth when added after peroxide. In contrast, the effects of cyclooxygenase inhibitors on the
stability of the preformed tyrosyl radicals were dramatic. The half-life of total tyrosyl radical was
4.1 min in the control, >10 hr with added nimesulide, 48 min with flurbiprofen, and 0.8 min with
diclofenac. Stabilization of the tyrosyl radicals was evident even at substoichiometric levels of
nimesulide. Thus, the inhibitors had potent, structure-dependent, effects on the stability of both
tyrosyl radicals. This dramatic modulation of tyrosyl radical stability by cyclooxygenase site ligands
suggests a mechanism for regulating the reactivity of PGHS tyrosyl radicals with cellular
antioxidants.

Cyclooxygenase (COX)1 catalysis by PGHS-1 and -2 requires tyrosyl radical formation by
oxidizing equivalents generated by reaction with peroxides (1,2). Reaction of either PGHS
isoform with peroxide generates radicals at Tyr385 and at Tyr504 (3,4); both Tyr385 and
Tyr504 are conserved in all vertebrate PGHS proteins discovered so far (5). Tyr385 is in the
COX active site (6,7) and the Tyr385 radical is well established as the immediate oxidant of
fatty acid in the COX catalytic cycle for both PGHS isoforms (2). Tyr504 is far from the COX
pocket where fatty acid binds (6,7), and the Tyr504 radical is not itself capable of COX catalysis
(3,4). However, mutation of Tyr504 does decrease COX activation efficiency by ~50% in both
PGHS-1 and -2 (3,4), suggesting that the Tyr504 radical has an important regulatory role. The
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crystallographic data indicate that Tyr504 is buried in the protein and thus less exposed to
reductants in the solvent than is Tyr385 (6,7), and we suspect that Tyr504 serves to sequester
peroxide-derived oxidant.

The peroxide-driven formation of tyrosyl radicals at both Tyr385 (giving a wide doublet, or
WD, EPR signal) and at Tyr504 (giving a narrow singlet, or NS, EPR signal) (reaction 1 in
Scheme 1) makes it important to understand the kinetic and mechanistic relationships between
the two tyrosyl radicals. The Tyr385 radical appears more quickly than the Tyr504 radical
(3,8), but the Tyr504 radical still forms in the Y385F mutant (3,9). Thus, oxidation of Tyr385
and Tyr504 by higher oxidation states of the heme may involve parallel reactions with different
rates rather than sequential reactions with an obligatory Tyr385 radical intermediate. There is
also the question of whether radical formed at Tyr385 can later be redistributed to Tyr504 or
vice versa. Such redistribution, perhaps gated by fatty acid binding at the COX site, would
presumably be required for Tyr504 to function as an oxidant reservoir.

Direct testing of the effects of fatty acid on the tyrosyl radicals is difficult because of the rapid
oxidation of bound fatty acid to a carbon-centered radical (9). However, competitive COX
inhibitors can be used as unreactive substrate analogs. Binding of some COX inhibitors, such
as nimesulide, to PGHS-2 before reaction with peroxide leads to accumulation of radical at
Tyr504 and not at Tyr385 (3); this is shown as steps 3 and 4 in Scheme 1. The ability of
pretreatment with some COX inhibitors to change the radical distribution when added before
reaction with peroxide suggested that these inhibitors might redistribute preformed radical from
Tyr385 to Tyr504 (step 6 in Scheme 1) and thus demonstrate a dynamic redox connection
between the two tyrosines.

Another major issue regarding the COX mechanism centers on the instability of the Tyr385
and Tyr504 radicals. The tyrosyl radicals have been found to be transient species in both PGHS
isoforms, dissipating in a few minutes even under optimal conditions in reactions with
stoichiometric amounts of peroxide (10-12). Moderate levels of exogenous reductants greatly
deplete tyrosyl radicals in purified PGHS (10,13) (shown as steps 2, 5 and 8 in Scheme 1), an
action that is particularly paradoxical because such compounds are known to promote COX
catalytic turnover (11,13-16). The sensitivity of tyrosyl radicals in purified PGHS to quenching
by exogenous reductants is also difficult to reconcile with cellular COX catalysis because
PGHS-1 and -2 face the lumen of the endoplasmic reticulum (17,18), where the redox potential
is ~ -0.2 V and an efficient antioxidant system is present (19,20).

In the present studies we tested three COX inhibitors for their actions on a preformed mixture
of Tyr385 and Tyr504 radicals in hPGHS-2, using experiments in which the enzyme was
reacted with peroxide before addition of inhibitor. The results indicate that inhibitor binding
to PGHS-2 containing Tyr385 and Tyr504 radicals does redistribute a small amount of radical
to Tyr504 (step 6 in Scheme 1). However, the major action of inhibitor binding is to generate
a distinct, new complex (via step 7 in Scheme 1) whose reactivity with reductant (via step 8 in
Scheme 1) is greatly decreased in the case of nimesulide and flurbiprofen, and increased in the
case of diclofenac. This demonstration that COX site ligands can modulate the stability of
PGHS-2 tyrosyl radicals should help to decipher how the radical-dependent COX catalysis can
be sustained in a reducing cellular environment.

EXPERIMENTAL PROCEDURES
Reagents

Heme, protease inhibitor, glutathione, imidazole and diclofenac were purchased from Sigma;
nimesulide and (S)-flurbiprofen were from Cayman; arachidonic acid was from NuChek Preps;
diethyldithiocarbamate and phenol were from Fisher; Tween 20 was from Anatrace; and Ni-

Wu et al. Page 2

Biochemistry. Author manuscript; available in PMC 2010 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NTA agarose was from Qiagen. The EtOOH solution was a gift from Dr. G. Barney Ellison,
University of Colorado; the concentrations of working stocks were determined from the
absorbance at 230 nm (43 mM-1cm-1).

Expression and purification of hPGHS-2
cDNA coding for human PGHS-2 with a hexa-histidine tag at the mature N-terminus was
constructed essentially as described by Smith et al. (21) and used to generate recombinant
baculovirus for expression of the protein in Sf9 cells following published procedures (22).
Purification procedures were carried out at 0-4 °C. The Sf9 cell pellets were suspended in 25
mM NaPi / 20 mM imidazole / 5 mM EDTA / 5 mM diethyldithiocarbamate / 1 mM phenol,
pH 7.4 containing protease inhibitor cocktail (Sigma #P2714) at 0.2 g cells / ml and
homogenized by sonication. The membrane fraction was collected by centrifugation at 150,000
× g for 1 hr and resuspended in 25 mM NaPi / 100 mM NaCl / 20 mM imidazole / 0.1 mM
phenol, pH 7.4 (4 ml / g cells) using a Dounce homogenizer. The hPGHS-2 was solubilized
by addition of 0.2 vol of 10% Tween 20 and stirring for 90 min before residual membrane
materials were removed by centrifugation at 150,000 × g for 1 hr. The detergent extract was
mixed with Ni-NTA agarose (0.33 ml / g cells) and mixed by gentle inversion overnight. The
mixture was poured into a chromatography column and unbound material drained out before
the affinity resin was washed with six vol of 25 mM NaPi / 200 mM NaCl / 20 mM imidazole /
0.1 mM phenol / 0.1 mM glutathione / 0.1% Tween 20, pH 7.4 and then with four vol of 25
mM NaPi / 100 mM NaCl / 20 mM imidazole / 0.1 mM phenol / 0.1 mM glutathione / 0.1%
Tween 20, pH 7.4. Specifically bound material was eluted with repeated, 1.0 ml aliquots of 25
mM NaPi / 100 mM NaCl / 200 mM imidazole / 0.1 mM phenol / 0.1 mM glutathione / 0.1%
Tween 20, pH 7.4. The active fractions were pooled and concentrated to 2.0 ml by
ultrafiltrattion on a PM-30 membrane (Millipore) before gel filtration on a 10DG column
(BioRad) equilibrated and eluted with 50 mM KPi, pH 7.2, containing 100 mM NaCl, 0.1%
Tween 20 and 0.01% NaN3. The active fractions were pooled, mixed with 0.25 vol of glycerol,
and stored at -70 °C.

Enzyme assay
Cyclooxygenase activity was assayed with a Clark-type polarographic oxygen electrode at 30
°C in 3.0 ml of 100 mM KPi, pH 7.2, containing 1.0 mM phenol, 100 μM arachidonate, 1.0
μM heme and 0.1% Tween-20; one unit of activity gives a velocity of 1 nmol O2 / min (22).
The cyclooxygenase specific activity of purified hPGHS-2 used in these studies was 29 kunits/
mg.

Tyrosyl radical kinetics
The preformed mixture of Tyr385 and Tyr504 radicals was generated by adding 5 μl of 1.14
mM EtOOH solution to 250 μl of 11 μM PGHS-2 holoenzyme in a quartz EPR tube at 0 °C,
and mixing for 6-8 s with a prechilled nichrome wire loop. Where desired, cyclooxygenase
inhibitor was added next, in a few microliters of ethanol, and mixing was continued for a further
6-8 s, still at 0 °C. Each initial sample produced in this fashion was then quickly frozen in a
dry ice/ethanol bath before storage in liquid nitrogen until EPR analysis. Reaction time courses
were generated by putting the initial samples through repeated cycles of warming and
refreezing. For each cycle, the sample was transferred from liquid nitrogen to the dry ice/
ethanol bath for 1-2 min, then moved to the ice bath for the desired length of time, then refrozen
in the dry ice/ethanol bath, and finally chilled in liquid nitrogen for EPR analysis.

EPR spectrometry
EPR spectra were recorded with a Bruker EMX spectrometer at 9.2-9.3 GHz with a modulation
amplitude of 2.0 G, a modulation frequency of 100 kHz, a time constant of 328 ms, a microwave

Wu et al. Page 3

Biochemistry. Author manuscript; available in PMC 2010 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



power of 1.0 mW, and a temperature of 118-125 K. Radical concentrations were determined
by double integration of the EPR signals with reference to a 1 mM copper sulfate standard
(23).

RESULTS
Tyrosyl radicals in PGHS-2 pretreated with cyclooxygenase inhibitors

As noted above, pretreatment of PGHS-2 with nimesulide before reaction with peroxide is
known to favor accumulation of radical at Tyr504 relative to Tyr385 (3,8). Based on prior
experience with PGHS-1 (24), it was anticipated that other COX inhibitors might not affect
the distribution of radical, and would thus be useful as negative controls for the planned
experiments where inhibitor is added to PGHS-2 with preformed tyrosyl radicals. To identify
appropriate compounds, several COX inhibitors were tested for their effects on the tyrosyl
radical EPR when added to PGHS-2 before reaction with a large excess of peroxide (Fig. 1).
A wide singlet EPR signal (WS), 29 G peak-trough, was observed in control hPGHS-2. As
expected (8), pretreatment of PGHS-2 with nimesulide resulted in a much narrower peroxide-
induced singlet, 25 G peak to trough, which originates from enrichment in the Tyr504 radical
(3). The results for the other inhibitors tested fell into two groups (Fig. 1). Pretreatment with
diclofenac, flufenamate, meclofenamate, and niflumate resulted in singlet EPR signals that
were narrower than the WS in the control. On the other hand, pretreatment with indomethacin
or flurbiprofen did not noticeably narrow the peroxide-induced radical signal. Thus,
preincubation with diclofenac, flufenamate, meclofenamate, and niflumate increased the
proportion of Tyr504 radical relative to Tyr385 radical upon subsequent reaction with peroxide,
whereas preincubation with indomethacin or flurbiprofen did not alter the proportions of the
two tyrosyl radicals.

COX activity in hPGHS-2 treated with inhibitors—The compounds tested in the
experiments in Fig. 1 were all expected to be time dependent inhibitors, with rapid initial
binding (E + I <=> EI) and subsequent slower conversion to a tighter complex (EI <=> EI’)
(25,26). One possible explanation for the observed lack of effect of indomethacin or
flurbiprofen on the tyrosyl radical EPR after subsequent peroxide addition (Fig. 1) is that these
compounds bind poorly to PGHS-2 or undergo the EI => EI’ transition slowly under the low-
temperature incubation conditions. To examine this possibility, the cyclooxygenase assay was
used to screen for incomplete binding of inhibitors under the conditions used for the
experiments in Fig. 1. Small aliquots of hPGHS-2 were incubated on ice with the inhibitors
and two aliquots were taken for COX assay, one relatively early (16-59 min) in the incubation
and one later (159-192 min) (Table 1). The control COX activity was not significantly affected
by extended incubation on ice. Nimesulide, diclofenac, flufenamate, niflumate, and
flurbiprofen showed similar degrees of COX inhibition at the early and later time points,
indicating that these compounds bound to PGHS-2 and established an equilibrium between the
EI and EI’ complexes by the time of the initial assay. The residual COX activity observed with
these compounds ranged from 0-62%, indicating that there were large differences between the
compounds in the position of the EI <=> EI’ equilibrium. Two compounds, meclofenamate
and indomethacin, showed an increase in inhibition between the early and later time points,
indicating that EI and EI’ were not in equilibrium by the time of the first assay.

Effects of inhibitors on EPR linewidth of preformed tyrosyl radicals in PGHS-2
Nimesulide, diclofenac, and flurbiprofen exhibited stable levels of COX inhibition (Table 1),
confirming that each bound to the protein and established stable proportions of EI and EI’
reasonably quickly. Nimesulide and diclofenac pretreatment led to altered radical distribution
in the screening above (indicated by narrowing of the EPR signal in Fig. 1), whereas
pretreatment with flurbiprofen did not, thus providing positive and negative effects for
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comparison. Accordingly, these three compounds were selected to probe the effects of COX
site ligands on preformed tyrosyl radicals in PGHS-2.

The design of these experiments was to first react PGHS-2 with 2 eq of EtOOH for 6-8 s on
ice to generate the WS EPR signal that reflects a mixture of Tyr385 and Tyr504 radicals, add
20 eq of one of the inhibitors, and then monitor the EPR spectrum over time for changes that
might reflect alteration in the relative proportions or stability of the Tyr385 and Tyr504 radicals.
The level of peroxide used was equimolar with the sum of the concentrations of hPGHS-2
heme and phenol in the reaction, minimizing multiple turnovers while generating a usable level
of tyrosyl radicals. The 20-fold molar excess of inhibitor was chosen to favor rapid binding
and equilibration.

In control PGHS-2, reaction with peroxide produced a WS that was 29 G peak-to-trough, with
a small central inflection (Fig. 2A), essentially the same as the signal observed with higher
levels of peroxide (Fig. 1). The signal intensity declined with further incubation on ice, but the
overall line width did not change significantly, averaging 28.6 G (Table 2). Addition of 20 eq
of nimesulide to hPGHS-2 after reaction with 2 eq of peroxide produced a slightly narrower
singlet with a less pronounced central feature (Fig. 2B). Further incubation on ice did not
change the peak-to-trough width, which averaged 27.3 G and was significantly less than the
control (Table 2); the radical intensity was remarkably stable. Addition of flurbiprofen after
the peroxide resulted in a signal that slowly decreased in intensity with time but maintained a
peak-to-trough width indistinguishable from the control value (Fig. 2C and Table 2). Addition
of diclofenac after reaction with peroxide produced an EPR signal whose intensity decayed
but whose overall line width remained constant, averaging 28.3 G, which is not significantly
different from the control value (Fig. 2D and Table 2). Regarding linewidth changes, the most
striking observation is that only nimesulide produced some narrowing of the tyrosyl radical
EPR signal when added after radical formation by peroxide, and the narrowing was distinctly
less than that seen when the ligands were added before the peroxide (Table 2). This result
indicates that nimesulide, but not diclofenac or flurbiprofen, partially redistributed preformed
radical from Tyr385 to Tyr504. The binding of nimesulide, flurbiprofen or diclofenac to
PGHS-2 before reaction with 2 eq of EtOOH decreased the accumulation of tyrosyl radical to
just 12-29% of the control value (Table 2).

Effects of inhibitors on stability of preformed tyrosyl radicals in PGHS-2
The decay kinetics of the mixtures of Tyr385 and Tyr504 radicals in the four samples in Fig.
2, along with a duplicate set of samples and some additional controls, are presented in more
detail in Fig. 3. The tyrosyl radicals’ intensity in the control samples declined with first order
kinetics, with a t1/2 value of 4.1 min. Addition of nimesulide after reaction with peroxide slowed
the radicals’ decay rate by a factor of 170, increasing the t1/2 value to some 11 hr. Addition of
flurbiprofen after peroxide slowed the decay by a factor of 12, giving a t1/2 of 48 min. In
contrast, addition of diclofenac after peroxide increased the decay rate 5-fold, giving a t1/2
value of just 48 s. Thus, all three cyclooxygenase inhibitors altered the lifetime of preformed
tyrosyl radicals in PGHS-2, with two of them strongly stabilizing and one destabilizing. It is
important to note that the overall linewidths of the EPR signals did not change over time after
addition of the inhibitors, indicating that the stabilizing/destabilizing effects of the inhibitors
did not discriminate between the Tyr385 and Tyr504 radicals or that oxidizing equivalent
rapidly equilibrates between the two tyrosines.

The PGHS-2 stocks contained equimolar levels of phenol, added to prevent inactivation during
reconstitution of the holoenzyme. The susceptibility of the PGHS-2 tyrosyl radicals to higher
levels of reducing cosubstrate was tested by addition of more phenol. In the control hPGHS-2
samples, addition of 100 μM (9 eq) phenol a few seconds after hPGHS-2 was reacted with
peroxide in the absence of inhibitor accelerated the decay of the radical by some 5-fold (t1/2 =
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52 s) (Fig. 3). In contrast, addition of 100 μM phenol to one nimesulide-treated sample after
38 min of incubation on ice did not change the radical decay rate (Fig. 3). Addition of a much
higher level of phenol (1.0 mM, 90 eq) to the other nimesulide-treated sample after 7.7 min of
incubation on ice also had essentially no effect on the radical decay rate (Fig. 3). This higher
concentration of phenol is 4.5-fold that of the nimesulide, which rules out a direct chemical
action of nimesulide on phenol. Comparison of the radical decay rates in the presence of 100
μM phenol for control (~10-2 s-1) and nimesulide-treated (~10-5 s-1) PGHS-2 indicates that the
binding of nimesulide to PGHS-2 after reaction with peroxide stabilizes the tyrosyl radicals
by three orders of magnitude when a modest level of cosubstrate is present. This COX site
ligand thus renders the both PGHS-2 tyrosyl radicals essentially unreactive with phenol.

Two samples of PGHS-2 were reacted with 20 eq of nimesulide for 7 s before reaction with 2
eq of EtOOH for another 7 s. The singlet radical signal formed in both cases was of very low
intensity (indicated by an asterisk in Fig. 3B) and had a peak-to-trough width of 26 G (not
shown). The low initial radical intensity precluded analysis of the decay kinetics.

Inhibitor stoichiometry and stabilization of preformed tyrosyl radical
The stability of the EtOOH-induced tyrosyl radical EPR signal was also examined at lower
levels of nimesulide. This experiment was performed under the same conditions used for the
experiments in Fig. 3, except that the concentration of nimesulide was varied to give inhibitor/
PGHS-2 molar ratios ranging from 0.5 to 10. The results are shown in Fig. 4. When 0.5 eq of
nimesulide was added after reaction with peroxide, the decay of the radical followed that of
the control for the first 240 s, but then slowed to reach a stable plateau level. Addition of 1.0
eq of inhibitor after the peroxide decreased the amplitude of the decay phase, roughly doubling
the plateau level of stable radical. With 2.0 eq of nimesulide, the decay amplitude was further
decreased and the plateau level increased. There was little or no decay phase observed in the
samples with 5-10 eq of inhibitor, and progressively higher plateau levels of stable radical were
seen. Thus, large increments in the level of stabilized radical are evident for the samples with
nimesulide/PGHS ratios of 0.5, 1.0 or 2.0; smaller increments are seen for the higher inhibitor
stoichiometries. Each PGHS-2 monomer has one high-affinity binding site for inhibitors such
as nimesulide, located in the COX channel (7). The observation of tyrosyl radical stabilization
even at a substoichiometric level of nimesulide links the radical stabilizing action of the
inhibitor to its binding in the COX channel rather than elsewhere on the protein. The radical
stabilization appeared to be complete during the mixing and initial reaction at higher nimesulide
ratios but required further incubation on ice for the lower nimesulide ratios. This is consistent
with stabilization occurring upon nimesulide binding, with the rate of binding increasing with
inhibitor level.

Heme redox state in PGHS-2 incubated with inhibitor after reaction with peroxide
Optical spectroscopy was used to look for changes in heme redox state over the first 10 min
of tyrosyl radical stabilization by flurbiprofen. Flurbiprofen was used instead of nimesulide to
avoid complications from the visible absorbance of the latter. PGHS-2 (11 μM in 0.1 M KPi,
pH 7.2, containing 5% glycerol and 0.1% Tween 20) was equilibrated at 2-3 °C in a cuvette
positioned in the diode array spectrophotometer. Absorbance spectra (250-700 nm) were
acquired every 1 s before and after addition of 2 eq of EtOOH followed 6 s later by 20 eq of
flurbiprofen. The manual mixing process was complete in a few seconds in both of the duplicate
experiments. No obvious spectral shifts were observed during 600 s of either reaction (not
shown). Detailed examination of the kinetic traces for A410 (absorbance peak for ferric PGHS-2
heme) did not show any changes once mixing was complete; the A424 kinetic traces similarly
showed no evidence for formation or decay of ferryl PGHS-2 heme content. These results
indicate that the peroxide-driven redox changes in the PGHS-2 heme were rapid and completed
in the dead time of these manually mixed reactions, as expected from earlier results (27). Taken
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with the results in Fig. 3, it is evident that the flurbiprofen-treated PGHS-2 with stabilized
tyrosyl radical has heme in the ferric state, and that the slow decay of the tyrosyl radical is not
accompanied by significant accumulation of heme in other oxidation states. In other words,
redox changes at the heme appear to be decoupled from redox changes at Tyr385 and Tyr504
after formation of the radicals.

DISCUSSION
Effects of NSAID binding on subsequent tyrosyl radical formation

A major goal of the present study was to characterize the effects of COX inhibitors on the
distribution and stability of preformed tyrosyl radicals in PGHS-2. Early studies with PGHS-1
and -2 found that binding of some inhibitors narrowed the tyrosyl radical EPR signals produced
upon subsequent reaction with peroxide, and decreased the intensity of the signals (12,24).
Mutagenic experiments later revealed that the peroxide-induced EPR signals are mixtures of
a WD from a Tyr385 radical and a NS from a Tyr504 radical, and that the narrowing of the
overall EPR signal reflects decreased accumulation of Tyr385 radical relative to Tyr504 radical
(3,4). Many COX inhibitors are substrate analogs whose binding site is adjacent to Tyr385 and
some distance from Tyr504 (28), so the altered distribution of radical between the two tyrosines
is likely due to slower formation or faster dissipation of the Tyr385 radical. The absence of a
transient WD signal in rapid quench EPR experiments with PGHS-1 preincubated with
indomethacin or PGHS-2 preincubated with nimesulide (8) suggests that the inhibitors block
formation of the Tyr385 radical, though a very rapid dissipative action on the radical cannot
be excluded.

COX inhibitors vary considerably in their ability to affect the distribution of radical in PGHS-1
and -2 when bound before reaction with peroxide. For example, preincubation with flurbiprofen
or aspirin led to altered radical distribution in PGHS-1, whereas meclofenamate and
flufenamate had no effect on radical distribution (24); this pattern is reversed for PGHS-2,
where both fenamates altered radical distribution but flurbiprofen and aspirin did not (Fig. 1)
(12). This variation presumably reflects the ability of particular combinations of inhibitor and
PGHS isoform to perturb the local structure near Tyr385.

Most previous studies of tyrosyl radical in PGHS-2 pretreated with COX inhibitor have used
large excesses of peroxide (10-fold or more), conditions that sustain multiple turnovers and
make it difficult to accurately assess radical dissipation kinetics. However, in one study using
5-fold peroxide (12), control and nimesulide-pretreated PGHS-2 had half-lives of ~50 and ~30,
respectively. This indicates that pretreatment with nimesulide destabilized the subsequent
PGHS-2 tyrosyl radical, consistent with the very low radical intensity at the initial time point
in the present experiments using 2-fold peroxide (Table 2), and emphasizing the very different
actions of nimesulide when added before and after formation of radical.

Effects of tyrosyl radical formation on PGHS-2 interaction with COX inhibitors
The observation that the effects of competitive inhibitor on the PGHS-2 tyrosyl radicals are
very different when the inhibitor binds after the radicals are formed is one of the major surprises
in the present study. These differences were manifested both in the distribution of radical
between Tyr385 and Tyr504 and the stability of the radicals, and one or both aspects were
evident with each of the three inhibitors examined in detail (Figs. 2-5 and Table 2). The clear
implication is that the interaction between PGHS-2 and COX inhibitor is fundamentally
different when tyrosyl radical is already formed. As the inhibitor structure is unchanged, the
presence of tyrosyl radical must alter the structure of PGHS-2 residues that interact, directly
or indirectly, with the inhibitor. This alteration of COX channel structure upon radical
formation at Tyr385 is depicted as a doming of the COX pocket in Scheme 2. The molecular
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nature of this structural change remains to be established, but it could plausibly involve
modification of the hydrogen bonding between Tyr385 and Tyr348 that is implied by
crystallographic and mutagenic results (7,29,30).

The dichotomy between the effects of nimesulide when added before and after tyrosyl radical
formation may have implications for interactions of PGHS-1 and -2 with fatty acid substrates.
In anaerobic experiments, adding arachidonate to PGHS-1 before reaction with peroxide
produced a very different EPR spectrum from that seen when the enzyme was reacted with a
mixture of peroxide and arachidonate (Tsai, unpublished; note that this experiment focused on
EPR lineshape rather than radical stability). Reaction of PGHS-1 with peroxide is very rapid
(31,32), so adding a mixture of arachidonate and peroxide approximates a reaction with
peroxide before addition of fatty acid. The result thus suggests that arachidonate may bind
differently to PGHS that has tyrosyl radical present.

Effects of COX inhibitor binding on stability of preformed tyrosyl radicals
The most striking finding of the present studies is that COX inhibitor binding can markedly
change the stability of preformed tyrosyl radicals. Previous in vitro studies generally have
found the PGHS tyrosyl radicals to be quite transient (10,12,13,23,33), in contrast with the
much more stable tyrosyl radicals observed in ribonucleotide reductase (34). The decay of the
PGHS tyrosyl radicals is due to direct or indirect redox reactions of the radicals with reductants,
as accumulation of substrate-induced tyrosyl radical in microsomal and purified PGHS-1 and
-2 has been found to be attenuated or dissipated by relatively low levels of exogenous reductant
(11,13,35,36). Some small molecules known to act as PGHS peroxidase reductants, such as
ascorbate, lipoate, urate, NADH and NADPH, are ubiquitous cellular components and
represent potential quenchers of PGHS tyrosyl radicals in vivo (37-39).

The marked sensitivity of PGHS tyrosyl radicals to quenching by small molecule reductants
in vitro has raised the question of how tyrosyl radical-based COX catalysis can be sustained
in cellular environments where such reductants are abundant. An additional complication is
that low levels of many small molecule reductants that quench the PGHS tyrosyl radicals
actually increase COX catalytic turnover of the purified enzymes (14,15,40,41). This
paradoxical contrast between the effects of reductants on PGHS tyrosyl radicals and on COX
catalysis contributed to some early skepticism regarding the validity of the tyrosyl radical
mechanism (13). A satisfactory resolution to the paradox has not been forthcoming even though
the preponderance of accumulated evidence now strongly supports the tyrosyl radical
mechanism (2). The present finding that some COX site ligands increase the tyrosyl radical
lifetime by two orders of magnitude (Table 2) demonstrates that tyrosyl radicals actually can
be remarkably stable when particular ligands bind in the COX channel, even in the presence
of small molecule reductants. This stabilization is depicted in Scheme 2 by having the k8 step
much slower than the k2 and k5 steps. We suspect that binding of fatty acid in the COX site
stabilizes the tyrosyl radicals towards small molecule reductants in the same fashion observed
with nimesulide and flurbiprofen. It is worth noting that differences in fatty acid structure may
impact the degree of tyrosyl radical stabilization, just as observed for differences in inhibitor
structure (Fig. 3,Table 2). Differences in tyrosyl radical stabilization might help explain the
wide variation in COX activation efficiency among substrate fatty acids (42).

COX inhibitors and tyrosyl radical dynamics
A working structural interpretation of PGHS-2 tyrosyl radical dynamics is depicted in Scheme
2, using nimesulide as the example. Reaction of peroxide with resting enzyme (E) in the k1
step produces radical either at Tyr385 (EY385*; WD) or Tyr504 (EY504*; NS). The Tyr385
radical accumulates faster than the Tyr504 radical, resulting in a transition in the EPR spectrum
over time from a signal dominated by the WD component to a WS signal with comparable
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contributions from WD and NS (8). Subsequent reaction with endogenous or exogenous
reductant (AH in the k2 step) dissipates tyrosyl radical and returns the enzyme to resting state.
The WS lineshape does not change appreciably as the EPR signal intensity declines (9,12),
indicating that the proportions of the two radicals hold steady during the dissipation process.
This behavior suggests that the equilibration of radical between Tyr385 and Tyr504 (depicted
in Scheme 2) is faster than dissipation of radical, presumably by reaction of reductant with
Tyr385 radical. Equilibration between Tyr385 and Tyr504 radicals is consistent with earlier
electron transfer pathway calculations (3), which predicted that the coupling of Tyr504 with
Tyr385 is five-fold greater than coupling of Tyr504 with the heme. It’s important to note that
such interconversion of the two radicals would be required for the Tyr504 radical to function
as a radical reservoir, furnishing oxidizing equivalents for formation of the catalytic Tyr385
radical.

Mechanisms for alteration of tyrosyl radical stability
The basic elements of tyrosyl radical formation in PGHS-1 and -2 are well studied (1,2), but
the process of dissipation of the Tyr385 and Tyr504 radicals has not been characterized in
detail for either PGHS isoform. The ability of nimesulide and flurbiprofen to interfere with
radical dissipation makes them useful tools for elucidating the process. The degree of radical
stabilization is very large, especially for nimesulide, where the half-life increases by 170-fold,
and addition of even millimolar phenol after nimesulide does not appreciably accelerate radical
decay (Fig. 3 and Table 2). Radical stabilization can be seen even at low inhibitor
stoichiometries (Fig. 4), consistent with specific binding at the COX site. Taken together, these
results indicate that nimesulide or flurbiprofen binding at the COX site effectively blocks all
routes for electron transfer from small molecule reductants in the medium to either Tyr385 or
Tyr504.

Time dependent COX inhibitors are thought to trigger a non-covalent protein conformational
change (26,43). Scheme 2 depicts this conformational change as an overall tilting limited to
the COX channel, although structural effects of inhibitor binding far from the COX pocket
have been demonstrated in PGHS-1 (43). Nimesulide, flurbiprofen and diclofenac are all time-
dependent inhibitors of COX-2 (44-46) and thus all might be expected to trigger a generally
similar conformational shift. However, diclofenac’s effect on tyrosyl radical stability is
opposite to that of the other two inhibitors (Fig. 3 and Table 2). This argues against attributing
the modulation of tyrosyl radical stability to a general inhibitor-triggered protein
conformational change, pointing instead to more localized differences in the interactions
between individual inhibitors and key COX channel residues.

COX inhibitors are known to bind near the top of the COX channel (28), providing plausible
opportunities for altering interactions with the nearby Tyr385. It is noteworthy that
crystallographic models of PGHS-2 show that the binding orientation of diclofenac is inverted
compared to that of flurbiprofen (7,47), as illustrated in Fig. 5. The carboxyl group of diclofenac
is within three angstroms of the Tyr385 hydroxyl. Such an arrangement places a strong charge
next to a Tyr385 radical and could explain the decreased radical lifetime observed after
diclofenac addition (Fig. 3). On the other hand, the carboxyl of flurbiprofen is positioned near
Arg120 in the crystal structure, with the hydrophobic phenyl ring of the inhibitor near the
Tyr385 hydroxyl group. This arrangement could explain the radical stabilization observed upon
flurbiprofen addition (Fig. 3). Unfortunately, crystallographic data on the binding orientation
of nimesulide or a close structural analog are not available. Nimesulide does have a phenyl
group (Scheme 2) that could plausibly stabilize a Tyr385 radical if positioned similarly to the
phenyl group of flurbiprofen in Fig. 5. It remains to be seen if the difference in binding
orientation in ground state inhibitor complexes of diclofenac and flurbiprofen is relevant to the
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differences in tyrosyl radical stability when these compounds bind to PGHS-2 with preformed
radical.

In addition to the mechanistic implications discussed above, the results of the present study
may have some bearing on COX pharmacology. The wide variation between COX inhibitors
in tyrosyl radical stabilization may be a factor in the potency of these agents as COX inhibitors.
Specifically, inhibitors that destabilize the tyrosyl radicals, thus necessitating reactivation by
peroxide, would have an additional mode of COX inhibition. Screening for effects on tyrosyl
radical stability in PGHS-1 and -2 may be useful in identifying improved COX inhibitors.

Conclusions
The present finding that the tyrosyl radicals in PGHS-2 can be dramatically stabilized is a major
conceptual break from the previous picture of the PGHS radicals as transient species,
vulnerable to interception by small molecule reductants. The ability of some competitive COX
inhibitors to render the tyrosyl radicals unreactive towards reductants provides a novel
mechanism for regulation of PGHS activity by physiological COX site ligands in cellular
environments where reductants are abundant. The modulation of tyrosyl radical dynamics by
COX inhibitors may also have practical applications for functional screening of improved
inhibitors and for spectroscopic characterization of PGHS-1 and -2 tyrosyl radicals.
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Figure 1.
Effects of cyclooxygenase inhibitors on tyrosyl radical EPR spectrum when added to PGHS-2
before reaction with peroxide. Aliquots of hPGHS-2 holoenzyme (11 μM in 0.1 M KPi, pH
7.2 containing 11 μM phenol, 5% glycerol and 0.1% Tween 20) were incubated with 1.5 eq of
the indicated inhibitor on ice for at least 30 min before reaction with 10 eq of EtOOH for 6-8
s. The mixtures were frozen in a dry ice/ethanol bath and their EPR spectra were acquired at
120 K. The EPR signals were normalized to give the same amplitude for all samples. The peak-
trough widths indicated in parentheses were determined from the zero-crossings of the first
derivative of the EPR signals.
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Figure 2.
Effects of COX inhibitors on EPR spectra of preformed tyrosyl radicals in PGHS-2. The
holoenzyme (11 μM) was reacted at 0 °C with 2 eq of EtOOH for 6-8 s before addition of 20
eq of inhibitor and 6-7 s of further reaction before freezing and recording the initial EPR
spectrum (0s). The control sample was frozen after reaction with peroxide, without addition
of inhibitor. The subsequent spectra were recorded after warming the samples in an ice bath
for the indicated cumulative lengths of time and refreezing. The arrows indicate the direction
of amplitude change with time.
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Figure 3.
Effects of COX inhibitors and reducing cosubstrate on PGHS-2 tyrosyl radical decay kinetics.
Panel A: Peak-to-trough amplitudes of the g = 2 EPR signals from samples from the experiment
in Fig. 2 are plotted as a function of the cumulative length of incubation at 0 °C after acquisition
of the initial spectrum. Quantitation of radical intensity by double integration of the initial
control samples indicated that an amplitude of 7500 arbitrary units corresponded to ~ 0.15
spins/heme. Two samples were run for each inhibitor. Extra phenol was added to the nimesulide
and flurbiprofen samples at the times indicated by arrows. The time scale is expanded in panel
B to show details from early time points. The asterisk indicates the data points from the two
PGHS-2 samples reacted with nimesulide before EtOOH.
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Figure 4.
Effect of nimesulide stoichiometry on stabilization of preformed PGHS-2 tyrosyl radical.
PGHS-2 was reacted with 2 eq of EtOOH for 6-8 s at 0 °C before reaction with nimesulide at
the indicated inhibitor/PGHS-2 molar ratios for a further 6-8 s before freezing for the initial
EPR analysis. Additional spectra were recorded after the indicated lengths of extra incubation
at 0 °C and refreezing. EPR signal amplitudes were measured as described in the legend to Fig.
3.
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Figure 5.
Comparison of the orientations of diclofenac and flurbiprofen in crystallographic data for
complexes of the inhibitors with murine PGHS-2 (PDB codes 1PXX and 3PGH, respectively)
(7,47).
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Scheme 1.
Hypothetical interconversions of PGHS-2 (E) in reactions with peroxide (ROOH), reducing
compounds (AH) and COX inhibitors (I). The radical at Tyr385 (wide doublet EPR signal;
WD) and Tyr504 (narrow singlet EPR signal; NS) are shown as Y385* and Y504*,
respectively. The WD and NS signals combine to give a wide singlet (WS) EPR spectrum.
Steps 6 and 7 represent the expected and observed outcomes, respectively, when COX inhibitor
interacts with PGHS-2 containing preformed tyrosyl radicals.
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Scheme 2.
Structural interpretation of interconversions of PGHS-2 subunit (E) reacted with peroxide
(ROOH) before nimesulide (k1 and k7 steps at top), or with nimesulide before peroxide (k3
and k4 steps at bottom). The POX site is indicated by the heme icon and Tyr385 is adjacent to
the COX site. Formation of the Tyr385 radical is depicted as altering the nearby structure in
the COX site. The time-dependent protein conformational change proposed to follow
nimesulide binding (26) is depicted as a tilting of the COX site. The labeling of enzyme
intermediates and reaction steps follows Scheme 1.
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