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ABSTRACT. Hydroperoxides induce formation of a tyrosyl radical on Tyr385 in prostaglandin H synthase
(PGHS). The Tyr385 radical initiates hydrogen abstraction from arachidonic acid, thereby mechanistically
connecting the peroxidase and cyclooxygenase activities. In both PGHS isoforms the tyrosyl radical
undergoes a time-dependent transition from a wide doublet to a wide singlet species; pretreatment with
cyclooxygenase inhibitors results in a third type of signal, a narrow singlet [Tsai, A.-L.; Kulmacz, R. J.
(2000)Prost. Lipid Med. 62231—-254]. These transitions have been interpreted as resulting from Tyr385
ring rotation, but could also be due to radical migration from Tyr385 to another tyrosine residue.
PATHWAYS analysis of PGHS crystal structures identified four tyrosine residues with favorable predicted
electronic coupling: residues 148, 348, 404, and 504 (ovine PGHS-1 numbering). We expressed
recombinant PGHS-2 proteins containing single FyiPhe mutations at the target residues, a quadruple
mutant with all four tyrosines mutated, and a quintuple mutant, which also contains a Y385F mutation.
All mutants bind heme and display appreciable peroxidase activity, and with the exception of the quintuple
mutant, all retain cyclooxygenase activity, indicating that neither of the active sites is significantly perturbed.
Reaction of the Y148F, Y348F, and Y404F mutants with EtOOH generates a wide singlet EPR signal
similar to that of native PGHS-2. However, reaction of the Y504F and the quadruple mutants with peroxide
yields persistent wide doublets, and the quintuple mutant is EPR silent. Nimesulide pretreatment of Y504F
and the quadruple mutant results in an abnormally small amount of wide doublet signal, with no narrow
singlet being formed. Therefore, the formation of an alternative tyrosine radical on Tyr504 probably accounts
for the transition from a wide doublet to a wide singlet in native PGHS-2 and for formation of a narrow
singlet in complexes of PGHS-2 with cyclooxygenase inhibitors.

The two isoforms of prostaglandin H synthase (PGHS), represents the junction of the two activities, as it is capable
PGHS-1 and PGHS-2, catalyze the first committed steps in of abstracting th@ro-Shydrogen from C13 of AA to initiate
prostanoid biosynthesis, the conversion of arachidonic acid cyclooxygenase catalysi§)( The crystal structure of AA
(AA) to prostaglandin G via the cyclooxygenase activity bound to CoPPIX-substituted ovine PGHS-1 shows that
and subsequent reduction of prostaglandirtdrostaglan- ~ Tyr385 is located between the metalloporphyrin and the
din H; through a classic peroxidase mechanidm3). The  bound substrate, with the Tyr385 phenoxyl oxygen positioned
cyclooxygenase and peroxidase activities are mechanisticallyclose to C13 of AA 7).

ﬁognected. .-ghe ;es;ctlng, ferric forrr:chJf thle erym(Z r_ez:cts W(';.h Extensive EPR studies on both PGHS-1 and -2 have shown
ydroperoxides to form compound | (also termed intermedi- that the tyrosyl radical signal is not static; rather it undergoes

ate Y containing afgrryl 0xo0 porphyrln radical catioh .5)' several transitions based on reaction time, cyclooxygenase
This highly oxidized intermediate then undergoes an internal . _; .. - : T ;
inhibitor binding, and self-inactivation8J. Upon reaction

electron transfer, oxidizing Tyr385. This tyrosyl radical with hydroperoxides, both isoforms initially display a wide
doublet (WD) signal that converts to a wide singlet (WS)
T This work was supported by United States Public Health Service \ithin 50 s for PGHS-1 (WS1) but within 50 ms for PGHS-2

ggﬁ%ﬁ%g&%%éflgg (Tto) g‘gg_’;’}szno (to R.J.K.) and postdoc- (WS2) ©). A similar transition of tyrosyl radical from WD
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wide doublet tyrosyl radical; WS, wide singlet tyrosyl radical; NS, (NSlaor NS2)13, 14). The NSla signal seen in inhibitor-
narrow singlet tyrosyl radical; EPR, electron paramagnetic resonance; bound PGHS-1 is believed to be distinct from NS1b as NSla
ENDOR, electron nuclear double resonance spectroscopy; HF-EPR, ;i : .
high-field EPR; AA, arachidonic acid; PPHRrans5-phenyl-4- dI.SpIayS more pronounced .hypem.ne fgaturlas a5, .16)’
pentenyl-1-hydroperoxide; TMPIN,N,N',N'-tetramethylp-phenyiene- this suggests that the tyrosine rad|cal_ in NSla resides on a
diamine; RFQ, rapid freeze quench; PPIX, protoporphyrin IX. tyrosine different from Tyr385. The existence of an alterna-
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tive tyrosyl radical site is supported by studies of Y385F and heme (as a group) and between each tyrosine (as a
mutants of both PGHS-1 and -2. Reaction of these point residue) and Tyr385 (as a residue), using crystallographic
mutants with peroxides results in formation of NS spectra, coordinate sets (PDB) for mouse PGHS-2 (5C0OX9) @and
demonstrating that tyrosyl radicals at positions other than ovine PGHS-1 (1DIY) 7).

Tyr385 can be formed1(7, 18). Additional ENDOR and Construction of PGHS-2 Plasmids with Single Tyrosine
high-field EPR experiments with PGHS-1 have led to the pojnt Mutations The QuikChange site-directed mutagenesis
following interpretations: The WD to NS1b transition can it (Stratagene, CA) was used with a template containing
be accounted for by a rotation of the Tyr385 phenyl ring the human PGHS-2 cDNA inserted into the pSG5 plasmid

bearing the unpaired electron, thereby altering the interactions23) and the following primer pairs (base changes are
of the o-carbon hydrogens with the, prbital of C1 (9). underlined):

The WS1 signal can be simulated by arithmetic combinations

of the WD1 and NS1b signals, suggesting that WS1 is not y148F-F 5’-CTCTAACCTCTCCTATTTTACTAGAGCCCTTCC-3'
a distinct species but rather represents a mixture of signals

from two species§, 12, 15). Therefore, the tyrosine radical ~ Y148F-R 5’ -GGAAGGGCTCTAGTARAATAGGAGAGGTTAGAG-3'
in PGHS-1 may both undergo rotation (WBiNS1b) and  y34gr-F 5’ -GTGATTGAAGATTTTGTGCAACACTTGAGTGGC-3/
migration (WD1— NS1a). Although the EPR characteristics a

of the PGHS-2 radicals are less well studied, the WD ¥Y348F-R 5’ -GCCACTCAAGTGTTGCACAARATCTTCAATCAC-3’
WS transition can be accounted for by either rotation of the
aromatic ring of Tyr385 or a combination of WD and NS
radicals as seen in PGHS-1, again suggesting that either ringr3ss-r 5’ -GAAGGGGATGCCAGTGAAAGAGGGTGTTAAATTCAG-3’

rotation alone or both ring rotation and electron migration
might occur ). Y404F-F 5'-CATGACCAGAAATACAACTTTCAACAGTTTATCTAC-3'

Y385-F 5’ -CTGAATTTAACACCCTCTTTCACTGGCATCCCCTTC-3"

The multiple EPR signals observed during the peroxidase y404r-r 5’ -GTAGATAAACTGTTGAAAGTTGTATTTCTGGTCATG-3
reaction cycle of PGHS can complicate data interpretation, a
especially as the signals all have similar field positions and ¥504F-F 5’ -CGATGCTGTGGAGCTGTTTCCTGCCCTTCTGGTAG-3"
power saturation profilesl@, 17). To better understand the
observed EPR transitions, we undertook to determine if the

WD — WS transition in native PGHS-2 and the formation o ) ) )

for by formation of a radical on an alternative tyrosine residue Nto the pVL1393 vector (PharMingen, CA). The integrity
or by ring rotation at Tyr385. Four tyrosines, Tyr148, Tyr348, of thg resultmg tran;fer vector constructs was .ver|f|ed by
Tyr404, and Tyr504 (ovine PGHS-1 numbering), in the restriction enzyme digestion and DNA sequencing.
vicinity of both the heme and Tyr385 were identified as  Construction of PGHS-2 Plasmids with Multiple Site
candidate alternative radical sites and mutated to phenyl-Mutations The QuikChange site-directed mutagenesis kit and
alanine. The results suggest that formation of a second radicathe QuikChange multi-site-directed mutagenesis kit (Strat-
at Tyr504 accounts for both the WB- WS transition in agene, CA) were used for construction of the hPGHS2
native PGHS-2 and the NS formation in both inhibitor-treated quadruple mutant (Y148F/Y348F/Y404F/Y504F) and the

Y504F-R 5’ -CTACCAGAAGGGCAGGAAACAGCTCCACAGCATCG-3'

PGHS-2 and the Y385F mutant. quintuple mutant (Y148F/Y348F/Y385F/Y404F/Y504F). The
5'-phosphorylated primer sequences containing the mutation
EXPERIMENTAL PROCEDURES (base changes are underlined) were

Materials AA was from NuChek Preps (Elysian, MN);  y148F 5’-CTCTAACCTCTCCTATTTTACTAGAGCCCTTCC-3
EtOOH was purchased as a 5% aqueous solution from
Polysciences (Warrington, PA). PPHP and nimesulide were Y348F 5’ -GTGATTGAAGATTTTGTGCAACACTTGAGTGGC-3'
from Cayman Chemical (Ann Arbor, MI), and Tween-20
and n-octyl S-p-glucopyranoside were from Anatrace
(Maumee, OH). All other reagents were obtained from y404F 5’-CATGACCAGAAATACAACTTTCAACAGTTTATCTAC-3
Sigma-Aldrich.

Electron-Transfer Pathways Analysi8alculations were
performed using HARLEM, the PATHWAYS analysis
program, of Beratan and Onuch®(( 21). In this algorithm, Mutagenesis reactions were carried out using equal
the overall coupling efficiency of a given path is the product amounts of the five "sphosphorylated primers, and the
of individual coupling factors for through-covalent-bond, reaction product was used to transforfm coli XL-10
through-hydrogen-bond, and through-space decay along thatompetent cells. One clone containing a double mutation
path. Through-covalent-bond decay, is set to 0.6, and  (Y348F/Y504F) was used as template DNA with the Y148F
through-hydrogen-bond decagy, is 0.6e 1'®28) where and Y404F sense and antisense primers (see above) to
R is the H-atom to H-bond-accepting heavy atom dis- construct the desired quadruple mutant. Another clone
tance. This correction allows for exponential decay across containing a quadruple mutant (Y148F/Y348F/Y385F/
longer hydrogen bonds. Through-space deegygqual to Y504F) was used as template DNA with the Y404F sense
1,(0.6e17R-149) varies exponentially with the distance of and antisense primers (see above) to construct the quintuple
the jump, R. The optimal electron-transfer pathway was mutant. The cDNAs containing the desired quadruple and
determined between each of the 27 tyrosines (as a residuejjuintuple mutations were inserted into the pVL1393 vector,

Y385F 5’ -CTGAATTTAACACCCTCTTTCACTGGCATCCC-3'

Y504F 5’ -GATGCTGTGGAGCTGTTTCCTGCCCTTCTGGTAG-3'
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and the integrity of the resulting transfer vector constructs freezing the sample in an acetone/dsath. For complexes
was confirmed by restriction enzyme digestion and DNA of PGHS-2 with nimesulide, the enzymes were incubated
sequencing. with a 2-fold molar excess of nimesulide at room temperature
Baculairus Generation, and Expression and Purification for 0.5—1 h before reacting with EtOOH. Cyclooxygenase
of Recombinant Protein®rocedures for generation, ampli- activity after nimesulide treatment was20% that of the
fication, and titer determination of recombinant baculovirus untreated activity.
containing cDNA for the desired PGHS-2 proteins have been  RFQ experiments were performed using an Update Instru-
described 24). ments (Madison, WI) System 1000 chemical/freeze quench
For expression of the recombinant proteins, Sf9 cells were apparatus with a model 1019 syringe ram, a model 715 ram
grown in suspension te'1 x 1° cells/mL and infected with  controller, and a 0.008 in. nozzle. The ram velocity was 2.0
the desired recombinant virusatl0 plaque-forming units/  cm/s, and the dead time was-8 ms. An isopentane bath at
cell. Cells were harvested 3 days later and stored&i°C 125-130 K was used to chill the packing assembly before
until purification. Detergent-solubilized preparations of the sample collection and during pressure filtration packif).(
recombinant PGHS-2 proteins were prepar_ed as described gpRr spectra of samples were recorded on a Bruker EMX
elsewhereZ4). For RFQ-EPR experiments with the Y504F  gpectrometer at a modulation amplitude of 2.00 G, modula-
and quadruple mutants, the detergent-solubilized preparationgjgn frequency of 100 kHz, time constant of 327 ms,
were further purified by chromatography on an AcA34 gel mijcrowave power of 1 mW, and temperature of 113 K.
filtration column. Holoenzymes were reconstituted with heme Radical concentrations were determined by double integration
as previously described). of the EPR signals with reference to a copper standhty (

_Protein CharacterizationThe concentrations of recom-  cajculations for RFQ-EPR samples used a packing correction
binant PGHS-2 apoenzymes were determined by dot blottsctor of 0.45.

(24). PGHS-2 holoenzyme concentrations were determined
on the basis of heme content as calculated from the RESULTS
absorbance at 406 nm (165 mMcm™). PGHS-2 mutants _ o
were analyzed by electrophoresis under denaturing conditions Electron-Transfer Analyseslisual examination of crystal-
on 10% polyacrylamide gels and visualized either by lographic data for PGHS-1 and PGHS-2 (PDB codes 1DIY
Coomassie blue staining or by transfer to nitrocellulose @nd 1CQE) located three tyrosine residues (Tyr348, Tyr148,
membranes and subsequent immunoblot processing using th@nd Tyr404) that are withi7 A of theheme and that could
antibody against PGHS-2 and the BioRad Opti-4CN Kkit. be sites for al_ternat|ve tyrosyl radical format_lon. PATH-
Cyclooxygenase Acity. Oxygen uptake was assayed WAYS analysis of mouse PGHS-2 and ovine PGHS-1
polarographically at 36C as described previouslg2%F). One |dent|f|ed an addmlonafl residue, Tyr504, as a candidate for
unit of cyclooxygenase activity has an optimal velocity of 1 Mutational analysis; indeed, Tyr504 showed the second
nmol of O/min. Cyclooxygenasky values were determined  highest predicted electron coupling efficiency (Table 1). The
by measuring the activity with-160 M AA and fitting the positions of the car_\dldgte tyrosines relative to the heme and
values to the MichaelisMenten equation using Kaleidagraph  TYr385 are shown in Figure 1. Tyr148, Tyr348, and Tyr504
software (Synergy Software). Cyclooxygenase self-inactiva- are strictly conserved in mammalian PGHS-1 and PGHS-2,
tion rates were calculated by dividing the optimal velocity Whereas Tyr404 is conservatively substituted with phenyla-
(nmol of G,/min) by the reaction extent at complete self- lanine in some mammalian PGHS—l_and -2 sequences. Table
inactivation (nmol of @ consumed) 6). 1 shows the calcula_ted paths, distances, and predl_cted
Peroxidase Actity. Measurements were performed at electron-transfer coupling factors from each of these tyrosines
room temperature using a Bio-SEQUENTIAL DX-18My 0 Tyr385 an_d to the heme cpfactor. The order of predicted
stopped flow instrument (Applied Photophysics, Leatherhead, coupling efficiency to Tyr385 is Tyr348 Tyr504 > Tyr404
U.K.). Peroxidase activity was measured by monitoring > Tyr148, while that to the heme is Tyr148 Tyr504 >
TMPD oxidation at 611 nm during the reaction of enzyme TYr348 > Tyr404.

with H,O,. One syringe contained 1.6 mM,8,, the other
20 mM TMPD and enzyme in 100 mM TrHHCI, pH 8.5.

Electrophoretic Analysis of Nate and Mutant PGHS-2
Proteins Polyacrylamide gel electrophoresis and subsequent

Specific activity values were calculated using an extinction Visualization by immunoblot of the detergent-solubilized

coefficient for oxidized TMPD of 13.5 mMt cm™2, assum-

fractions revealed a major band at73 kDa for native

ing 2 mol of TMPD oxidized/mol of peroxide reduced, and PGHS-2 and each of the mutants (data not shown). This
were normalized to the amount of recombinant enzyme. Final indicates that all mutants are overexpressed in the baculovirus
values are given in units per microgram of recombinant System as detergent-soluble full-length proteins analogous
protein, where 1 unit is 1 nmol of peroxide reduced/min. to native PGHS-2.
Peroxidas&y values were determined by measuring guai-  Cyclooxygenase Acity. To assess the effects of the
acol oxidation in reactions with-2150u4M PPHP. Guaiacol mutations on cyclooxygenase functional integrity, we de-
oxidation (10 mM final concentration) was monitored at 436 termined the specific activity, thiy for arachidonic acid,
nm (3.33x 10* M~ cm™). Velocity vs substrate concentra- and the inactivation rate for each mutant protein (Table 2).
tion data were fitted to the MichaetidMenten equation using  All mutants except for Y385F and the quintuple mutant have
SigmaPlot 8.0 software (SPSS Inc). cyclooxygenase activity comparable to that of the native
EPR and RFQ-EPR Experimentsitial EPR analysis of  enzyme. The Y348F and the quadruple mutant have specific
tyrosyl radicals generated by the PGHS-2 mutants was doneactivities approximately half that of native PGHS-2, perhaps
by hand-mixing each detergent-solubilized PGHS-2 prepara-due to loss of the Tyr348 hydrogen bond to the Tyr385
tion with 15 equiv of EtOOH on ice for 10 s and then phenoxyl oxygen. All mutants hawg, values within a factor
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Table 1: Predicted Optimal Electron-Transfer Pathways from Selected Tyrosine Residues to Tyr385 and to Heme in Mouse PGHS-2 (PDB
Code 5COX) p2)2

donor/ pathway predicted
acceptor optimal pathway distance (A) coupling
Tyr/Heme
Y385 Y385—= heme 3.1 3.% 1072
Y148 Y148— heme 4.2 5% 10°°
Y504 Y504= H388—— heme 8.4 4.0« 104
Y348 Y348— Y385— heme 6.1 1.5¢ 104
Y404° Y404 — L408= heme 10.0 4.6 1075
Tyr/Tyr385
Y348 Y348— Y385 2.6 7.3x 102
Y504 Y504— H386—— Y385 6.6 2.1x 10°°
Y404° Y404 — L408= Y385 51 3.5x 10
Y148 Y148—— T149— S379— T383— H386—— Y385 9.8 1.4x 1074

a A double arrow {~—) indicates a through-bond coupling; hydrogen bonds and through-space jumps are indicatexhty=, respectively.
b Calculated using coordinates (PDB) for ovine PGHS-1 (1DI®) (

h Vmax and theKy, for peroxide; conversely, a decreased rate
of reaction will decrease the observeg., and Ky values
(29).

Tyrosyl Radical EPR Spectra of Mutant and NatPGHS-
2. Addition of EtOOH to native PGHS-2 and the mutants
results in formation of tyrosyl radicals (Figure 2). As
observed previously, manual mixing of native PGHS-2 with
peroxide produces a wide singleto29 G (peak to trough)
centered af) = 2.004, and the Y385F mutant forms a narrow
singlet of ~21 G line width @8, 29). The radicals formed
by the Y148F, Y348F, and Y404F mutants have EPR spectra
very similar to that of the native enzyme, wide single8—
29 G in width centered a = 2.003-2.004. In contrast, the
FIGURE 1: Mouse PGHS-2 crystallographic structuP®)showing reaction of the Y504F and quadruple mutants with peroxide
the relative positions of residues selected for mutation. Residue results in very different EPR spectra, wide doublets centered
404 is a phenylalanine in mouse PGHS-2 but a tyrosine in the atg = 2.003, with~19 G hyperfine splitting, and*30 G in
human enzyme. width. The tyrosyl radicals of the Y504F and quadruple
of 2 of the native enzyme, indicating minimal disruption of mutants havéy, values of 1.0 mW (data not shown), which
the cyclooxygenase active site structure. Cyclooxygenaseare similar to the previously reported value for native
self-inactivation occurs in both PGHS isoforms, and is PGHS-2 80). The quintuple mutant has virtually no signal
believed to be a radical-driven process. Removal of alternatein the g = 2 region, indicating that treatment with EtOOH
radical sites or electron-transfer paths thus could conceivablydoes not form organic radicals. The intensities of the tyrosyl
alter inactivation rates. Modest increases in inactivation ratesradical signals observed in the present samples {60025,
are seen for Y404F (2.3-fold) and the quadruple mutant (2.3- [spin)/[neme]) are significantly lower than those seen previ-
fold), indicating that only the identity of residue 404 has a ously using purified native PGHS-24). This low yield of
major influence on cyclooxygenase self-inactivation. signal may be due to the phenol included as a stabilizer,

Peroxidase KineticsNative PGHS-2 has a peroxidase although previous studies have shown that the phenol
specific activity of 14.1 unitgdg, similar to those of Y148F,  concentration used (5M) has little effect on tyrosyl radical
Y348F, Y404F, and the quadruple mutant (Table 2). The formation rates or intensitie®) Additional purification of
quintuple mutant has about half of the native peroxidase andthe recombinant PGHS-2 proteins by gel filtration chroma-
cyclooxygenase activities, suggesting that the multiple muta- tography on AcA34 does not significantly alter the intensities
tions have a cumulative effect on the overall enzyme activity. of the tyrosyl radicals (data not shown).
Interestingly, the Y504F and Y385F mutants have about Tyrosyl Radical Kinetics in Y504F and the Quadruple
twice the peroxidase activity of native PGHS-2. These two Mutant. The kinetics of the Y504F and quadruple mutant
mutants, as well as the quadruple mutant, also showtyrosyl radical signals were characterized by RFQ-EPR on
severalfold increases in thi&, value for an organic peroxide, samples purified by gel filtration chromatography. The
PPHP (Table 2). On the other hand, Y148F and Y404F haveresults, shown in Figures 3 and 4, include data obtained with
Km values of 15% and 45% that of the wild type, respec- two separate preparations of each of the mutants. When the
tively. These changes in specific activity aikg for peroxide Y504F mutant is reacted with 15 equiv of EtOOH at room
may be due to changes in the efficiency of reaction with temperature, the wide doublet signal rapidly forms within
cosubstrate. The peroxidase cycle is a bisubstrate sequentiahe 4 ms dead time and plateaus at an intensity-0f11
reaction, so th&y and Vmnax values for one substrate are ([spin]/[heme]) for~750 ms before undergoing a slow decay
proportional to the rate of reaction with the other substrate. in intensity = 0. 1 s'%) (Figure 3). As shown in the bottom
Therefore, a higher cosubstrate concentration, or a faster ratgpanel of Figure 3, the later decrease in intensity is not
constant for reaction with cosubstrate, raises the observedaccompanied by any change in line shape. With the
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Table 2: Cyclooxygenase and Peroxidase Kinetic Parameters of Detergent-Solubilized Native and Mutant PGHS-2 Proteins

cyclooxygenase peroxidase
specific specific
PGHS-2 activity Kwm Kinact activity Kwm
construct (ulug) (uM AA) (min™Y) (u/ug) (uM PPHP)
native 5.8£0.1 2.1+ 0.4 23+0.1 14.1+ 0.3 138+ 42
Y148F 5.8+ 0.3 3.2+ 0.7 3.0£0.0 9.9+ 0.2 20+ 8
Y348F 2.7+ 0.1 3.8+ 0.7 2.7£03 15.0+ 0.6 724+ 22
Y385F not detected 261 0.6 339+165
Y404F 4.7+ 0.1 3.6t 0.4 5.3+ 04 11.1+ 0.3 61+ 30
Y504F 3.9+ 0.0 4.2+ 0.4 22+0.1 34.0£ 0.9 437+ 79
quad 23+0.1 4.3+ 1.0 5.4+ 0.4 10.6+ 0.2 370+ 130
quint! not detected 6.4 0.3 103+ 42

aValues represent averages of at least three assays’ with standard deviation in#izatad. taken from reR4. ¢ Quadruple mutant (Y148F/
Y348F/Y404F/Y504F)¢ Quintuple mutant (Y148F/Y348F/Y385F/Y404F/Y504F).

18
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| | 16 °
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x o o o
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I
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|
|

3260 3280 3300 3320 3340 3360

Magnetic Field (Gauss)

Ficure 2: EPR spectra of tyrosyl radicals formed upon reaction
of native and mutant PGHS-2 with EtOOH. The enzymes in 100
mM KPi, pH 7.2, 50uM phenol, 0.04% octyl glucoside were
reacted on ice with 15 equiv of EtOOH fer10 s. The values in
parentheses represent the radical intensities ([spin]/[hexm&(0;

UD = undetermined.

EPR Amplitude

3260 3280 3300 3320 3340 3360

quadruple mutant, the wide doublet tyrosyl radical forms
more slowly k > 200 s%) (Figure 4) than that of the Y504F Magnetic Field (Gauss)

mutant. This rate difference may reflect the different glycerol Figure 3: Tyrosyl radical kinetics during reaction of the Y504F
concentrations used in the two samples (5% and 10% final mutant with EtOOH. The Y504F mutant (48M heme) in 100
concentration for Y504F and the quadruple mutant, respec-mM KPi, pH 7.2, 50uM phenol, 0.04% octyl glucoside, 10%
tively). The radical intensity for the quadruple mutant glycerol was reacted at room temperature with 15 equiv of EtOOH.

. . Top panel: time course of tyrosyl radical intensities as determined
plateaus at-0.11 ([spin}/[heme]) before decaying, at 0.3;s by gouble integration of the EPR signals. The solid and open circles

again without a change in line shape. These results indicaterepresent data obtained from two different enzyme preparations.
that only one tyrosyl radical species, a wide doublet probably Bottom panel: EPR spectra acquired for representative Y504F
located on Tyr385, forms during reaction of either Y504F reaction samples freeze-trapped at the indicated times.

or the quadruple mutant with peroxide. Mutation of Tyr504

thus prevents the transition from an initial wide doublet to a nimesulide to form the cyclooxygenase inhibitor complex

later wide singlet, as seen in native PGHS9). (This before reaction with EtOOH. The tyrosyl radical spectra
indicates that the transition to wide singlet involves formation obtained are shown in Figure 5. As expected, the inhibitor
of an alternate tyrosyl radical at Tyr504. complex of the native PGHS-2 gives an NS EPR sigr&(

EPR of Nimesulide-Treated PGHS-2 Isoforiaach of the G wide) centered a = 2.003. The signals from the inhibitor
recombinant proteins was incubated with a 2-fold excess of complexes of Y148F, Y348F, Y385F, and Y404F mutants
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3260 3280 3300 3320 3340 3360 Ficure 5: EPR spectra of tyrosyl radicals formed by nimesulide-
Maanetic Field (G treated PGHS-2 proteins upon reaction with EtOOH. Each protein
agnetic Field (Gauss) was dissolved in 100 mM KPi, pH 7.2, 50/ phenol, 0.04% octyl

FicURe 4. Tyrosyl radical kinetics for reaction of the quadruple glucoside, pretreated with 2 equiv of nimesulide until the residual

mutant with EtOOH. The quadruple mutant (3%l heme) in 100 cyclooxygenase activity was20% of the original value, and then

mM KPi, pH 7.2, 50uM phenol, 0.04% octyl glucoside, 20% reacted on ice with 15 equiv of EtOOH fer10 s. The values in

glycerol was reacted at room temperature with 15 equiv of EtOOH. parentheses represent the radical intensities ([spin]/[hex&])0;

Top panel: time course of tyrosyl radical intensities as determined UD = undetermined.

by double integration of the EPR signals. The solid and open circles

represent data obtained from two different enzyme preparations. ; :
Bottom panel: EPR spectra acquired for representative samplesnone of these tyrosyl radicals have the same catalytic role

freeze-trapped at the indicated times. as the tyrosyl radical in PGHS, namely, abstraction of a
hydrogen atom from an organic substrate. Also unlike the

all are narrow singlets analogous to that of the native enzyme,Previously mentioned enzymes, the tyrosyl radicals in
whereas the inhibitor complex of the quintuple mutant yields PGHS-1 and -2 undergo spectroscopic transitions from wide
no discernible radical upon reaction with peroxide. However, doublet to wide singlet and narrow singlet species. One
the Y504F and the quadruple mutants give very small current hypothesis to account for these transitions in PGHS-1
amounts of a radical resembling the wide doublet (signal iS that the initial wide doublet (WD1) species formed with
intensities of 0.002 and 0.006 compared to 6-:0D51 the radical on Tyr385 converts via phenyl ring rotation to a
([spin]/[heme]) for the other proteins). Nimesulide binding harrow singlet (NS1b), the same species seen upon self-
was confirmed by observation of cyclooxygenase inhibition inactivation g, 16). Arithmetic combination of WD1 and

for each of the proteins, so the EPR results indicate that the NS1b signals produces the observed wide singlet (WS1),
mutation of Tyr504 prevents formation of the NS radical. SO the overall observed transition is WB1[WS1]— NS1b.
This identifies Tyr504 as the site of the tyrosyl radical formed Binding of cyclooxygenase inhibitors to PGHS-1 before

in PGHS-2 complexed with cyclooxygenase inhibitors. reaction with peroxides leads to the formation of a second,
distinct narrow singlet tyrosyl radical (NS1a) that is believed
DISCUSSION to reside upon a residue other than Tyr385. Only three types

of tyrosyl radical spectra have been seen in PGHS-2: a
Tyrosyl radicals have emerged as important catalytic transient wide doublet (WD2) that very quickly converts to
components in many proteins, including class | ribonucleotide a wide singlet (WS2), and a narrow singlet (NS2) observed
reductases, bovine liver catalase, photosystem Il, galactosevhen cyclooxygenase inhibitors are boui®jl. (
oxidase, and the catalase-peroxidase K&8G-36). Tran- The present results suggest that the WD2 to WS2 transition
sient tyrosyl radicals have also been seen during catalysisin PGHS-2 results from tyrosyl radical migration from
in taurinefi-ketoglutarate dioxygenase and in hemoglobin Tyr385 to Tyr504 rather than from tyrosyl ring rotation, as
and myoglobin after treatment with,8, (37, 38). However, the Y504F mutant shows a persistent wide doublet that does
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not convert to a wide singlet even after long reaction times. conclusion has some mechanistic significance as it focuses
Initial formation of the Y504F WD2 is complete within 4 on a Tyr385 wide doublet radical as the direct oxidant of
ms, even faster than WD2 formation in native PGHS-2, fatty acid in PGHS-2 cyclooxygenase catalysis.

which has a rate of 150°%and reaches a plateau at 50 ms  The lack of any radical EPR signals upon reaction of the
(9). The fast rate of WD2 formation and the high cyclooxy-  quintuple mutant with peroxide, and the similarity of the EPR
genase activity of Y504F suggest that the WD2 radical is sjgnals from native PGHS-2 and the Y148F, Y348F, and
kinetically competent to initiate cyclooxygenase catalysis. y404F mutants, shows that tyrosyl radicals are not formed
The quadruple mutant behaves similarly to Y504F, although on residues other than Tyr385 and Tyr504 and that the extent
its decreased activity and higher cyclooxygenase self- of radical migration is limited to Tyr504 alone. Y385F gives
inactivation rate render it less attractive for mechanistic only a narrow singlet, Y504F shows only a wide doublet,
studies. and all other single point mutants show spectra similar to
Complexation of Y504F and the quadruple mutant with that of the native enzyme. If radical migration to other
nimesulide prior to reaction with EtOOH results in minimal tyrosines besides Tyr504 could occur, further Signa| transi-
formation of a WD2 signal and no formation of a narrow tjons in Y504F would be expected as new tyrosyl radicals,
singlet (Figure 5). In contrast, the Y148F, Y348F, and Y404F \ith different environments and dihedral angles, were
mutants all exhibit the same NS as the native PGHS-2 formed. The exclusive formation of an alternative radical
inhibitor complex. Tyr504, therefore, is clearly critical for  on Tyr504 is somewhat surprising when the PATHWAYS
NS2 formation. The simplest explanation for these results analysis results in Table 2 are considered. Tyr148 is predicted
is that most radical formation at Tyr385 is blocked in the to be more efficiently coupled to the heme than is Tyr504,
nimesulide-treated samples and the radical instead forms orand Tyr348 is predicted to be more efficiently coupled to
Tyr504; if this residue is mutated, no tyrosine radical forms. Tyr385 than Tyr504, yet neither Tyrl48 nor Tyr348 is
If radical migration from Tyr385 to Tyr504 were occurring  susceptible to radical formation during the PGHS-2 reaction
in inhibitor-treated enzyme, a WD signal approximately equal with peroxide. However, it should be noted that the coupling
in intensity to the NS of other mutants would be seen in petween the heme and Tyr504 was calculated without the
Y504F, which is not the case. An alternative explanation, crystallographic water molecule found in the refined structure
that the Tyr385 radical forms initially in Y504F but dissipates of ovine PGHS-1 89). The presence of such a water
faster than the time scale of the experiment, is unlikely given molecule would eliminate the through_space Jump and allow
the observed persistence of all tyrosyl radical signals coupling of the heme and Tyr504 through hydrogen bonds,
observed so far. Previous RFQ-EPR studies of the tyrosyl which would increase the predicted coupling efficiency.
radlc_al n nlmesu!ld_e-treated PGHS-2 sh_owgd_ t_hat th_e NS2 Blocking formation of the alternative tyrosyl radical at
species formed within 5 m®), also supporting initial r_adlcal_ Tyr504 has little effect on cyclooxygenase activity, as
formation on Tyr504. These results suggest that ”'meS”“deevidenced by the similar cyclooxygenase specific activities,

binding alters the site of radical formati_on from Tyr385 to Ku values for AA, and product ratios of native and Y504F
Tyr504, perhaps by changing the relative redox potentials PGHS-2 (Table 2 and res0). Further, previous studies

of these two residues. The electronic coupling bEtWeen i, yicateq that the PGHS-2 WS2 is kinetically competent to
Tyr385 or Tyr504 and the heme may also change as the resulf ot with AA in cyclooxygenase catalysidg]. Taken

of structural perturbation upon inhibitor binding, although ,qether, these data indicate that the tyrosyl radicals at
such an alteration is not apparent in PGHS-2 crystallographlc-l-yr385 and Tyr504 are in equilibrium. If they were not,

structures with a_md without in_hi_bitor bound._ formation of the Tyr504 radical would be expected to
The different line shapes arising from radicals on Tyr504 g crease cyclooxygenase catalysis, as a Tyr504 radical is

(WS2 in native PGHS-2 and NS2 in the inhibitor complex) ot |ocated near AA. An estimate of the Tyr385 and Tyr504
may be due either to two distinct conformations of Tyr504 5ica| proportions in the native enzyme indicates how
or, as in PGHS-1, to one conformation (NS2) that combines .5 matically cyclooxygenase catalysis would be impacted
with the Tyr385 WD2 to give the observed WS2. If the WS2 i, the ahsence of equilibration. In PGHS-2 a WD2/NS? ratio
and NS2 signals represent different conformations of a of 30/70 best simulates the WS spectréinf. radical
Tyr504 radical, the conformational change could be triggered g ration to Tyr504 were irreversible, then less than half of
by inhibitor binding. However, inspection of crystal structures " 2 dical present in the WS of native PGHS-2 would be
of PGHS-2 with and without bound inhibitord1) reveals  ;5papje of cyclooxygenase activity. However, native PGHS-
no obvious difference in the Tyr504 environment or ring 5 "\uhich can form the Tyr504 radical, has a higher cy-
orientation. In addition the Y385F mutant gives only an NS clooxygenase specific activity than the Y504F mutant, which

signal, even in the absence of inhibitor (Figure 2). If the o4 only form a radical on Tyr385. Also, previous single
WS2 arises from arithmetic combination of the Tyr385 WD2 ¢, -nover studies using native PGHS-2 show—80%

and a Tyrs04 NS2, the RFQ-EPR data suggest that initial ;o nyersion of the WS2 tyrosyl radical to the arachidonyl

radical formation in native PGHS-2 occurs on Tyr385 but 5jca| (8). Therefore, electron transfer between Tyr385 and
then raplt_dly e_qumbrates to aTyr385/Tyr5_O4 ra_d|cal mixture. Tyr504 is likely to be reversible, with the Tyr504 radical
Further high-field EPR and ENDOR studies will be required representing a reservoir of oxidant for cyclooxygenase

to elucidate the precise nature of the WS2 and NS2 radicals'catalysis.

On the basis of the present data, it seems most likely that Cyclooxygenase activity was retained in the Y504F mutant

the WD2— WS2 transition in PGHS-2 arises from partial ) .
or complete radical migration from Tyr385 to Tyr504 and of murine PGHS-240). However, in PGHS-1 the Y504F

that binding of cyclooxygenase inhibitors diverts radical
formation to Tyr504, resulting in the NS2 signal. This 2Rogge, C. E., Kulmacz, R. J., and Tsai, A.-L., unpublished results.
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and Y504Q mutants were reported to lack both cyclooxy- and -2, Tyr504 may also be an alternative tyrosyl radical in
genase and peroxidase activities, whereas the Y504A mutanPGHS-1.

retains considerable amounts of both activiti88)( This

suggests that the alternative tyrosyl radical site is not essentiaACKNOWLEDGMENT

for catalytic activity in either isoform, but that the structure

We thank Drs. David Beratan and Igor Kurnikov at Duke

of the residue at 504 can have isoform-specific effects. The University for providing the HARLEM program for PATH-
PGHS-1 tyrosyl radical undergoes a transition from a WD \yavys analysis.

to a WS during reaction with arachidonatel), raising the

possibility that radical migration has some connection to REFERENCES

cyclooxygenase catalysis. Further studies are necessary to
determine whether Tyr504 is also an alternative radical site
in PGHS-1 and to define the mechanistic implications of any
radical migration.

Irreversible self-inactivation is observed for both PGHS
isoforms during cyclooxygenase cataly<l®,(43). The self-
inactivation process is believed to involve oxidative damage
to the protein, although the exact mode and mechanism have
not been defined. The tyrosyl radical in intermediate Il has
been implicated in PGHS-1 peroxidase self-inactivatitf),(
and both Tyr385 and Tyr504 radicals might plausibly
participate. The observation of similar cyclooxygenase self-
inactivation rates in native PGHS-2 (with both Tyr385 and
Tyr504 radicals) and the Y504F mutant (with only the
Tyr385 radical) (Table 2) suggests that the radical migration
to Tyr504 does not significantly affect the overall process
of cyclooxygenase self-inactivation.

The identification of Tyr504 as the alternative radical in
PGHS-2 and the apparent reversibility of electron transfer
from Tyr385 to Tyr504 are somewhat reminiscent of the
situation in ribonucleotide reductase RB). In this enzyme,

a tyrosyl radical generated by the diiron cofactor in one
subunit serves as a “pilot light” for catalytic events in a
second subunit. The electron is proposed to be reversibly
transferred over a distance 0f-380 A, generating a transient
thiyl radical responsible for deoxygenation of ribonucleic
acids @6—48). In PGHS-2, Tyr385 is the site of the initial
tyrosyl radical, but this apparently quickly equilibrates with
a radical at Tyr504, which might serve as a pilot light in
this enzyme, transferring back to Tyr385 to react with
substrate. However, unlike Tyr122 in ribonucleotide reduc-
tase R2, Tyr504 is not essential to PGHS-2 catalysis, as
Tyr504F is fully active (Table 2), so any mechanistic
advantage of the radical equilibration between Tyr385 and
Tyr504 remains to be determined. It may be that the Tyr385/
Tyr504 radicals in PGHS-2 are more similar to the/¥p
radical pair in photosystem Il, wherez¥Yis essential for
electron transfer from the tetranuclear manganese water-
oxidizing complex to B and Yp has no defined function,
although the radical is also coupled to the water-oxidizing
complex @9). Tyr504 and Y% may represent evolutionary
holdovers, but given the high conservation of each, it is likely
that they have important functions yet to be determined.

In summary, we have identified Tyr504 as the alternative
radical site in PGHS-2 responsible for the WB WS
transition and NS formation. The conservative Y504F
mutation does not greatly affect either cyclooxygenase or
peroxidase activity, indicating that the Tyr504 radical is not
essential for catalysis. The generation of a single tyrosyl
radical species on Tyr385 and the high catalytic activity of
the Y504F mutant make it very attractive for further
mechanistic studies. Given the similarities between PGHS-1
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