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Abstract 

The pre-steady-state kinetics of the prostaglandin endoperoxide synthase oxygenase reaction with eicosadienoic acids and 
the cyclooxygenase reaction with arachidonic acid were investigated by stopped-flow spectrophotometry at 426 nm, an 
isosbestic point between native enzyme and compound I. A similar reaction mechanism for both types of catalysis is defined 
from combined kinetic experiments and numerical simulations. In the first step a fatty acid hydroperoxide reacts with the 
native enzyme to form compound I and the fatty acid hydroxide. In the second step the fatty acid reduces compound I to 
compound II and a fatty acid carbon radical is formed. This is followed by two fast steps: (1) the addition of either one 
molecule of oxygen (the oxygenase reaction) or two molecules of oxygen (the cyclooxygenase reaction) to the fatty acid 
carbon radical to form the corresponding hydroperoxyl radical, and (2) the reaction of the hydroperoxyl radical with 
compound II to form the fatty acid hydroperoxide and a compound I-protein radical. A unimolecular reaction of the 
compound I-protein radical to reform the native enzyme is assumed for the last step in the cycle. This is a slow reaction not 
significantly affecting steps 1 and 2 under pre-steady-state conditions. A linear dependence of the observed pseudo-first-order 
rate constant, kobs, on fatty acid concentration is quantitatively reproduced by the model for both the oxygenase and 
cyclooxygenase reactions. The simulated second order rate constants for the conversion of native enzyme to compound I 
with arachidonic or eicosadienoic acids hydroperoxides as a substrate are 8 X 10’ and 4 X 10’ M- ’ s- ‘, respectively. The 
simulated and experimentally obtained second-order rate constants for the conversion of compound I to compound II with 
arachidonic and eicosadienoic acids as a substrate are 1.2 X 10” and 3.0 X 10’ Mm ’ sp ‘, respectively. 
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1. Introduction 

One of the most intriguing aspects of prostaglandin 
biosyntheses is the ability of prostaglandin endoper- 
oxide synthase (PGH synthase) to catalyze both the 
oxygenation of arachidonic acid (20:4) to 

* Corresponding author. 

prostaglandin G, (PGG,) and the reduction of PGG, 
to prostaglandin Hz (PGH,). These two reactions 
have been described as cyclooxygenase and peroxi- 
dase reactions; and there is a great deal of discussion 
today as to whether they occur semi-independently 
or sequentially in the overall process of PGH, syn- 
thesis. 

It is now evident that the peroxidase reaction is a 
single elementary reaction in which an oxygen atom 
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is transferred from the -0OH group of PGG, to 
native PGH synthase resulting in an iron(N) por- 
phyrin n-cation radical (compound I) and PGH, 
formation [l], a reaction typical of all heme contain- 
ing peroxidases [2]. The implication is that the so- 
called cyclooxygenase reaction occurs first (Eq. 1) 
and is followed by the peroxidase reaction (Eq. 2): 

20:4 + 20, z PGG, 
(I) 

peroxidase 
PGH synthase + PGG, - compound I + PGH, 

(2) 

On the other hand it is well known that for the 
initiation of oxygen consumption in the overall reac- 
tion, traces of a hydroperoxide are needed, and fur- 
thermore that classical peroxidase reducing sub- 
strates can cause dramatic changes in the rates of 
oxygen consumption, implying that the peroxidase 
function of the enzyme plays a key role in the 
cyclooxygenase reaction. 

A tyrosyl-radical mechanism has been proposed 
for the cyclooxygenase reaction [3,4]. Compound I 
formed in Eq. 2 converts spontaneously by an in- 
tramolecular one-electron transfer to an iron(W) ty- 
rosy1 radical (Eq. 3): 

compound I -+ compound I-Tyr (3) 

According to this hypothesis the tyrosyl radical then 
initiates the cyclooxygenase reaction as depicted in 
Eqs. 4-6: 

compound I-Tyr + 20:4 + compound II + 20:4’ 

(4) 

20:4 + 20, + PGG; (5) 

compound II + PGG, + compound I-Tyr + PGGz 

(6) 

Initially, the tyrosyl radical abstracts the hydrogen 
atom from 20:4 producing the carbon radical 20:4’ 
and compound II (Eq. 4). The carbon radical is then 
trapped by two molecules of oxygen producing the 
PGG; radical (Eq. 5); and finally, PGG, is formed 
by hydrogen atom donation from a tyrosyl residue of 
compound II and the compound I-tyrosyl radical is 
regenerated (Eq. 6). The main implication of the 
tyrosyl radical mechanism is that once initiated, the 

branched-chain free radical reaction (Eqs. 4-6) can 
continue independently of the normal proxidase cy- 
cle. 

Recently we obtained results showing that there is 
a fixed and constant (2:l) ratio between the rates of 
reaction of a conventional peroxidase reducing sub- 
strate ferulic acid (RH) and the cyclooxygenase sub- 
strate 20:4 [5] that are incompatible with the 
branched-chain tyrosyl radical hypothesis. The corre- 
sponding mechanism is shown in Eqs. 2,3a and 5-8: 

PGH synthase + PGG, + compound I + PGH, (2) 

compound I + 20:4 --) compound II + 20:4 (3a) 

20:4’+ 20, + PGG; (5) 

compound II + PGG; + compound I-Tyr + PGGz 

(6) 

compound I-Tyr ‘+ RH - compound 11 + R’ (7) 

compound II + RH + PGH synthase + R’ (8) 

Compound I is not converted spontaneously to the 
compound I-tyrosyl radical (Eq. 3). Compound I 
rather abstracts a hydrogen atom from 20:4 (Eq. 3a) 
and forms compound II and the carbon radical 20:4’. 
The following two steps are the same as in the 
branched-chain tyrosyl radical mechanism (Eqs. 5 
and 6). The classical electron (hydrogen atom) donor 
RH (Eqs. 7 and 8) reacts with both the compound 
I-tyrosyl radical and compound II and the native 
enzyme is regenerated. This mechanism implies an 
intimate relation between peroxidase and cyclooxy- 
genase activities of PGH synthase and shows how 
electron donors other than fatty acid can facilitate the 
cycle and help prevent inactivation. 

The hypothetical role for the compound I-tyrosyl 
radical to initiate the oxygenation of fatty acids can 
be tested kinetically under pre-steady-state condi- 
tions by following the rate of its formation at 426 
nm, an isosbestic point between native enzyme and 
compound I, as a function of fatty acid concentra- 
tion. The spontaneous formation of the compound 
I-tyrosyl radical from compound I (Eq. 3) is a 
unimolecular elementary reaction and the rate of its 
formation should be independent on the fatty acid 
concentration. Here we report that in the absence of 
classical peroxidase electron donors (the spontaneous 
cyclooxygenase reaction) the reaction in Eq. 3 does 
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not occur. Rather, the disappearance of compound I 
is a function of fatty acid concentration as shown in 
Eq. 3a. The latter reaction was proposed previously 
for the combined cyclooxygenase-peroxidase reac- 
tion [5]. The compound I-tyrosyl radical (or elec- 
tronically equivalent protein radical) is formed later 
in a bimolecular reaction between the hydroperoxyl 
radical and compound II (Eq. 6). 

2. Materials and methods 

2. I. Materials 

All reagents used in this study were of the highest 
grade available. Arachidonic (20:4). eicosadienoic 
(20:2) and docosahexaenoic (22:61 acids, in- 
domethacin and hematin were purchased from Sigma; 
phenol from British Drug House; DE 53 ion-ex- 
change chromatography gel from Whatman; Tween 
20 from J.T. Baker. 20:4, 20:2 and 22:6 were dis- 
solved in deaerated absolute ethanol and kept in 
small portions under nitrogen at - 70” C. The aliquots 
of 20:2 stock solutions were dried with nitrogen and 
oxidized with oxygen for different periods of time 
(O-3 hours). After specific times, the excess of 
oxygen was removed with nitrogen and the oxidized 
samples of 20:2 were redissolved in deaerated abso- 
lute ethanol and kept at -70” C before use. The 
concentration of the conjugated diene hydroperoxide 
formed by the oxidation of 20:2 (HOO-20:2) was 
measured spectrophotometrically at 23.5 nm using an 
E of 2.4 X 10” M-’ cm-’ [6,7]. 

PGH synthase was isolated from ram seminal 
vesicle microsomes using the procedure as published 
[8,9]. Measurements of protein content were con- 
ducted by the BioRad protein assay using bovine 
serum albumin as a standard. Enzyme concentrations 
were determined spectrophotometrically using an E 
of 123 mM_’ cm-’ [lo]. 

2.2. Oxygen electrode measurements 

Cyclooxygenase activity was determined by mea- 
suring oxygen consumption in the reaction of 20:4 
with PGH synthase at 30” C in 0.1 M phosphate 
buffer, pH 8.0, using a Yellow Spring Instruments 
Model 53 oxygen monitor equipped with a Clark-type 

polarographic electrode. The oxygen concentration 
dissolved in the buffer was 230 PM at 30” C [I I]. 
The specific activity of the enzyme was calculated 
by assuming that 2 mol of oxygen were consumed 
per mole of 20:4. The enzyme preparations from two 
isolations were roughly a 30/70 mixture of holo- 
and apo-enzyme having a specific cyclooxygenase 
activity of 37 and 44 PM 20:4 mg protein ’ min-’ 
in the presence of 1 FM hematin and 1 mM phenol. 
The holo/apo enzyme preparations were reconsti- 
tuted with hematin (2.5 - fold more hematin was 
added to what was initially present in the holo/apo 
enzyme) immediately after isolation. The reconsti- 
tuted enzyme was stored at - 70” C without chang- 
ing the heme content or enzyme activity during the 
experiments. 

2.3. Rapid-scan and stopped-flow experiments 

The experiments were performed on a Photal RA 
601 Rapid Reaction Analyzer equipped with l-cm 
cells thermostated at 30 f 0.5” C. The absorption 
spectra were measured by means of a multichannel 
photodiode array photometer, memorized in a com- 
puter system with the corresponding replica plotted 
on an Epson VP-550 recorder. Soret band absorption 
of the heme of PGH synthase was utilized for rapid 
scanning of the transformation of the enzyme species 
during the reactions. 

Stopped-flow kinetic analysis was performed at a 
single wavelength from the Soret region, i.e., at 426 
nm, an isosbestic point between the native enzyme 
and compound I [1,4,12,13]. 

For the assays with 20:4, fixed amounts of PGH 
synthase (0.25 FM) and oxygen (230 PM) were 
reacted with different amounts of 20:4 (5.5-60 PM). 
The anaerobically stored stock solution of 20:4 con- 
tained trace amounts of hydroperoxide capable of 
activation of the cyclooxygenase reaction. Any 
change in [20:4] in the assay mixture automatically 
caused changes in the hydroperoxide concentration. 

To overcome the difficulty of not being able to 
control hydroperoxide concentration, we performed a 
different type of experiment with 30:2. A series of 
stock solutions containing various amounts of 20:2 
and hydroperoxide HOO-20:2 were prepared by oxi- 
dizing 20:2 samples with oxygen. Thus, it was possi- 
ble to keep the [HOO-20:2] constant while the [20:2] 
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was varied. Single assays under pseudo-first-order 
conditions were carried out at constant concentration 
of enzyme (0.25 PM), oxygen (230 PM) and hy- 
droperoxide (2.5 PM), and varied concentrations of 
20:2 (5.3-99 PM). 

The rest of the procedure was identical for both 
20:4 and 20:2. One cell of the Rapid Reaction Ana- 
lyzer contained PGH synthase dissolved in 0.1 M 
phosphate buffer, pH 8.0. The enzyme solution was 
incubated 3 min at 30” C before reaction. The other 
cell contained the fatty acid/hydroperoxide mixture 
dissolved in the same buffer. The buffer solution was 
also preincubated for 3 min at 30” C and fatty 
acid/hydroperoxide were added to the cell immedi- 
ately before measurements. Mixing of solutions to 
cause the reaction was complete in 2 ms. Duplicate 
or triplicate sets of experiments were performed for 
identical reaction mixtures and usually 5-S repro- 
ducible kinetic traces were collected for each set. 
The relative standard deviation was in the range of 
7-10%. 

2.4. Data analysis 

The observed pseudo-first-order rate constants, 
k ohs, obtained from the exponential curve fits to the 
kinetic traces at 426 nm was plotted as a function of 
[fatty acid]. Different mechanistic models were simu- 
lated on a Macintosh Plus 40SC computer. A system 
of first-order differential equations was defined and 
numerically integrated by the fourth-order Runge- 
Kutta method using the GRAF PLOT general plot- 
ting program kindly provided by Dr. R.B. Jordan, 
University of Alberta. Numerical integration using 
the GRAF PLOT program was conducted by an 
iterative process, varying one rate constant at a time. 
The ranges of the rate constants were assigned based 
on the experimental values obtained in this study and 
on those already published [3,4.12]. The kobs values 
were determined from the computed kinetic parame- 
ters and compared with those obtained experimen- 
tally. 

2.5. Experiments with indomethacin and 22.4 

The effect of the cyclooxygenase inhibitors in- 
domethacin and 22:6 on the values of the observed 
pseudo-first-order rate constant, kobs, was monitored 

at constant concentrations of enzyme (0.25 PM), 
oxygen (230 PM) and 20:4 (50 FM), and various 
concentrations of indomethacin or 22:6. In one cell 
of the stopped-flow apparatus the enzyme and in- 
hibitor were incubated 2 min in 0.1 M phosphate 
buffer, pH 8.0, at 30”. In the other, 20:4 was added 
immediately before measurements. Reproducible ki- 
netic traces were obtained within the next 2 min. If 
the times for the measurements were prolonged 
and/or not controlled the traces were not very repro- 
ducible because of time-dependent inhibitory pro- 
cesses, an irreversible inhibition with indomethacin 
and possibly the autooxidation of 22:6 [14-171. 

3. Results 

3.1. Spectral changes during the cyclooqgenase and 
oxygenase reactions 

In preliminary experiments with 20:4 as a sub- 
strate (the cyclooxygenase reaction) we obtained 
identical changes in the enzyme Soret spectra as 
were obtained previously [1,4,12,13]. Typically, in- 
termediate II (compound II or compound I-Tyr ’l 
was formed in a mixture with native enzyme. The 
native enzyme has an absorption maximum at 410 
nm. Initially there is an absorbance decrease and an 
isosbestic point at 420 nm appears indicating the 
presence of a steady-state mixture of intermediate II 
and native enzyme. The spectrum usually becomes 
complicated with heme bleaching at higher fatty acid 
concentrations and/or at longer times. Fig. 1 shows, 
for the first time, changes in the PGH synthase Soret 
spectra obtained for the oxygenase reaction with 
20:2. The spectral changes are qualitatively the same 
as in the cyclooxygenase reaction with 20:4. As the 
existence of the isosbestic point at 420 nm indicates, 
a mixture of native enzyme and intermediate II was 
present. For spectral measurements only, oxygen was 
partially removed from the buffer before a 1:l ratio 
of the enzyme and HOO-20:2 (0.25 pM/0.25 PM) 
and an excess of 20:2 (37 PM) were introduced to 
initiate the reaction. Under these conditions the oxy- 
gen is a limiting reagent and the reaction was slowed 
down to the level at which it was possible to apply 
the conventional spectroscopy to obtain the changes 
in the enzyme spectra; no bleaching of the heme 
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Wavelength, nm 450 

Fig. 1. PGH synthase optical spectra recorded during the oxyge- 
nase reaction. The reaction was carried out in 0.1 M phosphate 
buffer, pH 8.0, at 22” C. Before the enzyme (0.25 yM), 20:2 (37 
PM) and HOO-20:2 (0.25 FM) were mixed 0: was partially 
removed from the buffer by Nz. The spectra have an isosbestic 
point at 420 nm indicating the presence of a mixture of the native 
enzyme and intermediate II (compound I-Tyr or compound II). 
The arrows show the direction of absorbance change with time. 

occurred during 2 min. This experiment shows that 
the PGH synthase spectral intermediates can be ob- 
tained not only at low temperatures with fast tech- 
niques [1,4,12,13] but also at room temperature with 
conventional methods if lower amounts of oxygen 
and hydroperoxide are used. For kinetic measure- 
ments, the solutions were saturated with oxygen. 

Rapid-scan method was used in a routine control 
of the experimental conditions before the stopped- 
Bow kinetic measurements were performed. In these 
experiments the oxygen concentration (230 PM dis- 
solved in the buffer at 30” Cl was not changed and 
the hydroperoxide was in the excess of the enzyme. 
Except that the reactions were faster, they resulted in 
no principal difference from the spectra shown in 
Fig. 1. 

3.2. Effects of 20:4 and 20:2 on the intermediate II 
formation 

The isosbestic point between the native enzyme 
and compound I at 426 nm has been clearly identi- 
fied under transient-state conditions for the peroxi- 
dase reactions of native enzyme with hydroperoxides 
[1,4]. The 426 nm wavelength has been used for 
monitoring the conversion of compound I to interme- 
diate II, compound I-Tyr. [4] in a reaction initiated 
by PGG, and with no fatty acid present. We fol- 
lowed the same reaction as a function of [fatty acid]. 
A dependence of the rate of the formation of inter- 
mediate II from [fatty acid] was obtained with both 

20:4 and 20:2 as substrates. Fig. 2 shows kinetic 
traces obtained with 20:4. At the lowest [20:4] the 
kinetic trace shows a pre-steady-state phase in which 
there is an induction period (lag phase) before the 
intermediate II started to form (Fig. 2A). At longer 
times the steady-state is established. The presence of 
the lag phase indicates that yet another intermediate 
(compound I) was formed before intermediate II. If 
the [fatty acid] is higher the lag phase is diminished 
but does not disappear from the kinetic traces (Fig. 
2B and Cl. The dependence of the rate of formation 
of intermediate II on [fatty acid] would not be ex- 
pected for the unimolecular formation of compound 
I-Tyr ‘, which would have a spectrum identical to 

C 

0 1 2 3 4 5 

Time, s 

Fig. 2. Effect of 20:4 on the rates of the intermediate II formation. 
Absorbance changes were followed at 426 nm, an isosbestic point 
between native enzyme and compound I. (Al 5.5, (Bl 30, (C) 60 
WM of 20:4 reacted with 0.25 +M PGH synthase in 0.1 M 
phosphate buffer, pH 8.0, at 30” C. The observed pseudo-first-order 
rate constant, kohs. is: (A) 0.813, (B) 3.50, and (Cl 7.36 s- ’ 
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that of compound II (Eq. 3) [4]. Both the induction 
phase and the pre-steady-state phase were faster for 
30 and 60 I_LM 20:4 than at 5.5 PM 20:4, indicating 
that intermediate II formation is not unimolecular but 
is dependent upon fatty acid concentration. 

The stopped-flow and rapid-scan studies of the 
reaction of PGH synthase with different [20:4] were 
extended to longer times (50 s> after the steady-state 
conditions had been established (data not shown). 
These experiments show that the return of intermedi- 
ate II to the native state (partly also shown in Fig. 2C 
as a drop in absorbance after the steady state has 
been reached) is complicated by enzyme bleaching. 
Thus, the inactivation events occur after, not before. 
intermediate II is formed. We were not interesting in 
the inactivation process; we followed the events 
before the steady-state conditions were established. 

3.3. Inhibition of the intermediate II formation 

The cyclooxygenase inhibitors indomethacin and 
22:6 inhibited the rate of the intermediate II forma- 
tion as indicated in Fig. 3. The concentration of 
indomethacin necessary to cause a 50% decrease of 
the observed pseudo-first-order rate constant, kc,,,\, is 

[Indomethacin], pM 

41 
0 20 40 60 80 

[22:6], FM 

Fig. 3. Effects of cyclooxygenasc inhibitors on the observed 
pseudo-first-order rate constant. kc?,,,. for the reaction of 50 FM 
IO:4 and 0.25 PM enzyme. Other conditions are the same as in 
Fig. 2. (A) O-4.8 PM indomethacin and (B) O-60 /*M 17:6. 

I’ 
24 ,‘m 

[20:2], uM 

Fig. 4. Comparison of the cxperimcntal (0 ) and simulated ( + ) 
k ,Ih, versus [ZO:?]. Thcorctical k,,,, were calculated according to 
the model in Scheme 1 by using the following kinetic parameters: 
k, =4X 10’: k2 = .iX 10’ Mm’ s-‘; and k, = 3~10~~ s-l. Ini- 
tial conditions: [El,, = 0.15 PM. [AH], = 5.3-90 PM, LAOOH],, 
= 1.5 PM. 

2.3 PM when the reaction was performed with 50 
PM 20:4 and 0.25 PM enzyme. The fatty acid 22:6 
is a significantly weaker inhibitor of intermediate II 
formation than indomethacin. No linear decrease in 
k ,+ as a function of [22:6] was obtained; koh5 lev- 
elled off at 20-60 FM of [22:6] at a value approxi- 
mately 44% lower than in the absence of 22:6. 

3.4. Kinetic model for the oxygenuse reaction 

The observed pseudo-first-order rate constant, 
k oh,, obtained from the pre-steady-state kinetic mea- 
surements was a linear function of [20:2], a charac- 
teristic typical of bimolecular reactions (Fig. 4). The 
experiments were performed at constant [PGH syn- 
thase] and lo-fold higher [HOO-20:2]. Only [20:2] 
was varied in the reaction mixtures. The experimen- 
tal conditions were essentially pseudo-first-order and 
single exponential curves were obtained at 426 nm. 
Analysis of the [20:2] dependence of the pre-steady- 
state kinetics led to the following proposal of a 
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mechanism of the oxygenase pathway of PGH syn- 
thase. 

Scheme 1: 

E + AOOH 2 E-I + AOH (9) 

k2 
E-I + AH + E-II + A (10) 

&I2 
A + 0, + AOO. (11) 

k,,, 
E-II + A00 + E-I-X .+ AOOH (12) 

k, 
E-I-X + E (13) 

The above model predicts the existence of three 
enzyme intermediates during the oxygenase reaction, 
compound I (E-I), compound II (E-II) and compound 
I-protein radical (E-I-X ‘). All steps are bimolecular 
except the last one: native enzyme (E) reacts with 
fatty acid hydroperoxide AOOH, compound I (E-I) 
with fatty acid AH, and compound II (E-II) with 
fatty acid hydroperoxyl radical AOO’. A unimolecu- 
lar last step was assumed for the spontaneous decay 
of the protein radical E-I-X’ to the native enzyme. 
This step is a secondary reaction which occurs at 
much lower rates then the formation of the interme- 
diates. 

A set of seven differential equations correspond- 
ing to the mechanism in Scheme 1 is defined as 
follows: 

d[E]/dt = k,[~-I-X’] - ~,[E][AooH] ( 14) 

d[E-I]/dt = k,[E][AOOH] - k,[E-I][AH] (15) 

d[E-II]/dt = k,[~-I][AH] -k,,, [E-II][AOO’] 

(16) 

d[E-I-X ]/dt = kAOo. [E-II][AOO‘] - k,[E-I-X’] 

(17) 

d[A’],‘dt = k,[E-I][AH] - k&][02] (18) 

d[AOO ]/dt = +k&][02] 

- kAoo [E-II][AOO 

d[AOOH]/dt = k,,, [E-II][AOO’] 

- k,[E][AOOH] 

1 ( 19) 

(20) 

By setting differential Eqs. 18 and 19 to zero, one 
can find the values of the steady-state concentrations 
of the fatty acid carbon radical A and the fatty acid 
hydroperoxyl radical AOO’ : 

[Al = "'1"-;;‘yl 

0, 2 

[AOO’] = 
m-mw 
km. WI 

(21) 

(22) 

Substituting [A] and [AOO’] in Eqs. 16, 17 and 20 
the model is reduced to four differential equations as 
follows: 

d[E]/dt = k,[E-I-X’] - k,[E][AOOH] (23) 

d[E-I]/dt = k,[E][AOOH] - k2[E-I][AH] (24) 

d[E-I-X ]/dt = k,[E-I][AH] - k,[E-I-X’] (25) 

d[AOOH]/dt = k,[E-I][AH] - k,[E][AOOH] 

(26) 

Assuming that A and AOO’ are under steady-state 
conditions the d[E-II]/dt (Eq. 16) becomes zero 
automatically. 

Fig. 5 shows some possible solutions for the 
oxygenase reaction calculated by the model in 
Scheme 1 by using different combinations of the rate 

Time, ms 

Fig. 5. Sensitivity of the kinetic model proposed for the oxygcnase 
reaction on the kinetic rate constants k,, k2 and k, according to 
the pathway in Schcmc I. (0) The experimentally ohtained 
exponential curve with k,,,, =7.61 SK’; (a) k, =4x10' Mm’ 
SC’, k2=3X104 Mm’s_‘, k,=5x10-3s-‘:(b)k,=4~107 
M-' s-‘3 kZ=3x10’ Mm’ SC’, k,=O.Ss-l;(c) k,=4xlO’ 
M-‘s-‘,k,=3X10hM~‘s~‘,k,=5~10-2s-’:(d)k,=4 
X10’ Mm’ SC’? k,=.XlO’ Mm’ SC’, k,=5x10Fi SC’;(~) 
k =1x10” Mm’ SC’ k,=3xlO’ M-’ s-‘, k,=5x10-' 
s!'; [El,, = 0.25 FM, [AH], = 28.3 PM. and [AOOH],, = 1.5 /IM 
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constants k,, k2 and k,. The rate constants were 
changed one at a time. The calculated kinetic trace is 
most sensitive to the value of k2 (Fig. 5, c and d), 
moderately sensitive to k, (Fig. 5, e) and least 
sensitive to k, (Fig. 5, a and b). The rate constant k, 
seriously affects the shape of the whole trace; k, 
mostly affects the exponential part of the trace (the 
pre-steady-state phase after the initial lag) while k, 
predominantly influences the amplitude of the trace 
(the steady-state phase). 

The observed exponential increase in absorbance 
at 426 nm (Fig. 6A) was fully reproduced by the 
model as the increase in the concentration of E-I-X’ 
species (Fig. 6B). Changes in concentrations against 
time for other two main species E, E-I are also 
shown in Fig. 6B. The best fit for this and other 
experiments with 20:2 were obtained with k, = 4 X 

c I 1 

I I I I 
0 250 500 750 1000 

1.0 

g 0.8 

75 
K 
.9 

0.6 

5 
9 0.4 

LL 
0.2 
x:-:’ 

I I 

250 500 
Time, ms 

750 1000 

Fig. 6. Absorbance changes and curve fit of the kinetic trace at 
426 nm (A) and simulated time courses (B) of the enzyme species 
during the reaction of PGH synthase and 20:2. (A) The reaction 
mixture contained 28.3 FM 20:2. 2.5 PM HOO-20:2 and 0.25 
PM enzyme ([El,, in B). (B) The time profiles for native enzyme 
(E), compound I (E-1) and compound I-protein radical (E-I-X’) 
calculated by numerical integration according to the model shown 
in Scheme 1 with the following rate constants k, = 4 X 10’ and 
k: = 3x 105 M-’ SC’; k, = 3x10-” s-’ and kub\ = 7.62 SC’. 

7.2 - , 
.i , 

I’ 
/’ 

6.0 - I’ 
.i 

/’ 
/’ 
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Fig. 7. Experimental (0) and simulated (+ ) data showing the 
linear dependence of kohs from [20:4]. Theoretical k,,,, were 
calculated according to the kinetic model in Scheme 2 by using 
the following rate constants k, = 8 X 10’ M-’ s-‘, k, = l.lX 10’ 
Mm’ SC’, and k, = 3 x10-j SC’ and initial conditions: [El,, = 

0.~ K~, [AH], = 5.5-60 we. 

10’ M-’ s-r, k, =3 x IO5 M-’ SK’ and k, =3 
x1o-3 s-r. The computer simulated and experimen- 
tally obtained kohs are plotted as a function of [20:2] 
in Fig. 4. 

3.5. Kinetic models for the cyclooxygenase reaction 

The experimental plot shown in Fig. 7 demon- 
strates that there is a similar linear relationship be- 

tween kohs and [20:4] for the cyclooxygenase reac- 
tion as for the oxygenase reaction (Fig. 4). However, 
the principal difference between the two studies was 
that in the cyclooxygenase reaction the initial con- 
centration of hydroperoxide was not constant. Due to 
the presence of an unknown amount of a contami- 
nant hydroperoxide in stock solutions of 20:4, when- 
ever the initial [20:4] was changed the initial [hydro- 
peroxide] also changed. 

An experimentally obtained kinetic trace for the 
cyclooxygenase reaction and the best simulated trace 
for the same reaction are shown in Fig. 8. The 
simulated trace was obtained according to the mech- 
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Time, s 

Fig. 8. Absorbance change at 426 nm and simulated time course 
for compound I-protein radical (E-I-X ) formation during the 
reaction of PGH synthase and 20:4. The reaction mixture con- 
tained 11 PM 20:4 and 0.25 PM enzyme. The time profile for 
E-I-X’ (smooth curve) was calculated by numerical integration 
according to the model in Scheme 2 with the following rate 
constantsk,=8x10’andkz=1.2X10’M~’s~’;k,=3x10-’ 
SC’ ; the experimentally measured kc,,,\ = 1.27 SC’ and initial 
conditions: [AH],, = 11 PM, [A(02)OOH],, = 0.39 PM. and [El,, 
= 0.25 PM. Thus an excellent fit is obtained to the dominant 
burst phase. Zero time for the simulation curve is the time at 
which E-I-X starts to form. Therfore the time scale for the 
simulation curve is shifted by 0.25 s because of the poor fit to the 
initial lag phase, in which E-I-X is not being formed. 

anism which predicts that compound I reacts with 
20:4 and thus initiates the cyclooxygenase reaction 
as follows: 

Scheme 2: 

E + A(O,)OOH 2 E-I + A( 0,)OH (27) 

k2 
E-I + AH + E-II + A (28) 

A+ 20 k”2 ? + A(02)00’ (29) 

E-II + A(02)00’ kAz E-I-X’+ A(O,)OOH (30) 

k, 
E-I-X’ + E (31) 

In Scheme 2, A(O,)OOH and A(O are 
prostaglandin G, (hydroperoxide-endoperoxide) and 
prostaglandin HZ (hydroxy-endoperoxide), and AH 
is 20:4. The mechanism for the cyclooxygenase reac- 
tion is identical to that for the oxygenase reaction 
(Scheme 1) except that two molecules of oxygen are 
necessary to produce the hydroperoxide endoperox- 

ide radical A(O,)OO ‘. The mechanism in Scheme 2 
is defined by a similar set of differential equations as 
in Scheme 1. After applying the steady-state approxi- 
mation for [A], [A(O,)OO’] and [E-II] the cyclooxy- 
genase system is governed by an identical set of 
working equations (Eqs. 23-26) as the oxygenase 
system. 

For the best simulation shown in Fig. 8 we as- 
signed the values for the rate constant k, of 8 X 10’ 
M ’ s - ’ , based on the reported value for a similar 
20:4-hydroperoxide, 15-hydroperoxy eicosate- 
traenoic acid (15HPETE) of 7.1 X 10’ M-’ s- ’ at 
25°C [14], for k2 1.2 X lo5 Mm’ so’ and k, = 3 X 
10m3 ss’. We estimated the initial hydroperoxide 
concentration while keeping other parameters con- 
stant. It appeared that the best estimate for the 
hydroperoxide concentration was 3.4-3.5% of the 
initial [20:4]. This approximates the amount of hy- 
droperoxide initially present in the 20:4 stock solu- 
tions. According to the manufacturer the purity of 
20:4 was 99% but we knew from the spectroscopic 
measurements with similarly sensitive 20:2 (99% 
purity) that some autooxidation occurs during the 
storage and the preparation of the stock solutions 
leading to the initial presence of 2-3% of HOO-20:2 
in 20:2 stock solutions. The theoretical and experi- 
mental plots of kohs against [20:4] obtained for a 
series of [20:4] were identical when the above condi- 
tions were applied (Fig. 71. 

The second mechanism tested, shown below in 
Scheme 3, is based on the tyrosyl-radical hypothesis 
in which compound I-tyrosyl radical reacts with 
20:4 and thus initiates the cyclooxygenase cycle. 
Instead of specifying the nature of the intermediate 
as the compound I-tyrosyl radical we would rather 
call it the compound I-protein radical (E-I-X.); no 
electronic nor spectroscopic differences in the heme 
part of the two possible intermediates exists and it 
does not make any principal change in the mecha- 
nism. 

Scheme 3: 

E + A( 02)00H 2 E-I + A(O (32) 

k,a 
E-I + E-I-X (33) 

kz 
E-I-X + AH + E-II + A (34) 
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ko, 
A+ 20, + A(02)00 (35) 

E-II + A(O,)OO’ kA: E-l-X’+ A(O,)OOH (36) 

k, 
E-l-X + E (37) 

As in the first model the initial set of equations 
corresponding to the mechanism in Scheme 3 has 
been reduced to four equations by applying the 
steady-state aproximation for A, A(0, JO0 and E-II: 

d[E]/dr = k,[E-I-X’] - k,[E][AOOH] (38) 

d[E-l]/dt = k,[E][AOOH] - /(2,[E-l] (39) 

d[E-I-X’]/dt = k,,[E-I] - k2[E-I-X.][AH] 

- k,[E-I-X’] (40) 

d[AOOH]/dt = k,[E-I-X’][AH] - k,[E][AOOH] 

(41) 

Fig. 9 shows how the rate parameters k,, kza, and 
k, affect the shape of the kinetic trace according to 
the mechanism in Scheme 3. It was assumed that k, 
is the same as in the first model (3 X 1O-3 s-‘1. In 
all theoretical curves shown, except one, k, has an 
assigned value of 8 X IO’ Mm ’ SK’, close to what 
was experimentally determined for 15-HPETE [14]; 

I , I 
033 2500 4167 

Time, ms 

Fig. 9. Simulated time ccmr~es according to the mechanism in 
Scheme 3. (0) Exponential trace for experimental k,,,, = 0.89 
5-l. (a-f): Theoretical curves for the same kohh and initial 
conditions ([AH],, = 5.5 FM, [AtO, )OOH],, = 0.25 FM, and [El,, 
= 0.25 PM). Combinations of the rate constants were as follows: 
(a) k,=t?XlO’ Mm’ s-‘, k,=1.2X10s Mm’ s-‘, k,,=6.5 
s-’ and kl = 5 X 10-I sm ‘: (b) k,, k, and k, as in (a). kza = 65 
s _I: (c) k,, k2,, and k, as in (b), k, = 1 X 10’ Mm’ UC’; Cd) k,, 
k,andkiasin(a),k,,=1.2s-‘;(e)k,andk,asin(a),k,,=2 
s-’ and k,=1.2X103 Mm’ s-‘; (f) k, =1.4X10’ M-’ s-‘. 
k2=l.2x10JM~’ 5-l. k,,=65sm’ and k,=5XlO@ se’. 

as we showed, this is a good estimate in the first 
cyclooxygenase model. The values for kZa and k, 
were combined differently; under no conditions could 
a good fit with the experimental trace be obtained. 
Furthermore, for the values of k, and k,, as deter- 
mined experimentally at 1” C [4] and for the k, and 
k, with the most realistic values, both the formation 
and disappearance of the intermediate II would be 
faster than what was actually observed at 30” C (Fig. 
9, curve f). 

4. Discussion 

4.1. Initial conditions in the pre-steady-state kinetic 
measurements 

Since the detection of the tyrosyl radical [3] there 
has been controversy about its role in catalysis [18- 
201. It has been postulated that this enzyme species 
plays a key role in the initiation of the cyclooxyge- 
nase reaction by abstracting the 13-pro-S hydrogen 
atom from 20:4. However, the kinetic mechanism of 
the cyclooxygenase reaction had never been studied 
in detail. Probably the most important reason is the 
instability of the enzyme intermediates which had 
limited the use of transient-state techniques. The 
problem is complicated by the fact that the tyrosyl 
radical has an identical Soret spectrum with com- 
pound II and that similar spectral changes have been 
observed in the reactions of PGH synthase with both 
hydroperoxides and 20:4 [ 1,3,4]. 

Another part of the problem originates in the 
sensitivity of 20:4 to autooxidation so that small 
amounts of contaminant hydroperoxide are always 
present in its solutions. Often very rigid purification 
procedures [21] did not completely remove the con- 
taminant hydroperoxide from 20:4; there was always 
some trace amount present capable of initiating the 
cyclooxygenase reaction. In our preliminary experi- 
ments we found that the use of purified 20:4 makes 
the pre-steady-state kinetic measurements very un- 
certain: the change in absorbance at 426 nm usually 
proceeded in more than a single step and this was 
accompanied with poor reproducibility. This hap- 
pened because at low initial hydroperoxide concen- 
tration, an incomplete formation of compound I oc- 
curred followed by its conversion to more than one 
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species, i.e., to compound II and compound I-tyro- 
syl radical. With unpurified 20:4 samples single 
exponential traces were obtained (Fig. 2) with a 
satisfactory reproducibility which indicated that hy- 
droperoxide concentration was constant and in ex- 
cess of the enzyme so that the pseudo-first-order 
conditions were satisfied for all three substrates, 
hydroperoxide, oxygen, and 20:4. For the series of 
the pre-steady-state experiments with 20:4, the 
amount of oxygen was always constant (230 /.LM at 
30” C) but the amount of contaminant hydroperoxide 
changed every time the amount of 20:4 was changed. 
In this situation the pre-steady-state kinetics is af- 
fected by both hydroperoxide and 20:4. 

The initial conditions in our pre-steady-state ex- 
periments with 30:2 were adjusted in such a way that 
the effects of the fatty acid were fully separated from 
the effects of the hydroperoxide. We proceeded in 
the opposite direction from what has been a common 
procedure: instead of purifying fatty acid from the 
traces of hydroperoxide we oxidized a series of 20:2 
solutions for different periods of time so that we 
were able to vary the ratio of hydroperoxide and 
20:2 in stock solutions and keep the hydroperoxide 
concentration constant. For this approach, 20:2 was 
chosen as an alternative to 20:4. Although it utilizes 
one molecule of oxygen (the oxygenase reaction) it 
is a reasonable good substrate for the enzyme and 
identical changes in the enzyme spectra were ob- 
tained to those with 20:4 (Fig. 11, indicating that 
they probably share the same reaction mechanism. 
Furthermore, its hydroperoxide is a conjugated diene 
species that can be conveniently measured spec- 
trophotometrically at 235 nm [6,7]. There is no more 
convenient method to measure the initial residues of 
the hydroperoxide in fatty acid solutions. In the past 
a polarographic procedure was used to measure the 
lipid peroxide concentrations by following the length 
of the lag phases in a cyanide-treated PGH syn- 
thase-cyclooxygenase reaction [22] but the latter 
method is less convenient than the spectrophotomet- 
ric method. 

4.2. The inhihitiorl of the compound I reactiotl with 
20:4 by irtdomethacirz arzd 22:6 

The effects of the cyclooxygenase inhibitors on 
the increase in absorbance at 426 nm (Fig. 2) can be 

explained as follows: indomethacin and 22:6 prevent 
the reaction of compound I with 20:4 by competing 
with 20:4 for the same binding site. The two in- 
hibitors have similar dissociation constants for the 
initial binding to the enzyme but the overall mecha- 
nisms of the inhibition are different [16]. For 22:6, 
the inhibition is rapid and reversible while for in- 
domethacin a rapid, reversible binding is followed by 
an irreversible first-order decay of an enzyme-in- 
hibitor complex [16]. This explains why the inhibi- 
tion of the compound I reaction with 20:4 was more 
effective with indometacin than with 226. 

It has been demonstrated by e.p.r. studies [15,23] 
that indomethacin and other cyclooxygenase in- 
hibitors did not prevent the formation of tyrosyl 
radical signals although they inhibited the cyclooxy- 
genase reaction. There are two distinct tyrosyl radi- 
cal species detected during reactions with hydroper- 
oxides or 30:4, a transient doublet which is replaced 
by a narrow singlet at longer times [3.15,24]. A third 
tyrosyl radical signal has also been detected as a 
broad singlet in the presence of indomethacin or 
under conditions that enhance self-inactivation 
[15,24]. Its identity has been recently solved [Z]. 

The broad singlet is not a distinct tyrosyl radical 
species but a composite of the narrow singlet and the 
doublet originating from the same tyrosyl residue 
[z]. The kinetics of the formation of doublet and 
singlet radical species did not correlate to the time 
course of 30:4 oxidation [24] or only the doublet is 
formed at a rate high enough to have catalytic com- 
petence in the cyclooxygenase reaction [ 15,231. Since 
the doublet radical is transforming to the singlet 
radical and since both probably originate from the 
same, not from two different tyrosyl residues [2~], 
these results are more in agreement with a role for 
the tyrosyl radical in oxidative auto-inactivation, not 
in catalysis. Our results are consistent with these 
findings. One might anticipate that if the tyrosyl 
radical were the species formed from compound I 
then indomethacin would have no effect on k,,,,,, 
which is not the case (Fig. 2). Both indomethacin 
and 22:6 prevented the conversion of compound I to 
intermediate II. Thus, intermediate II probably is not 
the compound I-tyrosyl radical. Rather it is either 
compound II or some unidentified compound I-pro- 
tein radical having identical spectroscopic properties 
to those of compound II. In addition, Mn(IIII-PGH 
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synthase does not generate tyrosyl radicals but some 
unidentified protein radical and still is a very active 
cyclooxygenase [24,26]. The authors of the tyrosyl 
radical hypothesis agree that some unidentified amino 
acid radical instead can play an active role in PGH 
synthase catalysis [lS]. Recently it was shown that 
mutation of tyrosine 385 with phenyl alanine (Y385F) 
abolished the cyclooxygenase activity but did not 
prevent the formation of narrower singlet radical 
[27]. The isotopic replacement with predeuterated 
tyrosine and phenyl alanine in the Y385F mutant 
established that the singlet radical originates from an 
unknown tyrosine residue. This questioned the num- 
ber and the identity of tyrosyl residues participating 
in catalysis and/or inactivation. Nonetheless, the 
entity presented in our model as E-I-X’ (Schemes 1 
and 2) can be either a tyrosyl radical or any other 
protein radical which has the compound II-like heme 
structure. 

4.3. Mechanism of the PGH synthase cyclooxygenase 
and oxygenase reactions 

Our pre-steady-state results and computer mod- 
elling revealed a unique mechanism for the oxidation 
of fatty acids (20:2 and 20:4) catalyzed by PGH 
synthase which lead to the formation of transient 
hydroperoxides (ll-OOH-20:2 and PGG,). Accord- 
ing to our mechanism (Schemes 1 and 2) the heme 
group at the enzyme active site participates directly 
in all steps of the oxygenation reaction. The reaction 
of hydroperoxide with native enzyme leads to forma- 
tion of the corresponding alcohol and compound I 
(the peroxidase reaction); compound I abstracts a 
hydrogen atom from the fatty acid producing com- 
pound II and fatty acid carbon radical (the initiation 
of the cycle- and oxygenase reactions); the fatty acid 
carbon radical converts to the corresponding fatty 
acid hydroperoxyl radical after fast addition of one 
or two molecules of oxygen (the oxygenase and 
cyclooxygenase reactions). Compound II is a tran- 
sient species under aerobic conditions which under- 
goes fast hydrogen atom abstraction at one protein 
residue by the hydroperoxyl radical and compound 
I-protein radical and corresponding hydroperoxide 
are formed (the completion of the cycle- and oxyge- 
nase reactions). Overall, the conversion of the en- 

zyme species is from E + E-I + E-II -+ E-I-X ‘. The 
change in concentration of E, E-I, and E-I-X species 
as a function of time is shown in Fig. 6B. By using 
two different types of fatty acids we showed that the 
conversion of E-I is a function of fatty acid concen- 
tration, a relationship typical for bimolecular reac- 
tions. We showed that E-II is also formed as a 
transient species under aerobic conditions. Since E-II 
has an identical spectra to that of E-I-X no further 
distinctions between them were possible. We showed 
that the kinetic mechanism which includes the spon- 
taneous E-I -+ E-I-X’ reaction does not fit the ex- 
perimentally observed kinetics (Fig. 9). 

The magnitudes of the rate constants for the 
reactions of lipid peroxides with native enzyme, k,, 
are known from earlier transient state and steady-state 
studies [4,12,14,17]. Here for the first time we report 
the value for the k, obtained from a combination of 
the pre-steady-state experiments and computer mod- 
elling. We showed that the rate constant k, is 4 x10’ 
Mm ’ sm ’ for the reaction of the native enzyme with 
HOO-20:2 and 8 x10’ Mm’ s-’ for the reaction 
with HOO-20:4. The value of k, = 7.1 X 10’ Mm’ 
s-’ obtained under steady-state conditions with 15- 
HPETE, also a hydroperoxide product of 20:4 [14], 
is the closest value to those predicted from our 
pre-steady-state modelling. Thus, for the first cat- 
alytic step (the peroxidase reaction of the native 
enzyme) our pre-steady-state model agrees with the 
previous studies. However, the pre-steady-state ki- 
netics disagrees with the previous hypothesis for the 
following catalytic step, i.e., the initiation of the 
cyclooxygenase reaction. 

According to our model (Schemes 1 and 2), the 
reaction of compound I with fatty acid (E-II forma- 
tion) appeared to be two orders of magnitude slower 
than the reaction of lipid peroxide with native en- 
zyme (E-I formation). Our model predicts that the 
oxygen-related steps which occur after the reaction 
of compound I with fatty acid do not have an effect 
on the observed rate. The rate of E-I-X’ return to 
the native enzyme E is a secondary reaction not 
significant on the time scales of our experiments. For 
the computer simulations we used an arbitrary low 
value of k, = 3 x10-” s-‘. Thus, by modelling the 
cycle- and oxygenase reactions we find out that we 
can apply more simple kinetic relationships for the 
20:4 and 20:2 reactions with E-I. Initially we only 
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knew that for the reaction with 20:2 the pseudo- 
first-order conditions were satisfied. Without mod- 
elling we would not be able to find out that the same 
is true for the reaction with 20:4 and to see that 
oxygen concentration and the rate constants for the 
oxygen related steps do not affect the rate of the 
reaction of E-I with fatty acid. Finally, by modelling 
we showed the most probable sequence of events 
(Schemes 1 and 2) which does not agree with the 
tyrosyl radical hypothesis (Scheme 3). 

Under pseudo-first-order conditions, the observed 
reaction rate is the rate of the rate controlling step 
and the modelling showed that this is the reaction of 
compound I with fatty acid: 

-d[E-I]/dt = k,[AH][E-I] 

kobs = k, [AHI 
Hence, the slopes of the curves in Figs. 4 and 7 
represent the apparent second-order rate constant, 
k,, for the reaction of 20:2 and 20:4 with PGH 
synthase compound I. Within experimental error, the 
kZ values from the experiments (1.2 X lo5 Mm ’ sm I 
for 20:4 and 2.5 X lo5 M-’ s-’ for 20:2) and those 
obtained by the computer simulations are identical. 

The spontaneous decay of compound I is insignif- 
icant in both 20:2 and 20:4 experiments since no 
significant intercepts were observed in the plots of 
kobs versus [fatty acid] (Figs. 4 and 7). At least when 
the hydroperoxide concentration was constant and 
lo-fold in excess of the enzyme concentration, as in 
the experiments with 20: 2 (Fig. 4), the intercept 
would be very obvious if the intramolecular electron 
transfer occurred to transform compound I to the 
compound I-tyrosyl radical. One can conclude that 
the spontaneous tyrosyl radical formation predicted 
from the kinetics of the reactions of native enzyme 
with hydroperoxides only [4] is not significant and 
does not occur simultaneously with the reaction of 
compound I with fatty acid. This could indicate that 
the fatty acid prevents the spontaneous decay of 
compound I to the tyrosyl radical [3,4]. 

A limit of our model is that it predicts a shorter 
lag phase than is observed experimentally (Figs. 6 
and 8). We assumed that compound II is in a steady 
state throughout the course of the reaction, whereas 
in the lag phase compound II has not yet attained its 
steady-state value. 

5. Conclusions 

Our pre-steady-state experiments and kinetic 
modelling reveal the identity of the oxidizing agent 
for the initiation of fatty acid oxygenation to be 
compound I, not the compound I-tyrosyl radical. 
Rather the protein radical species does form simulta- 
neously with hydroperoxide as a result of compound 
II reaction with the hydroperoxyl radical. We do not 
rule out the possibility that the protein radical can 
have a role in the events after the formation of the 
first molecule of hydroperoxide. 

We provide kinetic evidence for a direct involve- 
ment of the heme prosthetic group in all steps of the 
oxygenation reaction (hydroperoxide formation). This 
indicates that the binding site of the fatty acid might 
be in a close proximity to the heme to allow the 
direct electron transfer from fatty acid to compound I 
intermediate, not remote from the heme as suggested 
in a model of the PGH synthase active site [28]. This 
interpretation is consistent with the recent X-ray 
crystal structure of PGH synthase [29]. Tyr38” is 
positioned near the edge of the heme and in the 
upper portion of the hydrophobic fatty acid binding 
site. Because of the low resolution of the enzyme- 
inhibitor complex the interaction of 20:4 with the 
active centre is not clear but a stereochemically built 
model indicates that C-13 of 20:4 would be bound in 
the vicinity of Tyr3” and consequently in the vicin- 
ity of the heme. From our kinetic study it is very 
likely that the fatty acid donates an electron directly 
to the porphyrin cation radical and a proton to a near 
basic amino acid residue of compound I. 

Further structural models of 20:4 binding are 
needed for PGGZ binding in the fatty acid channel. 
This will be useful in the elucidation of the position 
and the orientation of the Tyr385 and other protein 
residues relative to the heme and the PGG, radical. 
The most prominent catalytic role of the enzyme is 
to stabilize the transient free radical intermediates 
and their transition states. The hydroperoxyl radicals 
are probably situated in the fatty acid channel before 
the first hydroperoxide molecule is formed. We pos- 
tulate that the tyrosyl radical is formed simultane- 
ously with the first molecule of hydroperoxide. Thus 
all cyclooxygenase steps occur in the hydrophobic 
channel. The neutral hydroperoxide molecule is relo- 
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cated to the peroxidase binding site after formation an understanding of the overall oxygenation mecha- 
of the compound I-protein radical. nism. 

The kinetic mechanism proposed in this study will 
require further verification, particularly under anero- 
bit conditions where the reaction of E-I + AH + E-II 
can be isolated from the oxygen-related steps. It will 
be also important to see whether the classical elec- 
tron donors promote or inhibit the compound I reac- 
tion with fatty acids or have no effect. 
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2). Even though the reaction of intermediate II with 
fatty acids is slower and more convenient for kinetic 
measurements than the compound I reaction with 
fatty acids, the interpretation of the kinetic results is 
more challenging. Intermediate II appears to be start 
of the pathway of auto-inactivation. This pathway 
has not yet been studied in detail but is important for 
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