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ABSTRACT. The mechanism by which cyclooxygenase-1 (COX-1), a heme- and tyrosyl radical-containing
enzyme, catalyzes the regio- and stereospecific oxygenation of polyunsaturated fatty acids to prostaglandin
or hydroperoxide products has not been understood. Steady-state kinetic studies conducted with the native
substrate arachidonic acid and the slower substrate linoleic acid are described here. Second-order rate
constantsk../Ky for fatty acid and @, are found to depend upon the concentration of the other cosubstrate.
Competitive oxygen kinetic isotope effectd@ KIES) keaf Km(16:180,)/keaf Km(181905,) reveal that a peroxyl

radical is formed in or before the first kinetically irreversible step. Together, the results indicate that the
oxygenase reaction occurs by a sequential mechanism which most likely involves reversible abstraction
of a hydrogen atom from the fatty acid prior to the trapping of the delocalized substrate radical by O
The identity of the first kinetically irreversible step, subsequent to forming the peroxyl radical, is also
discussed in the context of the magnitude of the oxygen kinetic isotope effects as well as the behavior of
kealKm(O2) in response to changing solvent pH, pD, and viscosity.

Cyclooxygenases (COX-1 and COX!2yre structurally Scheme 1

homologous membrane proteins that use a heme prosthetic ROH + H,0 COXoy RH + 0,
group and a tyrosyl radical to mediate the first committed eroxidase + 2H* dioxvaenase
step in prostanoid biosynthesi§, (2). COXs exhibit two P + 2e Ve
activities (Scheme 1): (i) a dioxygenase activity where O ROH COXreq RO2H

is regio- and stereospecifically incorporated into a fatty acid

substrate and (ii) a peroxidase activity where two reducing specieq Fe¥(O)Por*}. Decay of F&(O)Por* to Fe¥(0)-
equivalents are used to convert a hydroperoxide to an alcoholPor occurs on the millisecond time scale at rates that correlate
(3). Prostaglandin b produced from arachidonic acid by with the appearance of an EPR signal assigned to Tyr385
the dioxygenase and peroxidase reactions of COX, is the(15—20). Tyr385 is locatec~9 A from the closest meso
precursor to all other prostaglandins in addition to throm- position of the porphyrin ring at the top of the hydrophobic
boxane and prostacyclin. Pathways leading to the formation substrate-binding domain (Figure 1).

of prostanoids which are independent of COX may also exist  The detailed mechanism of site-specific tyrosine activation
(4). Collectively, these substances mediate a range ofin COX has not been understood. This reaction requires the
physiological processes from cell differentiation and prolif- selective removal of an electron from Tyr385 in spite of other
eration to inflammation and oxidative streds-@). Under- oxidizable residues (Tyr348 and Trp387) within a similar
standing the reactivity of COX with molecular oxygen is distance of the F¢O)Por*. Radical equivalents at other
relevant to the enzyme’s potential involvement in certain tyrosines in COX have been detected and are thought to arise
diseases 9§, 10) as well as the mechanism by which from the initially formed Tyr385(22, 23). Tyrosyl radical-
prostaglandin is formed in preference to acyclic hydroper- forming reactions have also been reported in a variety of
oxyeicosatetraenoic acid$)( metalloenzymesd) including structurally and functionally

COX-1 was one of the first enzymes proposed to use andisparate heme protein2%-29). The reaction in COX
amino acid radical for catalysi€d{—13). Tyrosyl radicals ~ &PPears unique, however, in that the Tyr3@fiates C-H
have since been identified in both COX isoformsf)(and oxidation and is catalytically regenerated through a series

shown to originate from a hydroperoxide-dependent process®f reactions which involve © Similar mechanisms have
which involves oxidation of a noncovalent, enzyme-bound P&en considered in plant-derived fatty acid oxygenases which
ferric protoporphyrin IX{ Fe"Po to a highly reactive ferryl appear to require heme and a specific tyrosine residue for
catalysis 80—33).
Crystal structures of COX-12@) reveal that arachidonic

' Funding was provided by grants from the ACS-PRF (40731-G3), acid binds~12 A from the heme in a distorted L-shaped
NSF CAREER (CHE-0449900), and the Research Corporation Cottrell b

Scholar Award (CS-1461) to J.P.R. conformation which positions the I8o-S hydrogen for
* Corresponding author. Phone: 410-516-7835. Fax: 410-516-8420. abstraction by Tyr385Figure 2). A similar more extended
E-mail: joroth@jhu.edu. binding conformation is indicated for the substrate analogue

| 1AbbreVia“°.”S:f CO§'1L8¥<°'f°XY9%”ase I?SOform'l?g%O)é]é’ - linoleic acid @4), which has two fewer carbons and two
clooxygenase isoform-2; -1, soybean lipoxygena , . . . .
oxygen-18 kinetic isotope effectO EIE, oxygen-18 equilibrium fewer double bonds. This conformation causes the bisallylic

isotope effect. 11-pro-Shydrogen to point toward the oxygen of Tyr385
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While the structures of the enzyme-bound arachidonate and
linoleate complexes are consistent with the regio- and
stereospecific Habstraction reactions demonstrated through

His207

isotope-labeling studies3p, 36), these static snapshots
provide little insight concerning how the enzyme directs the
reactivity of the small, nonpolar, and freely diffusible
substrate @

To better understand how amino acid radicals catalyze
selective oxygenations, we have investigated the reactions

of COX-1 with arachidonic acid (AA) and the slower

substrate analogue linoleic acid (LA). Previous studies have

shown that 2 equiv of @ are incorporated during the
dioxygenase reaction of AA, and PG( the main product
(95%) along with small amounts of Rl 155 and 1R
hydroperoxyeicosatetraenoic acids (HpETES) (e®T)38).
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Ficure 1: Disposition of the peroxidase and dioxygenase active
sites in COX-1. The crystal structure (1DIY) was obtained with
Cad'"-protoporphyrin IX in place of the hem&Z).

In a less selective dioxygenase reaction, which consumes

only 1 equiv of Q, LA is converted to 9R)-hydroperoxy-
octadecadienoic acid (HpOD)-70%) in addition to the §

13R,and 1&isomers (eq 2)39). In the following studies,
co;
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steady-state kinetics as a function of pH, solvent isotope,

and solvent viscosity as well as competitive oxygen kinetic
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FiGURE 2: Superimposed structures of linoleate (red, 11G&) (
and arachidonate (blue, 1DIY21) bound to COX-1 with the C-11
and C-13 positions of the respective fatty acids designated (yellow).

solutions. Substrate stock solutions were prepared inside an
anaerobic glovebox (MBraun) by dissolving the neat fatty
acid in deoxygenated buffer. Aliquots were stored-&0
°C under N and thawed just before use.

Enzyme PreparationCOX-1 was isolated from ram
seminal vesicles (Oxford Biomedical) following the proce-
dure of Marnett et al.40). Purity was estimated to be95%

isotope effects are employed to provide detailed insights py gel electrophoresis. Approximately 60% of the isolated

concerning the @dependent transformations in the reactions
mediated by COX-1.

MATERIALS AND METHODS

General All chemicals were obtained commercially in the
highest purity available. Arachidonic acid B(8(2),11@2),-
14()-eicosatetraenoic acid] and flurbiprofen were supplied
by Sigma. Linoleic acid [¥),12(@)-octadecadienoic acid]
was supplied by Acros. Prostaglandin [L5(9-hydroxy-
9,11-peroxidoprosta-3§,13(E)-dienoic  acid (PGH)],
prostaglandin @[15(9-hydroperoxy-9,11-peroxidoprosta-
5(2),13(E)-dienoic acid (PGQ], 15(S-hydroperoxy-5Z),8-
(2),11©),13(E)-eicosatetraenoic acid ($881pETE), 9R)-
hydroperoxy-10£),12(Z)-octadecadienoic acid EBHpOD),
and 13§-hydroperoxy-97),11(E)-octadecadienoic acid ($3

protein contained the heme prosthetic group as judged from
the Soret band absorbance of'lRor (€4120m= 123000 M
cml) (41) and the total protein content estimated by
Bradford analysis. As reported previously, preparations
containing the apoprotein40%) could be reconstituted with
hematin (Sigma), and significant dioxygenase activity was
recovered 42).

The concentration of holoprotein determined from the
Soret absorbance at 412 nm using a diode array spectropho-
tometer (Agilent HP 8453) was correlated to the enzyme
activity for six different preparations of COX-1. Enzyme
activity was determined using a Clark-type oxygen electrode
(Yellow Springs Inc.; 5300A voltmeter and 5331A probe).
Rates of @ consumption were confirmed to be due to COX
activity based on the inhibition patterns observed upon adding

HpOD) were supplied by Cayman Chemicals as ethanolic flurbiprofen @3, 44). A standard assay was developed using
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solutions of holoprotein that did not contain added hematin. drift of the oxygen electrode. The drift rate was less than
It was assumed that each equivalent of Per gave rise to ~ 30% of the enzymatic rate in any given experiment.

1 equiv of active enzyme. The actual concentration of active  Analysis of the Initial Rate Data he initial rate data were
enzyme may be somewhat lower in view of results from rapid analyzed using Kaleidagraph 4.0 (Synergy Software). Kinetic
freeze-quench electron paramagnetic resonance (EPR) stud-parameters were obtained by fitting at least 10 points to the
ies which indicate that the ratio of the catalytic tyrosyl radical Michaelis—Menten expression:

to heme is~0.6 for COX-1 Q0). The EPR experiments are

not directly comparable, however, since they were conducted ” A _IS]
at 1C-fold higher concentrations of enzyme and without B a 3)
added substrate. [Elr 2, +[S]

Steady-State Kineticdnitial rate measurements were ) o ) )
performed using the Oelectrode as described below. Wherew is the initial rate, [E]is the total active enzyme
Reaction temperatures were maintained a&-3D2 °C using concentration?Ky is the apparent Michaelis constant, and
a recirculating water bath (VWR 116-0S). In addition to the *keatiS the apparent rate constant for enzyme turnover. The
fatty acid and @, solutions contained 1 mM phenol and 1 €Sultingkea, Kw, andkea/Kw are reported witht1 standard
uM hematin unless noted otherwise. The phenol is a €TOrs accompanying the nonlinear regression analysis.
peroxidase substrate which prevents enzyme deactivation dud0uble reciprocal plots of{[E])* vs [fatty acid]* or (v/
to the accumulation of hydroperoxide products under turn- [E])~* vs [O2]"* gave kinetic parameters with larger uncer-
over conditions. As described in the following section, tainties, yet all were within the error of those derived from
experiments at varying phenol concentrations were performedthe nonlinear curve-fitting analysis.
to expose any dependence of the dioxygenase reaction PH and pD Profiles.The following buffers were used:
kinetics upon the peroxidase reactiatb,(46). Trace dieth- ~ 0.0566 M sodium phosphate at pH 7, 0.0160 M sodium
yldithiocarbamate (DDC) used as a stabilizer during protein Pyrophosphate at pH 8, 0.0136 M sodium pyrophosphate at
isolation was also present in the kinetic assays. Addition of PH 9, 0.0107 M sodium pyrophosphate at pH 10, and 0.0200

DDC was confirmed to have no effect upon the dioxygenase M CAPS at pH 11. The ionic strength was= 0.1 M in all
kinetics, consistent with previous repor&). cases. Deuterated buffer solutions were prepared similarly

using salts which had been enriched by dissolution i@ D
(99.9% Cambridge Isotope Laboratories) and evaporation to
dryness. Solution pH and pD values (FDpHreading+ 0.4)
were determined using an Accumet Research pH meter at
22 °C. Small corrections 0f-0.0028 unit/C (phosphate),
0.01 unit’C (pyrophosphate), an¢0.018 unit?’C (CAPS)
Avere applied to extrapolate to 3Q. Solvent isotope effects
are reported as the average of three measurements with the
errors propagated according to the equation:

Kinetics experiments were conducted at qD at pH 8
(0.016 M sodium pyrophosphate,= 0.1 M) unless noted
otherwise. Reactions were initiated by adding between 0.5
and 5uL of an enzyme stock solution to 1 mL of a rapidly
stirring solution containing the dioxygenase and peroxidase
substrates. This solution was preequilibrated against air or
mixture of pure @and N, at 1 atm. Standard assays in air-
saturated solutions containing either @9 AA or 50 uM
LA were performed to check the activity of the enzyme. The
enzyme concentrations were standardized from the rates

using the rate constantq{E]r = 124 s* for AA and /[E]+ kHZO _ 1 |2 5 _kHZO )
= 12.8 st for LA. The latter values agree well with specific Koo g (AkHZO) + ko % (Akozo)
activities for ovine COX-1 reported in the literaturégy. 2 2 20

4
The concentration of active COX-1 was typically +.0 “)

3.0 nM in experiments with AA and 5:20 nM in the whereki,o = [KealKm(O2)]h,0, Koo = [KeafKn(O2)p,0], and
experiments with LA. The addition of hydroperoxide com- Ak corresponds to the standard error from the nonlinear
pounds to initiate enzyme activity was unnecessary in the regression analysis.
experiments performed due to the trace levels present as yjiscosity Effects Experiments to probe the effects of
impurities in the fatty acid substrate soluuon@)(. No lag solution viscosity uporke/Km(O2) and kea/Kw(fatty acid)
in the rate of Q uptake was detectable in any of the \yere conducted using sucrose as the viscosogen. Viscosities
experiments even at the lowest concentrations of fatty acidsyere determined relative to a solution containing only buffer
examined (M AA and 6uM LA). Furthermore, the kinetic  ysing an Ostwald viscometer at 3G. The resulting data
parameters were found to be unaffected by adgmon & 15 \yere fitted to KealKin(O2)] Y [keal Kim(O2)] = (17/7°)*, where
HpETE, 135-HpOD, and ®-HpOD as described in Results.  he superscript 0 designates the absence of added viscosogen.
Rates of @ consumption varied, as expected, in direct According to the StokesEinstein relation, an exponent of
proportion to the concentration of COX-1. Control experi- 1 is expected for diffusion-limited binding of the fatty acid
ments were especially important here since artifacts due tosubstrate or the dissociation of the hydroperoxide product
electrode dampening and inadequate mixing have been(51). A smaller, empirically determined exponent of 0.5 has
reported with AA at enzyme concentratiord0 nM (49, been proposed to describe the deviations from Stokes
50). COX-1 loses much of its activity within 2060 s Einstein behavior for small diatomic solutes like (62, 53).
depending on the reaction conditions. Initial rates were, Competitve Oxygen Kinetic Isotope Effects previously
therefore, calculated from the most linear portion of the decay described techniques§) employing natural abundance, O
curve 5 s after introduction of the enzyme to allow for and isotope ratio mass spectrometry (IRMS) was used to
mixing. Rates ranged from 4 108 M s 'to4 x 10’ M determine competitive oxygen kinetic isotope effe¢fO(
s1, and small corrections were applied for the background KIEs). The general procedure involves isolating {@om
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solutions and analyzing it$0/%0 before and after an
enzymatic reaction has taken place.

Experiments were conducted at 23 °C in Tris—sulfate
buffer (50 mM, pH 8u = 0.1 M) or pyrophosphate buffer.
Substrate-containing solutions were saturated withi®©gas

mixtures, loaded into a collapsible and injectable Tedlar bag
(Midan Co.) and connected to the vacuum apparatus. Fixed, ,_-
volumes of solution were withdrawn from the reaction vessel

to isolate the @ for analysis. Enzymatic reactions were

initiated by injecting a COX-1 solution through a resealable
septum. Fixed volumes of the reaction solution were again
removed, and the enzymatic reaction was quenched by

addition to 5-sulfosalicylic acid in 85%4RO,. The fractional
consumption of @ was determined to+3% using a
capacitance manometer (Omega PX238). Now@s con-

Mukherjee et al.
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sumed when the enzyme was introduced into SolUtions g re 3: Branched-chain mechanism for the oxidation of arachi-
containing an excess of the inhibitor flurbiprofen (3M) donic acid by COX.

(43, 44). Samples of @were purified from other condensable ) i i .

gases, quantitatively converted to £@nd condensed into ~ reaction mixture was diluted 2-fold by addition of methanol

dry glass tubes which were then flame-sea®4).( and the protein removed by gentrlfugat|on at 14009 rpm
The CQ samples were analyzed using dual inlet stable through a Microcon 10 kDa spin column (Amicon) prior to

isotope mass spectrometers housed in the Water ScienceMS analysis.

Laboratory at the University of Nebraska (Lincoln, NE) and RESULTS

the Environmental Isotope Laboratory at the University of

Waterloo (Ontario, Canada). TH&/0 in samples prepared The currently accepted model for COX reactivity involves

using the above outlined procedure was precise@d003. a “branched-chain mechanism” with two separately function-

The isotope fractionation of the unreactegh@s interpreted  ing peroxidase and dioxygenase active sile$5—57). As
shown in Figure 3, reactions of hydroperoxide compounds

using the equation

give rise to F&(O)Por*. The ferryl species produces the
catalytic tyrosyl radical (Tyr38% by a long-range oxidation
reaction which involves the removal of an electron together
with a proton. The Tyr38%hen initiates oxygenation of the
fatty acid substratelf. The formation of Tyr385occurs in

L n(R/R) -

18, —
OKIE={1+ 17

1 (5)

which expresses th€O KIE in terms of a ratio of ratios,
i.e., the®0O/*%0 (Ry) at a specific fractional conversioff ( competition with the oxidation of exogenous reductants, such

relative to the'®0/*%0 (Ry) prior to the enzymatic reaction. as phenol, by the B§O)Por*. While inhibitory at high

The 180 KIEs reported in this work were determined at concentrations, phenol present at lower concentrations
fractional conversions from ca. 5% to 65% by numerically protects the enzyme from overoxidation by the hydroperoxide

solving eq 5. Each KIE is quoted as the average of at leastproducts and, therefore, is commonly used in enzyme assays.

10 independent measurements with errors@f SD about
the mean.
Mass Spectral Analysis of Deuterium Exchangde

The branched-chain mechanism is consistent with a
number of experimental result¥)(including the requirement
for hydroperoxide compounds to initiate dioxygenase ca-

isotope composition of the fatty acid substrates was analyzedtalysis 68, 59) and the observation that dioxygenase activity
by electrospray ionization mass spectrometry (ESI-MS) using may be unaltered in site mutants where the peroxidase
an LCQ Deca instrument (Thermo-Finnigan) equipped with reaction is significantly impaired). Trace hydroperoxide
an ion-trap analyzer and operating in negative ion mode. impurities present in the fatty acid preparations are usually
Samples were delivered at a rate ofi0min directly onto sufficient to generate fully active enzyme in turnover
a silica-fused capillary. The capillary voltage was 5 keV, experiments; this is because of the rapid formation of
and the desolvation temperature was 360Each spectrum  hydroperoxide products by the dioxygenase reaction in the
spanning a mass-to-charge/f) ratio range of 56-500 was pre-steady-staté(). In the present study, experiments were
obtained by averaging 30 scans/min. conducted under conditions where the steady-state level of
Incorporation of deuterium from f® into the substrate  the active enzyme containing Tyr3&ppears to be constant.
was examined for the enzyme reactions under turnover This is a key feature which allows the kinetics of dioxygenase
conditions. Ammonium acetate (10 mM, pD 7.6) was used catalysis to be examined independently of the kinetics of
as the buffer to minimize the manipulation of solutions prior the peroxidase reaction.
to analysis. The kinetic parameters in this buffer were found Steady-State Kinetic€OX reacts with a variety of C-18
to be similar to those in pyrophosphate (data not shown). and C-20 fatty acids that contain bisallylic-El bonds 48,
Phenol and hematin were left out of the reaction solutions 61—64). The following experiments compare the enzymatic
to prevent high conversions of the substrate to products. oxygenation of the native substrate AA to that of the slower
Experiments were performed by incubating the fatty acid reacting analogue LA. The dependence of initial rates upon
(30—100uM) with nanomolar concentrations of COX-1 and O, concentration is shown in Figure 4 for the two fatty acids
qguenching after 1820 s by addition of concentrated at near-saturating concentratiorss6Ky). The data, which
ammonium hydroxide to bring the pH to 12. The quenched appear to be reasonably well fitted by the MichaeNgenten
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Ficure 4: O, dependence of the initial rates of arachidonic acid (AA) and linoleic acid (LA) oxidation.

Table 1: Limiting Steady-State Kinetic Parameters for the Dioxygenase Reactions of COX-1

Keaf KealKm(O2) x Kw(O2) kealKn(fatty acid) x Kw(fatty acid)

(s 10¢(M1sY (uM™1 10¢(M1sY (UM
AA 147+ 6° 18.9+ 0.9 55+0.8 46+ 3 1.9+0.2
LA 17.7+1.1 0.56+ 0.02 24+ 3 2.3+0.2 8.2+ 1.6

2 Reported as the average results from independent experiments at varying concentraticarsdofa®y acid® Not corrected for the stoichiometry

of O, consumption.

equation, indicate the following parameteig; = 135+ 3

s 1, Ku(Oz) = 5.94 0.5uM (65), andke/Ku(O2) = (2.3+
0.2) x 10’ M~tstat 30uM AA and keg= 14.5+ 0.3 %,
KM(Oz) =31+ ZﬂM, and kca{Km(Oz) = (47:|: 03) x 10P
M~! st at 50uM LA. Double reciprocal plots (shown as
insets in Figure 4) with weighting give the same kinetic
parameters within the experimental error limits. Correcting
for the factor of 2 in G-to-fatty acid stoichiometry reveals
that keaf Km(O2) for AA is approximately 20 times greater
than ke.o/Km(O2) for LA. The reason for the sensitivity of
kealKm(O2) to the fatty acid substrate is explored in the
sections which follow. As a starting point, the apparent

implications for the kinetic mechanism (see below). While
similar results could arise from a decrease in the steady-
state level of Tyr38% no such evidence is indicated by the
control experiments at varying concentrations of the peroxi-
dase substrates (phenol and&s33pOD). In positive control
experiments at lower phenol concentrations, the decay of the
active enzyme is detectable, however, and results from effects
upon kear and Ky(O,) (see Supporting Information). In
addition, the absence of a measurable effect upatKy-

(LA) due to added hydroperoxide initiator is a particularly
important result which argues against dissociation of the
substrate radical from the enzyme active site at low

kinetic parameters are examined at varying substrate con-concentrations of © This event would lead to enzyme
centrations. The results are summarized in Table 1 anddeactivation during turnover and thus give rise to an apparent

discussed in terms of the kinetic mechanism.

(A) Linoleic Acid Kinetic measurements with LA reveal
a hyperbolic increase in the apparéqgf; as well as the
apparentk./Ku(LA) when the Q concentration is varied
(Figure 5a,b). The latter behavior is not significantly affected
by reducing the concentration of phenol from 1.0 to 0.3 mM
or by adding hydroperoxide initiators, such asSHpOD,
up to 5uM (see Supporting Information). At both lower and
higher concentrations of phenél./Km(LA) declines, signal-

effect uponk./Ku(LA). In addition, no evidence has been
reported in studies of COX-1 deactivation with the native
and slow substrates which could be construed as consistent
with loss of the substrate-derived radical from the enzyme
active site 66).

(B) Arachidonic AcidThe very lowKy values associated
with the oxidation of AA require the measurement of rates
at very low substrate concentrations, some of which approach
the detection limit of the @electrode. In additiony/[E]+

ing a decrease in the steady-state concentration of Tyr385versus [AA] plots exhibit a sigmoidal shape at fatty acid
(data not shown); these results would be expected for enzymeconcentrations less than 2M. This behavior has been
deactivation due to inefficient scavenging of the hydroper- reported for COX-1 but not COX-2 and previously suggested

oxide product and inhibition of Tyr38%ormation, respec-
tively.

Hyperbolic trends are also observed for the appakent
andk../Km(O,) in response to increasing the concentration
of LA from subsaturating to saturating levels (Figure 5c,d).
Again, the appareri./Ku(O,) is not significantly perturbed

to arise from allosteric binding of the substraé¥)( More
recently, the sigmoidicity has been attributed to incomplete
feedback activation by the hydroperoxide produ68)(
consistent with the different levels of PGGequired to
activate COX-1 (20 nM) and COX-2 (2 nMBQ). In the
present studies, only data collected at concentrations of AA

upon varying the concentration of phenol between 0.3 and > 2 uM were analyzed to avoid ambiguities in interpreting
1.0 mM or upon adding hydroperoxide compounds up to 5 the steady-state kinetic mechanism.

uM (Figure 6).

The observations that the appardqt/Ku(LA) values
depend upon the concentration of &d the apparerk../
Km(O2) values depend on the concentration of LA have

Analogous to the results with LA, the appardgs; and
kea Km(AA) increase hyperbolically in response to increasing
the concentration of &Figure 7a,b). Yet, in contrast to the
observations with the slower substrate, a change in the
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Ficure 5: Effect of substrate concentration upkg; (2, ¢), kealKm(LA) (b), and keafKm(O2) (d).
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FiGure 6: Apparentk./Ku(O,) at varying concentrations of phenol (a) and 13-HpOD (b) and two different fixed concentrations of LA.

limiting kea/Km(O2) is undetectable at the lowest concentra- k../Ku(AA) decreases slightly as the relative solution viscos-
tion of AA examined (Figure 7d). This behavior is the result ity is increased whereak.,/Ku(LA) remains unchanged.
of a decrease in th#k.,; and a commensurate decrease in Linear regression indicates slopes of 0.1 0.03 and

the @Ky (O,) as the AA concentration is lowered. There is

—0.034 + 0.05, respectively. The very small viscosity

no discernible effect upon the steady-state level of Tyr385 dependence observed for AA originates from a decrease in
at varying concentrations of the peroxidase substrates, i.e. k. With the slower substrate, neithkg,; nor Ky(LA) is

from 0.3 to 1.0 mM phenol45), and at varying concentra-

tions of hydroperoxide initiator (9R-HpOD, EHpOD, and

15SHpETE) from 0.3 to 1QuM (see Supporting Informa-

affected. These latter experiments serve as controls and
indicate that the added viscosogen does not influence the
kinetics by altering the protein’s structure or stabiliBa).

tion). At higher and lower concentrations of phenol, however, Similarly, no viscosity effect is discernible upégy/Ku(O2)
the keafKm(AA) and keofKu(O2) decrease, resembling the when LA is present at near-saturating concentrations. The

results obtained with LA.

Probing Diffusion-Limited Step$Studies ofk../Ky(fatty

acid) andk../Ku(O,) as a function of solution viscosity were

analogous experiments with AA again indicate a slight
diminution in K./ Kyw(O2) due predominantly to an effect
uponke:. Linear regression gives slopes of 044.04 (AA)

undertaken to expose possible contributions from diffusion- and 0.018+ 0.013 (LA), well below expectations for a
controlled steps. The results are shown in Figure 8 along diffusion-limited reaction. The slopes in the two experiments

with the expected theoretical behavior for a fully diffusion-

performed with AA are consistent with a common unimo-

limited process. Experiments at air saturation indicate that lecular step limiting both../Ku(AA) and Keaf Kym(O2).
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Ficure 8: Effect of solution viscosity upoR../Ku(fatty acid) (a) and../Ku(O,) (b) with AA (@) and LA (). The dashed line is the
theoretical relationship for a diffusion-controlled reaction.

Oxygen Kinetic Isotope EffectSQ KIES). 180 KIEs were The 80 KIEs observed for AA and LA indicate that,O
determined under competitive conditions using natural is reduced in or before the first irreversible step included
abundance @as outlined in Materials and Methods. In all  within k.a/Ku(O,). Equilibrium oxygen isotope effect$®Q
experiments, @isolated subsequent to the enzymatic reaction EIEs) calculated from stretching frequencies are generally
was found to be enriched ifO. The reactions, therefore, used to provide boundary conditions for interpreting the
are characterized by “normal” kinetic isotope effects where kinetic values $4). Relevant model reactions where 8
160—160 reacts faster thalfO—160. The data are shown in  reduced to H@, an allyl peroxyl radical, H@", and HO,
Figure 9 wheré®0 enrichment increases as an exponential are summarized in Table 2. The calculations indicate that
function of the fractional conversion. This observation is the EIE should increase with the extent of-O reduction
consistent with eq 5 and the contribution of the isotopically and be attenuated by the formation of new bonds to oxygen
sensitive step(s) t&.a/Ku(O2) remaining unchanged as,O  concomitant with electron transfer.
is consumed. Experiments with different preparations of The80 KIE = 1.0133+ 0.0020 observed for the LA is
enzyme and fatty acid substrate indicag/Kw(**0—1€0)]/ within error of the EIEs expected for formation of a peroxyl
[keal Km(*8O—1%0)] = 1.0141+ 0.0011 for AA and 1.0133  radical intermediate (1.010) and a hydroperoxide product
+ 0.0020 for LA. The small errors are typical for competitive (1.009). Significantly larger'0 EIEs characterize the
isotope fractionation measurements. formation of Q> (1.033) and H@ (1.034). With respect
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(RIRo) = (1 — f)exr, where exp= 1/¥OKIE — 1. the averagé.a/Ku(O,) between pH 8 and pH 10.
Table 2: 180 EIEs Calculated from Stretching Frequencies of the Deuterium Exchange ExperimentExperiments were
Reactant and Product54, 69) undertaken to test the reversibility of initial* ldbstraction
Reaction 180 EIEC from the fatty acid substrate. Specifically, it was of interest
to determine whether deuterium from the@solvent is
0, + le- === 0y~ 1.033 incorporated into the substrate during the enzymatic reaction.
Experiments under turnover conditions were performed using
0, + H' === HO, 1.010 enzyme that had been dialyzed against ammonium acetate/
D,O buffer for 12 h at 4°C. Reactions were allowed to
0, + A = 0 1.010 proceed to 510% conversion before quenching and removal
of the protein.
0, + H* + e- == HO, 1.034 No evidence for exchange of deuterium from the solvent
into the unreacted substrate is indicated by analysis of the
0y + 2H* === Hy0; 1.009 fatty acids before and after the reaction with the enzyme.
Each ESI mass spectrum is characterized by a major signal

. 1o corresponding to the deprotonated fatty acid and accompany-
* Calculated for thé®0—**0 and**0—%0 isotopologues. ing signals at highem/z due to the natural abundance levels
to the 80 KIE upon outer-sphere electron transfer tg O Of *°C. The measuredvz ratios of 19.9+ 0.6% (303/304)
little deviation from the maximum EIE is expectedy. for AA and 15.8+ 0.5% for LA (279/280) are somewhat
It is not obvious why thé®0 KIE = 1.0141+ 0.0011 for lower than the theoretical ratios of 21.6% and 19.5%
AA is similar to that observed for LA. In the case of AA, expected for the respective substrates. Analysis ofritze

production of PGGrequires 2 equiv of © As a result, the ra_tios Wit_h _fatty acid samples reisolated from reaction
observedi®O KIE reflects either one or two £consuming ~ Mixtures indicates values of 19:8 1.1% for AA and 15.1
steps. If Q were consumed before and after the first + 0.8% for LA, which are not statistically d.n‘ferent from
irreversible step withirkea/Kn(O2), the observed®O KIE those samples that had not been reacted with COX-1.
would be an average reflecting the two reactions; however,
if the 2 equiv of Q were consumed in or before the first DISCUSSION
irreversible step, the observét KIE would be the product Amino acid residues in the active sites of dioxygenase
of an 0O EIE and an'®0 KIE. The latter scenario would enzymes are proposed to affect the positioning of substrates
seem improbable since the,@onsuming steps are most for initial activation as well as the selectivity of reactions
likely separated by an irreversible<C bond-forming step, involving O, (71—-75). These features are illustrated by the
as discussed below. ability of COX to convert a prochiral substrate (AA) into an
Examination of ky/Ku(O,) as a Function of pH and pD oxidized and cyclized product with five chiral centers (PG
The dependence &./Ku(O,) upon lyonium ion concentra-  (cf. eq 1). Elucidation of the kinetically reversible and
tion was examined at fatty acid concentratier&Ky (Figure irreversible steps is critical to understanding the cyclooxy-
10). Above pH and pD 7, the rate profiles are flat, suggesting genase mechanism which uniquely gives prostaglandin in
the absence of proton transfer. Kinetic solvent isotope effectspreference to acyclic hydroperoxyeicosatetraenoic acids.
are also undetectable in this region. Such isotope effects Proposals to explain the selective oxygenation reactions
would be expected if either proton transfer or hydrogen atom effected by COX-1 have been predicated on the idea that,
transfer from a solvent-exchangeable site were to occur in asubsequent to Habstraction, @reacts with the delocalized,
step which limits k.ofKm(O2). As the pL is decreased, substrate-derived radical in a highly regio- and stereospecific

however, a significant solvent isotope effeé& kea/Km(O2)]/ manner {6). The dominant site of attack is C-11 in AA and
POk Km(O2)] = 2.5+ 0.3 is observed for LA. A smaller, C-9 in LA at the face opposite from which thgro-S
perhaps insignificant, effect is observed for ABJ[Kea/Ku- hydrogen is initially abstracted. Qrapping at C-15 in AA

(O))/PO keal Km(O2)] = 1.4 &+ 0.2. Studies at lower pH or C-13in LA, at the same face of the delocalized radical,
values are precluded by the poor solubility of the fatty acid. leads to hydroperoxide products having ®eather tharR
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stereochemistry (cf. eqs 1 and 2). Addition of @ the fatty acid were irreversible, as proposed for lipoxygenase
carbon from which the His initially abstracted is also  enzymes which also catalyze the dioxygenation of IZ&, (
possible, but such products have not been observed. 79). A sequential mechanism is, therefore, the preferred

Prostaglandin formation requires that cyclization of the interpretation of the COX-1 kinetics, noting again the lack
11R-peroxyl radical derived from AA outcompetes reduction of experimental evidence for a pre-steady-state decline in
to the 11-hydroperoxide. This 5-exo radical cyclization the concentration of the Tyr385
occurs by addition of the peroxyl oxygen to the C-9 double  The sequential mechanism in its most general form is
bond. Relative rates of cyclization to reduction can be defined according to the equation:
estimated from the 95:5 ratio of PG& HpETE formed
(37, 38). The ratio of~20 estimated from the products is v KealAllB] ©6)
comparable to the ratio of tHe./Ku(O,) values observed [El; K Kug T KuslAl + Ky A[B] + [A][B]
for AA and LA (cf. Table 1), consistent with divergent o ' '
pathways subsequent to the formation of the 11 and the 9 orwhich corresponds to a rapid equilibrium random mecha-
13 peroxyl radicals. nism; A and B are the substrates afg, is the inhibition

Large-scale reorganization of the oxygenated intermediatesconstant for A 80). The expression predicts the hyperbolic
must take place during AA oxidation. For instance, the first behavior of the apparent second-order rate constants and can
endoperoxide intermediate must rearrange to bring C-8 closealso account for the absence of a detectable decredsg in
enough to C-12 to form a new bond. This second cyclization Ky(O,) upon decreasing the concentration of AA. In this
is likely irreversible due to favorable thermodynamics case, tight binding of the native substrate such fat<
associated with forming a-€C bond. In the third putative = Ky is expected to make the first term in the denominator
intermediate having the bicyclic endoperoxide structure, the negligible, reducing the expression to one which resembles
radical equivalent has returned to its initial position at C-13. a ping-pong mechanism. Simplification of eq 6 also occurs
Addition of a second equivalent of Qo C-15 could then  when A binds rapidly with respect to B. In this casga
afford the 15-peroxyl radical which leads to the final product. approaches 0, and the system becomes ordered with the

The regio- and stereospecific nature of the firse@dition Michaelis constants approximating the substrate dissociation
step during AA oxygenation has been attributed to the constants&0). The hallmark of such behavior is an insen-
following: (i) steric shielding of C-13 and C15, (ii) increased sitivity of k.ato changes in the concentration of A, which is
unpaired electron density at C-11, (iii) site-specific delivery clearly not the case with COX-1.
of O, through channels within the protein, and (iv) reversible  The following discussion assumes the more general
reaction of the substrate radical with, @nd competitive random substrate-binding mechanism, although the experi-
kinetics downstream. Each of these possibilities has beenmental results do not preclude a mechanism where binding
evaluated using molecular dynamics simulationg) (with of one substrate before the other is prefer&d).(Regardless
the finding that none of the first three proposals could of the precise interpretation, the data obtained for COX-1
independently account for the reaction selectivity. The implicate a ternary complex of enzyme, fatty acid substrate,
mechanistic results presented in this work provide direct and Q as a kinetic intermediate prior to the first irreversible
experimental support for proposal ivVY). step (Scheme 2).

(I) Analysis of the Steady-State Kinetic Mechani3ime (I Mechanism of Linoleic Acid OxidationThe Q-
study of rate constants as a function of substrate concentratiordependent steps after formation of the ternary complex were
is frequently performed to illuminate enzyme kinetic mech- examined. The first step ik, (referred to in Scheme 2) is
anisms. To our knowledge, such systematic experiments hadassumed to be Habstraction from the fatty acid. Direct
not been conducted with either form of COX. This work insertion of Q into a C—H bond has a high kinetic barrier
highlights the reproducible kinetic results which can be making activation of @ or the substrate required for
obtained using the slower substrate linoleic acid. Findings oxygenation to proceed. In support of this assumption, EPR
suggest that the dioxygenase reaction with this substrate isstudies have demonstrated that Tyr3&acts with stoichio-
characterized by an appardgt/Ku(O,) that depends upon  metric AA to form an arachidonyl radical under anaerobic
the concentration of LA and an apparégi/Ku(LA) that conditions 81, 82), and studies with nitrone compounds have
depends upon the concentration of Burther, experiments  demonstrated trapping of the arachidonyl radical together
at different concentrations of phenol and hydroperoxide with the inhibition of G consumption §3). The oxidation
initiators provide no evidence for a decrease in the steady-of LA is the starting point for the following discussion as
state level of Tyr385nor kinetic coupling of the dioxygenase the reaction is simpler, involving only 1 equiv of,OA
and peroxidase reactions. Studies with the native substrateminimal chemical mechanism for this reaction is presented
indicate that the apparemt./Knm(AA) depends upon the  in Scheme 3.
concentration of @but that a change in the appardat/ (A) Evidence for Reersible H Transfer An important
Km(O2) is undetectable even at the lowest concentrations of finding from this study concerns the reversibility of initial
AA examined. Together, the results appear to be mostH* abstraction from the fatty acidkq in Scheme 3). The
consistent with a sequential kinetic mechanism. sequential mechanism requires thata@d the fatty acid bind

The steady-state kinetic results are inconsistent with areversibly prior to the first kinetically irreversible step.
“ping-pong” mechanism in which the initial reaction of the Furthermore, the significaifO KIE (1.0133) observed for
fatty acid is kinetically uncoupled from the reaction with LA oxidation indicates a change in-@D bonding in or
O, in this case,k.afKm for each substrate should be before this irreversible step. On these groundsbstraction
insensitive to the concentration of the other. Such a mech-from LA by Tyr385 appears to be reversible. If the initial
anism would be expected if initial ‘Habstraction from the  H* abstraction were irreversible,,@Qvould be consumed in
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Scheme 2: Random Sequential Mechanism for COX-1
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a Eqx = enzyme containing Tyr385SH = fatty acid, and PgH = hydroperoxide product.
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Scheme 3: Microscopic Contributions to the-Dependent Steps
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ak, is defined in Scheme 2,;E= enzyme containing Tyr385SH = fatty acid, S@ = peroxyl radical intermediate,.& = enzyme containing
reduced Tyr385, and P8 = hydroperoxide product.

a reaction where no change in-@ bonding takes place stability of the peroxyl radical. In light of the comparison to

and, thus, nd®0 KIE should be observed. the solution-phase reaction, it is difficult to attribdtg/Ku-
The reversibility of the initial M transfer could, in  (O,) = 5.6 x 1® Mt s ' determined for the COX-1 reaction
principle, allow incorporation of deuterium from,O into with LA to O, trapping. Unfavorable preequilibria associated

the unreacted fatty acid substrate. Yet it has been difficult with forming the enzyme-bound substrate radical complex
to obtain evidence for deuterium enrichment under turnover could, however, dramatically reduce the rate constant from
conditions. The negative result suggests that exchangethat expected for a diffusion-controlled reaction. Such
between the catalytic Tyr385 and® occurs on a longer  behavior cannot be strictly ruled out within the context of
time scale than enzyme turnover. Slow hydrogen exchangethe sequential kinetic mechanism, yet seems unlikely in view
would not be surprising since Tyr385 resides in a hydro- of the thermodynamics associated withtkhnsfer from the
phobic pocket where it is hydrogen bonded to Tyr388) ( fatty acid to Tyr385 (see below).

(B) Consideration of Substrate Binding and Product A final observation related to Orapping concerns the
ReleaseDiffusion-controlled binding of the substrates and closeness of the observE® KIE (1.0133) to the upper limit
release of the hydroperoxide product are unlikely to con- EIEs calculated~1.01) for forming a peroxyl radical or a
tribute to the first kinetically irreversible step. The rates of hydroperoxide product. Given the barrier-less nature of the
these reactions would be expected to show a dependencesolution reaction between the linoleyl radical ang @e
upon solution viscosity, yek.a/Ku(O2) andke./Ku(LA) are closeness of the KIE to the EIE is difficult to attribute to a
unchanged when the relative viscosity is increased 4-fold. product-like transition state in the enzymatic reaction. Rather,
That product release is not the first kinetically irreversible the favored explanation involves reversible trapping of the
step is further supported by the absence of an effect uponsubstrate radical by £prior to an irreversible step character-
kealKm(O2) when hydroperoxide initiators, present initially ized by a smalf®O KIE.
in the fatty acid substrates, are added in excess to the assay (D) Reduction of the Peroxyl Radical Intermediaide
solutions. pH and pD profiles ok../Ku(O,) address the involvement

(C) Formation of the Peroxyl Radical Intermediate. of peroxyl radical reduction in the first kinetically irreversible
Another possibility for the first kinetically irreversible step  step in the mechanism of Scheme 3. This reoxidation step
is formation of the peroxyl radical upon trapping of the requires either outer-sphere electron transfer otr&hsfer
delocalized substrate-derived radical by ® in Scheme from the Tyr385 to the peroxyl radical.

3). Although this result seems at odds with the viscosity If reduction of the fatty acid peroxyl radical were to occur
studies, it has been suggested that prebindingaf @ cavity by electron transfer, a significant changeig/Ku(O,) might
near the active site followed by its migration to the substrate- be observed as the pH is raised in the region of the tyrosine
derived radical would not show the dependence upon addedpK, (87). The tyrosinate is expected to react by electron
solvent viscosogen anticipated for a bimolecular, diffusion- transfer faster than the neutral residue due to its lower one-
controlled reaction’q9). electron redox potentiaB@). Yet, if electron transfer were

The related solution-phase reaction aof@d the linoleyl to occur at a rate similar to hydrogen atom transfer from the
radical is reversible according to studies by Porter and co- reduced neutral tyrosine (see belowk./Ku(O2) might
workers 85, 86). In this reaction, oxygenation of C-9, C-11, appear to be independent of pH. A further uncertainty
and C-13 occurs with rate constants that approach theconcerns how the magnitude of tH&O KIE would be
diffusion limit. The reversef-scission) reaction occurs with  affected by rapid outer-sphere electron transfer subsequent
rate constants ranging from 4 10 s depending on the  to reversible formation of the peroxyl radical. Thus, we leave
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open the possibility that the first irreversible step involves
electron transfer from Tyr385.

Reduction of the fatty acid peroxyl radical by tlansfer
is consistent with the size of tH€O KIE and the limit set
by the 80 EIE for forming a hydroperoxide product. This

Biochemistry, Vol. 46, No. 13, 2008985

and LA based on the bisallylic homolytic €4 bond
strengths (ca. 80 kcal md) of 1,4-pentadiene in solution
(92) as well as the similar rate constants observed for these
substrates in other enzyme reactio®?)( The H affinity of

the tyrosyl radical or inverse of the tyrosine—® bond

reaction might not be characterized by a pH dependencestrength is generally viewed as somewhat higher (8288

although kinetic solvent isotope effects up&g/Ku(O-)
would be expected. Such an effect is observed g Ku-
(Oy) at pL 7 with LA but not with AA. The result cannot be

kcal mol?) (24, 94, 95) than that of the bisallylic €H.
The thermodynamics of Htransfer could, however, be
altered within the enzyme active site due to interactions

unambiguously assigned to a kinetic solvent isotope effect which stabilize the tyrosyl radical. Recent high-field EPR
since perturbing the interaction between the fatty acid and ENDOR studies have provided evidence that hydrogen

carboxylate (Ka ~ 7) (89 and the catalytically important
arginine (Arg120) 90) could cause the same behavior. The

bonding occurs between theOH of Tyr348 and Tyr385
(96). Such stabilization would make Tyr3&bpoorer oxidant

observation that solvent isotope effects are absent at thebut favor its selective oxidation by F¢O)Por™ in the

higher pH values is more difficult to explain but could reflect

presence of other residues capable of losing an electron as

an increased contribution due to the electron transfer mech-well as a proton.

anism described above.
Finally, an irreversible conformational change in the first
kinetically irreversible step of LA oxidation is difficult to

(B) Deuterium Kinetic Isotope Effect Studids the
literature, C-H oxidation has been considered an initial and
“rate-limiting” step in cyclooxygenase catalysis. This idea

rule out. Large-scale rearrangement is necessary to facilitatehas been based on a competitive tritium isotope effect of

H* transfer from Tyr385 to the 9- and 13-peroxyl radicals
derived from LA. This possibility has previously been

Hlkead Kml/ T[Keaf K] ~ 4 estimated from the early work of
Hamberg and Samuelsso®5, who measured isotope

discussed for a lipoxygenase enzyme which shows manyfractionation of starting material in the reaction of microso-

similar features to COX-1 as described beldi®)( Confor-
mational gating might allow the peroxyl radical to selectively
abstract an Hfrom Tyr385 rather than other oxidizable
amino acid residues in close proximity (e.g., Trp387 or
Tyr348).

(1) Arachidonic Acid Oxidation.The formation of the
bicyclic endoperoxide structure with new—© and C-C
bonds differentiates AA oxidation from LA oxidation. The
cyclization steps require significant reorganization of the
oxygenated intermediates in the enzyme active Site The
small viscosity effects upoi./Ku(O.) andkea/Ku(AA) may

mal COX-1 with specifically labeled 8,11,14-eicosatrienoic
acids. Yet at this time the experiments required to interpret
competitive KIEs in terms of steady-state microscopic rate
constants had not been clarifiedl7{. Of particular signifi-
cance is the frequently obscured relationship between the
observed KIE and the intrinsic KIE on the chemical step.
This parameter cannot simply be extracted from the competi-
tive KIE without knowledge of the forward and reverse
commitments to catalysis, both of which can suppress the
intrinsic KIE.

The competitive tritium isotope effect on the COX reaction

reflect a substrate-based conformational change, i.e., 5-exas much smaller than the intrinsic H/T KIE of ca. 15 expected

radical cyclization, as the first kinetically irreversible step.

This step precedes reduction of the terminal peroxyl radical,

for C—H cleavage as well as the very large intrinsic H/D
KIEs of ~80 reported for related reactions of lipoxygenase

and therefore, no pH dependence or solvent kinetic isotopeenzymes$8, 99). One possible explanation is that the small

effect would be expected.

KIE on the COX-1 reaction arises from a large forward

The sequential steady-state kinetic mechanism is consistentommitment to catalysis, in other words, slow release of the

with common steps leading up to the formation of the first
peroxyl radical intermediate during the oxidation of AA and
LA. In both cases, Hransfer is proposed to occur reversibly
before Q enters the catalytic cycle. This proposal explains
the magnitudes of th€0O KIEs of 1.0141 (AA) and 1.0133
(LA), both of which are consistent with a reversible reaction
of the substrate radical and, @rior to an irreversible step
exhibiting a small KIE.

The results point toward cyclization to form either the five-

substrate from the enzyme relative to the product-forming
step. Another possibility is that the isotope effect is influ-
enced by the reverse commitment factor with the chemical
step approaching equilibrium. A rapid equilibrium-€—0O
hydrogen atom transfer prior to the first kinetically irrevers-
ible step would be expected to exhibit an equilibrium isotope
effect <2 (100), though significant deviations have been
observed in cases where a proton donor interacts strongly
with an acceptor through what appears to be a low-barrier

membered endoperoxide ring or the bicyclic endoperoxide hydrogen bond101). Examining the relationship of the KIEs

structure as the first irreversible step in AA oxygenation

uponkea: andkeaf{Kwm to the intrinsic KIE on G-H oxidation

whereas this step may involve peroxyl radical reduction in of LA should further illuminate the proposed mechanism.

the case of LA. The origin of specificity in the AA reaction
is, therefore, visualized in terms of ®apping in competition
with reversible H transfer. In contrast, if initial €H
activation were kinetically irreversible under the conditions

examined, the delocalized arachidonyl radical that ac-

(IV) Comparisons to Lipoxygenas€yclooxygenase and
lipoxygenase enzymes are found colocalized within the
nucleus of the cell where they compete foy & well as
AA (102. The enzymes are ancestrally unrelated and exhibit
no structural homologyl(03), yet appear to react by similar

cumulated during enzyme turnover would be susceptible to mechanisms. Extensive studies with soybean lipoxygenase
competing reaction pathways leading to HpETE products (LOX-1) and its native substrate LA have revealegd =

rather than PG&
(A) Thermodynamic Consideratiorihe thermodynamics
of the initial H* abstraction is expected to be similar for AA

230+ 15 5%, kealKw(LA) = (13+2) x 1P M1 sL, and
KealKm(02) = (21+ 1) x 10° M1 s 1 at 20°C (78, 79). In
addition,k../Ku(O,) is unaffected by changes in solvent pH,
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pD, and viscosity. AfO KIE of 1.0115+ 0.0013 has been  as substrates. Under the experimental conditions, the dioxy-
reported and suggested to arise from either kinetically genase and peroxidase reactions occur independently, and
irreversible trapping of the delocalized substrate radical by there is no evidence for a decline in the steady-state
O, or a downstream conformational change. The kinetics of concentration of the active enzyme. Mechanistic probes,
AA oxidation by human lipoxygenases appears to be similar including studies of the enzyme kinetics at varying substrate
(104 although studies of the oxygenation mechanism have concentrations and competitive oxygen kinetic isotope ef-

not been reported.

The kinetic parameters for lipoxygenase bear a resem-
blance to those observed for COX-1 reacting with its native
substrate AA (cf. Table 1). Yet, in contrast, LOX is believed
to react by a ping-pong kinetic mechanism with irreversible
H* abstraction preceding LQtrapping of the delocalized
linoleyl radical intermediate7@). Arguments against the

fects, were employed in this work.

The results are consistent with a sequential kinetic mech-
anism involving formation of a ternary complex of enzyme,
fatty acid substrate, and,O'he observed competitive oxygen
kinetic isotope effect imposes the additional constraint that
a change in @0 bonding occurs in or before the first
kinetically irreversible step. It follows from these observa-

sequential kinetic mechanism have been based on thetions that initial H abstraction from the fatty acid by the

observations of large primary deuterium KIEs kg/Ky-
(LA) and keqt but notkeo/Ku(Oy). In spite of the difference

in the kinetic mechanism, COX and LOX seem to mediate
substrate oxidation in similar ways. In LOX, a high-potential
non-heme iron hydroxide cofactot@5 appears to initiate
fatty acid oxygenation by Habstraction. In COX, the H
abstractor appears to be a tyrosyl radical. Neither of the
cofactors reacts directly with Qluring catalysis, and both
undergo activation through reactions involving hydroperoxide
compounds.

The oxidants in COX and LOX effect the removal of an
H* from the bisallyic position of the fatty acid by accepting
a proton and an electron (= H" + 7). The thermody-
namic H affinity of the F&' OH in LOX-1 has been estimated
to be 85 kcal mol* (106), which is within the range expected
for a tyrosyl radical 24). The intrinsic barriers also appear
to be similar for converting PHL) to Fe'(LH) and phenoxyl
radicals to phenols 107). Computational studies have

tyrosyl radical occurs reversibly prior to the reaction of O
Furthermore, the magnitudes of competitive oxygen kinetic
isotope effects observed with two fatty acid substrates suggest
that @ reacts reversibly and that a downstream step
determines the identities of the products formed.

An implication from these studies is that the specificity
of fatty acid oxygenation does not require irreversible
trapping of the substrate-derived radical by. @ the case
of arachidonic acid, the first kinetically irreversible step,
proposed to facilitate formation of prostaglandin @ther
than hydroperoxyeicosatetraenoic acids, is either the first
cyclization leading to the five-membered endoperoxide ring
or the second cyclization leading to the bicyclic endoperoxide
intermediate. For linoleic acid, the first irreversible step is
proposed to be reduction of the peroxyl radical or a prior
conformational change involving this species. In summary,
the results highlight the importance of kinetic factors in
determining the regio- and stereospecific nature of O

confirmed these results and suggested reorganization energiegactions in cyclooxygenase enzymes.

for coupled electron/proton transfer of 280 kcal mof?
(108 109. In the absence of large differences in the
hydrogen tunneling probabilities, similar Bbstraction rate
constantsiy) are anticipated for fatty acid oxidation by the
two enzymes. Théy = 230 s reported for LOX-1 {05
and the lower limit ofks > 73.5 s estimated on the basis
of k.ot for COX-1 are consistent with this expectation.

To account for the reversibility of Hransfer in COX-1
within the context of Scheme 3, the reverseitdnsfer k_s)
must compete with @©trapping of the substrate radicéd).

This situation would obtain if the effective concentration of
O, able to reach C-11 were very low or if the reverse H
abstraction from Tyr385 were very fast. As discussed above,
the mechanistic results are consistent with the latter, sug-
gesting that the thermodynamics of the-B oxidation in
COX-1 might be less favorable than in LOX-1 by a few
kilocalories per mole. A reduced-Hffinity relative to the
iron cofactor most likely relates to the requirement that the
tyrosyl radical be selectively generated by long-range electron
transfer to F&(O)Por™ whereas LOX is activated through

a direct reaction of the hydroperoxide product with the
ferrous cofactor. Furthermore, the oxidizing ability of the
Tyr385 in COX is likely tuned to accommodate its persis-
tence and kinetic competence to effectl@ homolysis in

the presence of other oxidizable amino acid residues.

CONCLUSIONS

Molecular oxygen-dependent steps during COX-1 catalysis
have been examined with arachidonic acid and linoleic acid

SUPPORTING INFORMATION AVAILABLE

Eleven figures providing additional kinetic plots. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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