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ABSTRACT: Cyclooxygenases-1 and -2 are tyrosyl radical
(Y )-utilizing hemoproteins responsible for the biosynth-
esis of lipid-derived autocoids. COX-2, in particular, is a
primary mediator of inflammation and believed to be up-
regulated in many forms of cancer. Described here are first-
of-a-kind studies of COX-2-catalyzed oxidation of the sub-
strate analogue linoleic acid. Very large (=20) temperature-
independent deuterium kinetic isotope effects (KIEs) on
the rate constant for enzyme turnover were observed, due to
hydrogen atom abstraction from the bisallylic C—H(D) of
the fatty acid. The magnitude of the KIE depends on the O,
concentration, consistent with reversible H/D tunneling
mediated by the catalytic Y-. At physiological levels of O,,
retention of the hydrogen initially abstracted by the catalytic
tyrosine results in strongly temperature-dependent KIEs on
O—H(D) homolysis, also characteristic of nuclear tunneling.

he cyclooxygenases are ~60% homologous hemoproteins

expressed by unique genes for the biosynthesis of prosta-
glandin H, from arachidonic acid (AA)."> Whereas cyclooxy-
genase-1 (COX-1) is present at basal levels in almost every type
of cell, cyclooxygenase-2 (COX-2) is induced in response to
numerous stimuli, including growth factors and pro-inflamma-
tory cytokines.’ Recent reports claim that COX-2 is up-regulated
in many forms of cancer, where it is believed to make cells
resistant to apoptosis.”> The development of new isoform-
specific inhibitors (COXibs) that lack cardiotoxic side effects is
critical to biomedical research efforts. Reported here is evidence
for two hydrogen tunneling steps during the dioxygenase phase
of COX catalysis (Scheme 1).° The results provide insights
essential to understanding enzyme function and possibly the
design of new types of COXibs."

Of the two kinetic models proposed to describe COX
catalysis, the “branched-chain” model is generally favored be-
cause it predicts the independent functioning of peroxidase and
dioxygenase active sites, which are associated with the heme and
tyrosyl radical, respectively. At the center of Scheme 1, the
initiating step is oxidation of the conserved tyrosine (Y371 in
COX-2) by a “compound I-like” ferryl intermediate formed in
the peroxidase cycle. This species and the related reduced forms
(shown in red) result from reaction of ferric protoporphyrin IX
(Fe""Por) with a hydroperoxide compound (RO,H or PGG, for
prostaglandin G,) followed by the transfer of two reducing
equivalents of unknown origin. In enzyme assays, phenol is often
used as the sacrificial reductant. The conserved tyrosyl radical,
formed as a result of internal peroxidase activity, initiates
dioxygenase turnover; this involves abstraction of the pro-S
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Scheme 1. Splicing of Peroxidase and Dioxygenase Activities
in One Subunit of the Dimeric Cyclooxygenase
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hydrogen followed by antarafacial attack of O, upon the sub-
strate-derived pentadienyl radical. In the case of AA, two 5-exo
cyclization steps produce the PGG, -, which undergoes a final
hydrogen transfer. Added reductant may compete with Y371 as
the hydrogen atom donor to the terminal peroxyl radical inter-
mediate (as shown in blue), thereby terminating the dioxygenase
catalytic cycle. When such reactivity predominates, a “tightly-
coupled” model in which one peroxidase turnover is required for
every dioxygenase turnover best describes Scheme 1.

The vast majority of studles have focused on ovine COX-1
isolated from native sources.” We have investigated this enzyme s
dioxygenase mechanism using steady-state kinetics and '*O
kinetic isotope effects (KIEs) to relate AA oxidation to oxidation
of the substrate analogue linoleic acid (LA).® Because LA has
only two double bonds and reacts with one rather than two O,
equivalents, the (9R)- and (13S)-hydroperoxyoctadecadienoic
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Figure 1. Co™—COX-2 with AA (magenta) and PA (cyan) (PDB

entries 3HSS and 3QHO, respectively) showing hydrogen bonding to
the carboxylate termini. A line connects the reactive pro-S hydrogen on
C(13) of AA (yellow) and Y371.'%"*

acids (HPODs) are formed as the primary products” in lieu of the
bicyclic endoperoxide PGG, (Scheme 2).

Crystallographic studies suggest that AA and LA bind similarly
to COX-1' and COX-2,"! resulting in the L-shaped conforma-
tions depicted above. In Figure 1, AA and the saturated 16-
carbon palmitic acid (PA) are superimposed."'* These results,
along with the structures of AA and LA bound to COX-1,%"
suggest that LA should be positioned analogously to AA in COX-2,
with the pro-S hydrogen at C(11) pointed toward Y371.

Steady-state measurements with Fe''—COX-1 comparing the
rates of oxidizing h3;- and ds;-LA'? have revealed unexpectedly
large deuterium KIEs (>30 at pH 8.0 and 30 °C)."** The KIE is
increased from ~5 in the absence of phenol to ~38 in solutions
containing 0.3 mM phenol. The kinetic behavior is difficult to
analyze, however, because added ghenol results in competing
acceleratory and inhibitory effects.”'* The less kinetically com-
plex phenol dependence of Fe'"—~COX-2 examined here allows
two hydrogen tunneling steps to be resolved during the dioxy-
genase reaction.

Hisg-tagged human COX-2 was expressed in baculovirus-in-
fected s insect cells and purified, as described previously,"*”'” to
afford a 150 kD homodimer of >95% purity. The apoprotein was
reconstituted with hematin (Sigma) or manganese(III) protopor-
phzrrin IX chloride (Frontier Scientific) and purified, affording
Fe'"(Por) or Mn"(Por) tightly but noncovalently bound to each
subunit."” In kinetic experiments, the holoprotein could be
generated by addition of the prosthetic group to the apoprotein
in the presence of O, just before initiation with fatty acid.
As found previously,*'® trace hydroperoxide impurities in the
fatty acid preparations were sufficient to sustain a maximum
rate of dioxygenase turnover followed by relatively slow enzyme
deactivation.

Titrations of apo-COX-2 with substoichiometric equivalents
of the prosthetic group revealed the expected half-of-sites
reactivity."* This property has been attributed to the formation
of a “conformational heterodimer” having only one catalytically
active subunit as result of a structural perturbation in the second
subunit upon binding of fatty acid to the first." 217 The turnover
rate constant (k.,), defined at saturating levels of all substrates,
is indistinguishable from that of the isolated holoprotein.'*®
The holoprotein concentration was determined from its electro-
nic absorption spectrum and molar extinction coefficient(s)
associated with the Soret band(s) of Fe""(Por) and Mn""(Por)."®
On this basis, a standard assay was developed from the initial rate
of O, uptake (V) divided by the total holoprotein concentration
in 16 mM sodium pyrophosphate (pH 8). The value V/[E]r =15
s~ " at 30 °C for air-saturated solutions containing 50 #M AA and
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Figure 2. (a) Oxidation of h3-LA by Fe"-COX-2 (®) and
Mn"™—COX-2 (A) at saturating levels of O,, phenol, and 0.44 uM
HPOD. (b) Effect of phenol on the above reactions as well as on the
oxidation of d3;-LA by Fe'—COX-2 (M) at 30 °C.

1 mM phenol was used to calculate the active enzyme concen-
tration in assays using an O, electrode (YSI) after incubation at
temperatures from S to S0 £ 0.2 °C.513" Unless otherwise
specified, measurements were conducted at 30 °C, where
Fe™ —COX-2 exhibits a k., for AA that is 2 times larger than
keat for LA. The difference is expected because of the change in
fatty acid-to-O, stoichiometry shown in Scheme 2. The Ky(AA)
value is ~2 times smaller than Ky (LA) = 5.3 & 1.0 uM. In the
limit where Ky approaches Kp, this is consistent with the fatty
acids having similar binding affinities. The value Ky;(O,) = 13.0 £
1.4 uM determined with AA is almost 10 times smaller than
Kyi(O,) with LA, elevating k../Kn(O,) significantly.

Although this study focuses upon Fe''—COX-2, Mn""'—COX-2
was used in control experiments to test the assumption that Y371 is
responsible for the enzyme’s dioxygenase activity. Mn''COX-2
exhibits impaired peroxidase reactivity that slows the reaction:
Mn"(Por) + RO,H — [Mn"=0(Por) + ROH] — Mn"V=0-
(Por) + Y371+ (cf. Scheme 1). However, an optimal rate for
dioxygenase turnover, approaching that for Fe''—COX-2, is
achieved upon addition of (9R)- or (13S)-HPOD, independent
of the concentration of phenol. At saturating hydroperoxide
levels, the Michaelis constants for LA and O, are also similar for
Mn'"—COX-2 and Fe"'—COX-2, consistent with Y371+ being
the active catalyst.

Oxidation of LA by Fe''—COX-2 and Mn""'—COX-2 is com-
pared in Figure 2. In experiments with Fe""—COX-2, phenol was
present at 2 mM in order to achieve optimal rates.’>® In contrast,
oxidations of h3;- and ds;-LA by Mn""'—COX-2 are unaffected by
added phenol (only the former is shown in Figure 2b for clarity),
at HPOD saturation. The data under these conditions indicate
that the k., value of 6.7 0.2 s~ ' for Mn""—COX-2 is somewhat
smaller than the k., value of 9.1 & 0.4 s~ ' for Fe™—COX-2,
whereas the Ky((LA) value is the same within the limits of error
(6.7 &+ 1.1 uM). A small difference in k., has also been observed
with AA," raising the possibilitg that the concentration of
Y371 varies. Nevertheless, the ~k., value of 21.0 £ 3.0 for
Mn™—COX-2is indistinguishable from the Dk value 0of 22.0 +
1.0 for Fe'"'—COX-2. The latter was reproduced using electronic
absorption spectroscopy'® by monitoring the initial rates for
formation of the 9- and 13-HPODs, which are converted enzy-
matically to the corresponding hydroxyoctadecadienoic acids
(HODs).>13

Fe'"~COX-1® and Fe'—COX-2 exhibit apparent rate con-
stants, Pk.,/Kn(05) and Pk, /Kp(LA), that depend on the
concentration of the cosubstrate. We have interpreted this
observation, together with small tritium KIEs reported earlier,””
to indicate a reversible reaction wherein the Y- converts the fatty
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Scheme 3. Proposed Dioxygenase Mechanism
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Figure 3. Rate constants for the oxidation of LA (100 uM) by
Fe''—~COX-2 at variable temperatures and 2.0 mM phenol.'*

Table 1. Isotopic Rate Constants and Activation Parameters
for LA Oxidation by Fe""—COX-2 between $ and 50 °C*

KIE(30 °C)" E,(D) — E,(H) (kcal mol ") ® An/Ap

Dkeat 22.14+1.0°¢ 0.01 +0.66 204 14
Pkea/ Kn(0,) 62416 5.0+ 0.78 0.0014 =+ 0.0010

“Data were collected under the conditions described in the text. ” Errors
of 320, were derived from linear regression analysis of unweighted rate
constants. “ For Mn"™"'—COX-2, Pk, = 21.0 £ 3.0.

acid into a delocalized pentadienyl radical prior to interact-
ing with O,.® This is the mechanism shown in Scheme 3,
which accounts for the hyperbolic increase in the apparent sub-
strate deuterium KIE in response to increases in the concentra-
tion of O,. Such behavior has also been observed in a fatty acid
a-dioxygenase with 15% homology to COX, which utilizes a
conserved Y- to oxidize fatty acids to (2R)-hydroperoxide
compounds.”!

The hyperbolic increase in the apparent deuterium KIEs to
Pk = 20 for Fe™— and Mn™—COX-2'* indicates that
C—H(D) homolysis ranges from reversible at low O, concen-
trations to irreversible as the O, concentration reaches the
saturation limit. The rate constants at variable temperatures in
Figure 3 predict that the step determining "k, is unique from
the one determining Pkeat/ Knm(0O,). According to a prior analysis
of the mechanism in Scheme 3, Pk, reflects k3,>'° whereas Pk,./
Kyi(O,) is derived from retention of the hydrogen abstracted
from LA followed by peroxyl radical-mediated hydrogen atom
abstraction from Y371 in k,.>'¢

Preliminary results using Fe'—COX-1 suggested Dk to
be >30 with h3;- and ds;-LA at 0.3 mM phenol."** Although
Wu et al.** have recently reported a much smaller Dkt value of
~?2 for oxidation of selectively-labeled AA, their value is con-
sistent with earlier estimates of the tritium KIE, "k ../ Ky (AA) &~
4.2° 1t is common to observe inflated KIEs upon substitution of
the native substrate by a weaker-binding analogu<>,.21b’c In some
cases, this is the result of unmasking the “chemical step”, while in
others, the identity of the rate-limiting step is unchanged and the
KIE reflects the dependence of the tunneling probability on the
hydrogen donor—acceptor distance. The modulation of this
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Figure 4. Proposed origin of Pk e/ Knt(O2). Heavy-atom distances are
from the AA-bound structure in Figure .M

Table 2. Rate Constants for Fe'"—COX-2 at 30 °C*

h3;-LA d3-LA

ket ked/Kna(05) x 107* Keat kear/Kna(03) x 1072

(o) M'sh (o) M's™h
H,0 97+06 40408 0.45+ 0.02 65406
D,0  43+02 30+£04 0.43+0.04 584038
SKIE" 23402 13403 0.94+0.1 L1£02

“ Derived from fitting to V/[E]r = ke[ 02]/ (Kt + [0,]), with errors
reported as -20,. " Apparent solvent kinetic isotope effect.

distance by protein motions over a range of time scales™ may
explain the anomalous temperature dependences.”* Dynamical
influences notwithstanding, AA is expected to exhibit a smaller
KIE than LA because of its optimal positioning and contraction
of the hydrogen donor—acceptor distance; this results in more
comparable Franck—Condon overlap factors for H and D
transfer.”'®

Table 1 summarizes the KIEs obtained for LA oxidation at
saturating and subsaturating concentrations of O,, representing
the nonphysiological and physiolorgical ranges, respectively.
The temperature independence of ~k, is consistent with LA
binding in an optimal configuration and negligible thermal
activation needed for C—H(D) homolysis. The significant iso-
tope-independent activation energy (E, = 9.14 £ 0.66 kcal
mol ') derives from inner- and outer-sphere reorganization as
well as the reaction thermodynamics.”> Contrarily, the tempera-
ture dependence of Dkeut/ Kn(0,) indicates a large variation of
E, from 7.3 (h3-LA) to 12.3 (ds;-LA) kcal mol ', due to
thermally activated tunneling during O—H(D) homolysis.

Interestingly, the deuterium KIE on k../Ky(O,) originates
from the hydrogen isotope retained from LA. Such behavior has
been observed in a related Y - -utilizing fatty acid dioxygenase.”'
In the present study, the Pk,./Ky(O,) value of 6.2 % 1.6 derives
from a large difference in isotopic activation energy [i.e., E,(D) —
E,(H) = 5.0 % 0.78 kcal mol ', which exceeds the zero-point
energy splitting] and an inverse AIZ{/AD. These are indicators of
thermally modulated tunnelingm"2 where the isotope sensitivity
of the activation barrier is attributed to the large-scale rearrange-
ment needed to transfer the hydrogen from the O—H(D) of Y371
to the (9R)- or (135)-peroxyl radical intermediate, regenerating
the Y371+ and forming the HPOD products (Figure 4).

The substrate deuterium KIE on Y371 reoxidation indicates
solvent exchange that is slow on the time scale of enzyme turn-
over. The nearly indistinguishable values of k,./Ky(O,) with
h3;-LA in H,O and D,O support this interpretation. A solvent
KIE on ke, is present for h3;-LA under these conditions, where
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Figure S. Steady-state kinetics of the oxidation of (a) h3;-LA and (b)
ds1-LA (100 uM) by Fe""—~COX-2 in H,O (®) and D,O (M). Data
were collected in the presence of 2 mM phenol at 30 °C.

the rate constants in Table 2 indicate ®*°k_,, = 2.3 & 0.2. This
effect vanishes when ds,-LA is used in place of h3,-LA because
the diminution in k_,, masks the contribution from the solvent-
exchangeable site. Substituting d3;-LA for h3;-LA also eliminates
the very small DOk o/ Kyi(O,), originating from D:0f  and the
offsetting influence of ®*°Ky;(0,), as shown in Figure 5.

We note that lipoxygenase (LOX) enzymes have structures
disparate from COX, yet they react via similar controlled radical
mechanisms.! Soybean LOX-1 oxidizes LA primarily to (13S)-
HPOD,” whereas (9R)-HPOD is observed as the major groduct of
COXs.” LOX-1 exhibits extensive nuclear tunneling with ~ k., &~ 80
but no evidence of reversible C—H(D) homolysis."” In addition,
Pkea/Kpi(O,) has been difficult to establish. The present studies
comparing AA to LA help to establish fundamental biochemical
concepts as well as the relevance of LA in the larger field of oxidative
biology, where COX and LOX colocalized within the mammalian
cell compete for polyunsaturated fatty acids and O,.

The findings from this study evidence multiple hydrogen
tunneling steps during dioxygenase catalysis by human COX-2.
Homolysis of the bisallylic C—H(D) in linoleic acid is largely
rate-limiting at saturating levels of O,, while O—H(D) homolysis
of the reduced catalytic tyrosine becomes rate-limiting as the O,
concentration is decreased to physiological levels. Importantly,
the deuterium KIEs at 30 °C, Pk, = 22 and Pk,./ Kni(O,) = 6.2,
are viewed as lower limits to possibly larger intrinsic values. The
Dk, is at least an order of magnitude greater than that
determined with the native substrate, arachidonic acid, which
reacts at a comparable rate. The inflated KIE with linoleic acid
suggests an expanded hydrogen donor—acceptor distance, which
diminishes the probability of D tunneling more than H tunneling.
The temperature independence of Dk contrasts with the marked
temperature dependence of Dke/Kni(03), signaling two hydro-
gen tunneling events characterized by unique activation para-
meters. These effects are observable because of slow solvent
exchange with the precatalytic Y371 and the retention of the pro-S
hydrogen from the isotopically labeled fatty acid substrates.
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