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m Abstract Cyclooxygenases-1and -2 (COX-1and COX-2, also known as prostag-
landin H, synthases-1 and -2) catalyze the committed step in prostaglandin synthesis.
COX-1 and -2 are of particular interest because they are the major targets of non-
steroidal antiinflammatory drugs (NSAIDs) including aspirin, ibuprofen, and the new
COX-2-selective inhibitors. Inhibition of the COXs with NSAIDs acutely reduces
inflammation, pain, and fever, and long-term use of these drugs reduces the incidence
of fatal thrombotic events, as well as the development of colon cancer and Alzheimer’s
disease. In this review, we examine how the structures of COXs relate mechanistically
to cyclooxygenase and peroxidase catalysis and how alternative fatty acid substrates
bind within the COX active site. We further examine how NSAIDs interact with COXs
and how differences in the structure of COX-2 result in enhanced selectivity toward
COX-2 inhibitors.
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CYCLOOXYGENASE

The cyclooxygenases (COXs), which are also known as prostaglapdimbhases

(EC 1.14.99.1), are bifunctional, membrane-bound enzymes that catalyze the com-
mitted step in prostanoid biosynthesis (45, 74, 76). Prostanoids are members of a
large group of bioactive, oxygenateddcC,, compounds that are derived fran3

(n-3) andw6 (n-6) polyunsaturated fatty acids. In mammals, arachidonic acid (AA,
20:4 n-6) is the major prostanoid precursor. The heme-dependent bis-oxygenase
or COX reaction converts AA to PGf5a 9,11-endoperoxide-15-hydroperoxide
product (Figure 1). The subsequent peroxidase (POX) reaction reduces the 15-
hydroperoxide of PG&to form PGH.

The COX reaction also is the target of aspirin, ibuprofen, and other nonsteroidal
antiinflammatory drugs (NSAIDs), which account for billion of dollars in sales
for the pharmaceutical industry. By the end of the 1980s, the interaction of as-
pirin and other NSAIDs with COX had been well studied, and many felt that this
area of pharmacological research had played out. However, the discovery that
two isoforms of COX exist in mammals radically changed our understanding of
prostanoid physiology and NSAID pharmacology (20, 76) and triggered a phe-
nomenal increase in interest in the structure, function, and physiology of COXs
during the late 1990s. Moreover, an increasing amount of evidence suggested that
the COX isozymes have direct roles in many human pathologies. These include
thrombosis (55, 56), inflammation, pain and fever (5), various cancers (21, 48, 82),
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Figure 1 Schematic diagrams of arachidonic acid and the oxygenated products produced
by COX-1 and -2. PGg& the primary product of the native enzymes, is reduced to PGH

at the POX active site of the COXs. R-hydroxy-(5Z,8Z,12E,13Z)-eicosatetraenoic acid

(11R-HETE) and 15-hydroxy-(5Z,82,11Z,13E)-eicosatetraenoic aciRHETE and 15
HETE) are the minor products found after the reduction of their respective hydroperoxy
precursors (see text).
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and neurological disorders such as Alzheimer’s (46) and Parkinson’s (79) diseases.
Finally, pharmacological research over the past decade led to the development and
approval of the new COX-2-selective NSAIDs (e.g., CeleBand Vioxx®), which

target COX-2 instead of COX-1. Armed with a panoply of new and classical COX
inhibitors, researchers have begun to discover NSAID-dependent physiological
effects that are seemingly not directly related to COX inhibition and the subse-
guent cessation of prostanoid biosynthesis. These COX-independent phenomena
include the antitumor activities of some NSAIDs (63, 82), and the effects of as-
pirin on beta-amyloid formation in Alzheimer’s disease (84) have provoked a new
series of controversies about the physiological roles of the COX isozymes and the
pharmacological actions of NSAIDs.

Although research on COXs has resulted in a vast amount of information about
the molecular biology, pharmacology, and structural biology of these enzymes,
new mysteries about the biochemistry and enzymology of the COX isoforms have
arisen. The reader is encouraged to read a number of recent reviews on the phys-
iology, enzymology, and pharmacology of these enzymes (12, 29, 43, 45, 76). In
this review, we discuss the structures of the COX isoforms and their relevance to
their function.

THE COX REACTION

Ruf and coworkers (9) first proposed a branched-chain, mechanistic model
(Figure 2) that incorporates the requirement of heme oxidation by the COX re-
action. In this scheme, a hydroperoxide reacts with the heme iron to initiate a
two-electron oxidation that yields Compound I, an enzyme state with an oxyferryl-
heme radical cation. Compound I quickly undergoes a single electron reduction via
an intramolecular migration of the radical from the heme group to Tyr385 to create
Intermediate Il (77, 88). When the COX active site is occupied by an appropriate
fatty acid substrate such as AA, the tyrosyl radical initiates the COX reaction by
abstracting the J#oShydrogen to yield an arachidonyl radical (88). The fatty
acid radical then reacts with moleculas © produce an 11-hydroperoxyl radical,
which in turn forms the endoperoxide cyclopentane moiety of R@&ié¢ addition
of a second @molecule at carbon 15 ultimately produces PGG

The POX reaction then comes into play again to reduce the 15-hydroperoxide of
PGG to form PGH. Although the POX reaction is considered the second step in
the formation of PGkl the COX reaction is absolutely dependent on POX activity
for its activation (77, 76). Initially, the ambient hydroperoxides activate the COX
reaction in a small number of COX molecules via POX turnovers. As more;PGG
is generated, the remaining COX molecules are then activated autocatalytically. In
vitro this phenomenon is exhibited as the lag period seen in COX activity assays
(27).

While COX-1 synthesizes primarily PGGfrom AA, it also produces
small but significant amounts of other products (67,85,86) (Figure 1):
11R-hydroperoxy-(5Z,8Z,12E,13Z)-eicosatetraenoic acid RRHPETE) and
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Figure 2 A schematic diagram of the branched-chain reaction mechanism for the COX
enzymes that was originally proposed by Ruf and colleagues (9). In essence, one turnover of
the POX reaction is needed to provide the tyrosyl radical for activating the COX reactions.
Activated COX would continue to turnover, in the presence of substrate, until radical induced
inactivation occurs (77, 76). The diagram was adapted from Reference 76.

15-hydroperoxy-(5Z,8Z,11Z,13E)-eicosatetraenoic acidR{i®ETE and 15
HPETE). The kinetics of the product formation suggests that AA may adopt up to
four slightly different but catalytically competent conformers in the COX active
site that then give rise to the different oxygenated products (86). Human COX-2
was also thought to form only PGGLIR-HPETE, and 15-HPETE but not 18-
HPETE (94), which suggested that there are only three catalytically competent
conformers of AA in this isoform. However, more recent work by Schneider et al.
(67) shows that wild-type COX-2 does formRHPETE.

COX-1 and -2 also catalyze the oxygenation of other polyunsaturated fatty
acids into bioactive compounds (23, 24, 40, 62, 70, 87). Both COX-1 and -2 pro-
duce the series-1 prostaglandin precursor P&bim dihomoy -linolenic acid
(DHLA; 20:3n-6) and the series-3 prostaglandin precursor P@bm eicos-
apentaenoic acid (EPA, 20:5n-3), a dietanB fatty acid that has been linked
to reduced cardiovascular disease (70). Linolenic acid (LA; 18:2n-6) is con-
verted to 9- and 13-hydroxyoctadecadienoic acids (40). The ability of the COX
enzymes to use alternative substrates demonstrates the impact of diet on

physiology.
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GENERAL ASPECTS OF COX STRUCTURE

After the discovery of the COX isoforms, it quickly became apparent that the iso-
forms were noticeably different in their expression profiles and roles in several
physiological processes (20, 76). COX-1 is the constitutively expressed isoform
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and is apparently involved in many aspects of physiological homeostasis. On
the other hand, COX-2 is the inducible isoform whose expression in a select
number of cells is triggered by specific cellular events. However, both enzymes
are membrane bound and are present on the lumenal surfaces of the endoplas-
mic reticulum and of the inner and outer membranes of the nuclear envelope
(49, 83).

The primary structures of nascent COX-1 and -2 are 600-602 (depending on
the species) and 604 amino acids, respectively (75), and both isoforms are then
processed into mature forms by removal of signal peptides. The high degree of
sequence identity between the processed isoforms and between species allows an
almost one-to-one comparison (74, 76). By convention, the residues of COX are
often numbered to correspond to the ovine or murine COX-1 sequence (75) to aid
convenience of structural and functional comparisons across species. Sequence
comparisons between COX isoforms from the same species show 60%—65% se-
guence identity, while sequence identity among orthologs from different species
varies from 85% to 90% (75). When compared with sequences from other pro-
teins, particularly other heme-dependent peroxidases, significant levels of similar-
ity were detected. Clearly, the COX enzymes are members of the mammalian heme-
dependent peroxidase family (61, 95), which includes myeloperoxidase (MPO) and
thyroid peroxidase. Moreover, both isoforms contain an epidermal growth factor
(EGF)-like domain just C-terminal to the signal peptide. The role of the EGF do-
main remains unclear, but it was noted that the EGF domains also occur in many
cell surface membrane proteins (3).

Despite a high level of sequence homology between COX isoforms, major
differences in primary structure occur in three distinct areas of the sequence.
First, both isoforms have distinctly different signal peptides in terms of length and
amino acid composition. Second, substantial sequence differences are found in the
membrane binding domains (MBDs) between the two isoforms (54, 83), although
no explanation for this phenomenon is known. Third, sequences of COX-2, but
not COX-1, contain an insert of 18 amino acids that is six residues in from the C
terminus. The function of this insert in COX-2 is not known, but mutations and
sequence alterations at the C terminus can markedly affect the expression of active
protein (17, 81). In contrast, N-terminal His-tagged versions of human COX-1 and
-2 have been prepared and expressed in high yield in insect cell culture (73). In
all cases, the addition of the N-terminal hexaHis-tag, between the signal peptide
and the EGF domain, does not apparently impact the folding of the heterologously
expressed enzyme or its activity.

Purified native COX-1 appears to be uniformly glycosylated at three sites
(Asn68, Asnl144, and Asn410) and appears as a single band on SDS-PAGE with
a Mapp ~67 KDa. Native COX-2, on the other hand, is more heterogeneously
glycosylated at an additional site (Asn588), and multiple molecular species of
COX-2 can be readily observed with SDS-PAGE with g,p68-72 KDa (53).
N-glycosylation may play a role in the maturation of COXs (53), but the deglyco-
sylation of the mature enzyme does not affect activity. Moreover, COX-1 and -2
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appear as homodimers in solution after detergent solubilization (74, 76), whether
glycosylated or not.

The COXs bind 1 mole of ferric-protoporphyrin IX per mole monomer for
full activity, as expected for a heme-dependent peroxidase. However, native ovine
COX-1 often loses much of the bound heme during detergent solubilization and
purification (39, 91). For recombinant COX-2, detergent solubilization and subse-
guent purification tends to yield apo-enzyme (1, 14, 73), suggesting that its affinity
for heme is lower than that exhibited by COX-1. Although the heme can be read-
ily removed, active COX-1 and -2 can be easily reconstituted by the addition of
hematin to the sample. This behavior makes the COXs rather unusual among the
known heme-dependent peroxidases. Moreover, COXs can readily bind mangano-
protoporphyrin IX or cobalt-protoporphyrin IX to create novel holo-species that
are structurally native but have quite altered activity (39, 89, 90).

THE TERTIARY STRUCTURE OF THE COX ENZYMES

In 1994, Picot et al. (58) published the first three-dimensional structure of a COX
enzyme, the ovine COX-1 complexed with the NSAID flurbiprofen (Figuag 3
Soon afterward, the crystal structures of human (37) and murine (28) COX-2 fol-
lowed. Drug interactions with COX were one of the firstissues to be addressed, and
complexes containing a number of different NSAIDs have been studied crystallo-
graphically with COX-1 (34-36, 69) and COX-2 (28, 37). The structural analysis
of COX complexed with substrates or products was more difficult to pursue for a
number of technical reasons, particularly the sensitivity of polyunsaturated fatty
acids to oxidation. However, within the past three years, structures of ovine COX-1
complexed with several different fatty acid substrates have been published: with
AA (20:4n-6) (38), dihomoy-linolenic acid (DHLA; 20:3n-6) (87), linolenic acid

(LA; 18:2n-6) (40), and eicosapentaenoic acid (EPA; 20:5n-3) (40). Likewise,
crystal structures of murine COX-2 complexed with AA (22) and EPA (29) have
also been determined.

As was expected from the observed levels of sequence identity, the crystal
structures verified that the COX isoforms are structurally homologous and quite
superimposable (28, 37). The COX monomer (Figurecdnsists of three struc-
tural domains: the N-terminal EGF domain, a membrane binding domain (MBD)
of about 48 amino acids in length, and a large C-terminal globular catalytic do-
main containing the heme binding site. The C-terminal segments beyond Pro583
(17 amino acids in COX-1 and 35 amino acids in COX-2) have not been resolved
crystallographically (28, 37, 58).
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Epidermal Growth Factor Domain

The EGF and catalytic domains create the subunit interface in the dimer and place
the two MBDs in a homodimer about Zoapart (Figure 8). The EGF domains

create a substantial portion of the dimer interface. EGF domains are common in
several families of membrane proteins and secreted proteins (3). Typically, the EGF
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domain occurs at a position in the primary sequence N-terminal to a membrane
anchor, such that these domains always occur on the extracytoplasmic face of the
membrane. Garavito and colleagues (13, 57) have suggested that the EGF domains
may play a role in the insertion of COX into the lipid bilayer.

Membrane Binding Domain

The MBD of COX is built up of four short consecutive amphipathitelices
(Figure 3); three of the four helices lie roughly in the same plane while the
last helix angles “upward” into the catalytic domain. Hydrophobic and aromatic
residues protrude from these helices to create a hydrophobic surface that would
interact with only one face of the lipid bilayer (58). The MBD of COX-1 and -2 thus
represents the first example of “monotopic” insertion into biological membranes.
The physical and biological consequences of monotopic anchoring have been
studied biochemically (33) and by computer modeling (51). The COX isozymes
canonly be isolated from the membrane using detergents (1, 14, 27), demonstrating
that monotopic anchoring can create truly integral membrane proteins. Moreover,
the COXisozymes were all crystallized in the presence of nonionic detergents, and
tightly bound detergent molecules have been clearly resolved in the COX crystal
structures (34, 35, 37, 38).

Catalytic Domain

The catalytic domain comprises the bulk of the COX monomer (13) and is almost
entirely composed o&-helical secondary structure. The COX catalytic domain
shares a great deal of structural homology with mammalian MPO (13, 58), consis-
tent with the sequence comparisons. Structural homology between the COX cat-
alytic domain and nonmammalian heme-dependent peroxidases is also detectable
(13,58, 61). The POX active site is in a large groove on the side opposite of
the MBD (Figure ®), while the entrance to the COX active site is between the
helices of the MBD. The hydrophobic COX channel extends from the MBD into
the interior of the catalytic domain (58), a distance of abouAZbigure X). The

COX channel contains several side pockets (28, 37, 58) as well as water channels
(68) that extend from the COX active site near Gly533 to the dimer interface.
At the interface between the MBD and catalytic domain, the COX channel nar-
rows considerably to form an aperture that divides the COX channel into a mouth
(or “foyer”) and a catalytic center (Figurec3 The narrowness of the aperture
clearly suggests that the MBD may undergo significant conformational changes
during entry of fatty acid substrates and NSAIDs (35).

Annu. Rev. Biophys. Biomal. Struct. 2003.32:183-206. Downloaded from www.annualreviews.org
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THE EVOLUTION OF COX

How COX evolved from soluble heme-dependent peroxidases is an intriguing
guestion and shows the ingenuity of Nature’s biological engineering. Several crys-
tal structures are currently available for heme-dependent peroxidases including



Annu. Rev. Biophys. Biomoal. Struct. 2003.32:183-206. Downloaded from www.annualreviews.org

by University of Edinburgh on 05/04/12. For personal use only.

190

GARAVITO ® MULICHAK

Figure 4 Views of POX active site of the COX-1 monomer with respect to myeloper-
oxidase (MPO) after superpositiom) (The structurally homologous helices that have
catalytic relevance are in darker gray (see text). The functioning and vestigial
calcium binding motifs arelark grayin MPO and COX, respectivelybl An ac-
cessible surface view of the POX active site shows how exposed the heme is to
solvent compared to that in MPO. Molscript (25) and Raster3D (47) were used to
draw @).

mammalian myeloperoxidase (MPO) (6, 95), yeast cytochropaoxidase (60),
and lignin peroxidase (59). Among these, MPO displays obvious close structural
homology to the COX catalytic domain, with an rms deviation of A.bn C,
atoms after relative insertions/deletions are accounted for (Figyreldle most
notable differences between the two enzymes are two long loops that are inserted
in the MPO structure and serve to cover the heme binding pocket.

When COX is superimposed with the more distantly related nonmammalian
peroxidases by aligning the proximal and distal His residues of the heme pocket,
it is clear that the topologies are homologous, including a conserved spatial and
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topological arrangement of six helices (Figu@.4Using the MPO/COX helix
nomenclature (95), these helices amdix 2, which bears the distal His residue;
helices 5and 6, arranged in a distinctive helix-turn-helix mottfgelix 8 which
carries the proximal histidine residugelix 12 which packs againstelix 8in an
antiparallel manner; and the lohglix 17, which forms part of the COX channel.
Optimally superimposing the conserved helices of COX with the nonmammalian
peroxidases yields rms deviations op&oms around 3 to A.

In addition to the series of conserved helices, COX, MPO, and several nonmam-
malian peroxidases retain another structural feature: a calcium-binding motif that
occurs adjacent to the heme pocket (Figuaieahd afterhelix 2in the sequence.

This motif consists of a tight turn of the main chain and is typically composed of a
(Val-X-)Gly-X-Asp-X-Ser sequence. A carboxylate oxygen of the Asp in this mo-

tif forms hydrogen bonds that bridge the Gly carbonyl and Ser amide main chain
groups. The cation is coordinated by the Val and Gly carbonyl groups and the Asp
and Ser side chains, as well as both carbonyl and side chain oxygen atoms from an
Asp residue immediately following the distal His. This motif is highly conserved in
the plant and mammalian enzymes (61); however, in both fungal peroxidases, the
interaction with the initial carbonyl group is absent (59). Despite the lack of cation
binding, COX retains a vestigial G-X-D-X-G calcium-binding motif (Figui,4
where a Gly is substituted for the usual Ser residue, with a conserved main chain
conformation and the Asp side chain making analogous hydrogen bonds with the
adjacent main chain. A vestigial G-X-D-X-G calcium-binding motif also exists in
the structure of yeast cytochroro@eroxidase, which also does not bind calcium.
These features clearly demonstrate the evolutionary relationship between fungal,
plant, and mammalian peroxidases.

THE POX ACTIVESITE

The POX active sites in the COXs are quite open to the solvent in contrast to
virtually all other peroxidases (Figurdy As noted above, this gives rise to the
rather facile manner by which the heme can be removed and then reconstituted.
Within the heme pocket, the mammalian peroxidases COX and MPO also bind
the heme ring in an orientation of bound heme that is rotated dative to that

seen in the nonmammalian peroxidases. This results in the propionate moieties
extending in the opposite direction.

In the refined crystal structure of ovine COX-1 (68), the POX active site
(Figure 5) reveals that His388 is the proximal heme ligand: Thenkrogen
bonds to the ferric iron while the Nparticipates in a hydrogen bond network
involving a water molecule and Tyr504. In COX-2, the identical arrangement is
seen but the existence of a proximal water molecule has not been commented
on (28, 37). In contrast, the proximal His forms a hydrogen bond with a con-
served Asp side chain on an adjacent helix in the plant, yeast, and fungal per-
oxidases (11,61); in MPO, the proximal His residue interacts instead with an
Asn side chain (6). Thus, the proximal histidine in COX does not form an ionic
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bond or strong hydrogen bond, which may make the proximal His more neutral
(66, 68).

On the distal side of the heme (Figure 5), His207 is predicted to be important
in the deprotonation of the peroxide substrate and subsequent reprotonation of
the incipient alkyloxide ion to form the alcohol during generation of Compound
I (30). In both COX and MPO, a conserved GlIn side chain (GIn203 in COX and
GIn91 in canine MPO) is also found adjacent to the distal His in place of the Arg
residue usually found in nonmammalian peroxidases. The side chain of the distal
His appears to be oriented by hydrogen bonding to the GIn main chain carbonyl,
as well as to the side chain immediately preceding the His (Thr206 for COX,
Asp94 for MPO). Moreover, orientation of the distal His is usually stabilized by
hydrogen bonding to a highly conserved Asn side chain located across the heme
binding pocket. Hence, the imidazole ring of the distal His is rotated tB0OX
and MPO relative to that found in the nonmammalian peroxidases. Mutations of
GIn203, His207, or His388 in ovine COX-1 and human COX-2 lead to a reduction
or elimination of POX activity (30, 71).

Typical heme iron ligands (e.g., CO or CNbind to the distal side of the
iron with a linear or “unbent” geometry in ovine COX-1 (68). This seems to be a
reasonable result, as COX has a very open active site (Fidpyrandl must bind
large ligands such as 15-HPETE or P&5Bowever, COX-1 paradoxically exhibits
reduced affinity toward small ligands such as azide, thiocyanate, #bl i fact,
H,0,is a poor substrate compared to many alkyl peroxides (44). The low affinity of
azide and thiocyanate for COXs probably arises from unfavorable interactions with
distal “roof” residues in the POX active site (Figure 5), but the crystal structures
provide little insight into how this occurs.

The proximal His is bonded directly to an Asn in MPO (95) and to an Asp
in cytochromec peroxidase (61), creating a more basic proximal ligand. Such
strong interactions on the proximal side of the heme are considered to control
the reactivity of the heme iron. In ovine COX-1, resonance Raman spectroscopy
indicates that His388, the proximal ligand, is clearly more neutral in character
than the corresponding proximal ligands found in other peroxidases (68). Although
His388 in COX-1 hydrogen bonds to Tyr504 via a mediating buried water, mutating
Tyr504 to an alanine results in only a marginal loss in POX activity (68). Thus, the
proximal His in COX requires no backside hydrogen bond to catalyze peroxidation.
However, this difference in acidity of the proximal histidine in native COX s clearly
not reflected in the rate of POX turnover, which is comparable to those of other
heme peroxidases (78).

The relatively facile removal of heme for COX-1 and -2 has allowed the creation
of apo-enzyme and its reconstitution into pseudo-holoforms of COX with different
metallo-protoporphyrin IX compounds. Although¥eprotoporphyrin IX is the
natural heme ligand, MiT-protoporphyrin IX can slowly undergo the changes in
redox state needed for POX catalysis and can initiate the COX reaction (89, 90).
Other metals (e.g., Zn or Co) in protoporphyrin IX do not support either the
POX or COX reactions (52). However, ovine COX-1 reconstituted witA"€o
protoporphyrin IX does form a native-like, albeit inactive, enzyme form with
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the metal bound in a six-coordinate state (39). This form of the enzyme was
useful for creating stable complexes of ovine COX-1 with fatty acid substrates for
crystallographic analyses (38-40, 87).

THE COX ACTIVE SITE

The backbone folding in the interior of COX is homologous to that found in MPO,
particularly in the region arountelix 6 through the turn and extended strand
that follow it. In COX, however, this strand is shifted by7 A from that seen

in MPO (13). This structural alteration opens up the enzyme'’s interior to create
the ~25 A long COX channel (Figure@; such interior cavities are unknown in
MPO and other related heme-dependent peroxidases. The COX catalytic center
encompasses the upper half of a channel, extending from Arg120 to Tyr385. From
an evolutionary perspective, an ancestral peroxidase must have undergone two
distinct changes to create COXa)(the formation of an interior channel for the
COX reaction andh) the acquisition of the membrane binding.

The mechanism of substrate interactions with COX-1 and -2 is becoming better
understood with the growing number of COX structures containing bound sub-
strates (22, 29, 38, 40, 87). In ovine COX-1, AA binds in an extended L-shaped but
kinked conformation (Figurec. The guanidinium group of Arg120 ligands the
carboxylate of the fatty acid; this interaction is a known determinant of substrate
binding in COX-1 (2, 38, 64). Carbons 7 through 14 of AA form an S-shape that
weaves the substrate chain around the side chain of Ser530, the residue acetylated
by aspirin (8, 34). AA is positioned such that carbon 13 is oriented near the phe-
nolic oxygen of Tyr385 (Figure 6), where tipgoShydrogen can be abstracted to
initiate the COX reaction. The-end of AA (carbons 14 through 20) binds in a
hydrophobic groove above Ser530, where Phe205, Phe209, Val344, Phe381, and
Leu534 stabilize its conformation.

The alternative fatty acid substrates DHLA (20:3n-6), LA (18:2n-6), and EPA
(20:5n-3) also bind to the COX active site in extended L-shaped conformations
(Figure &) that are generally similar to those observed for AA (40, 87). These
alternative substrates have their carboxylate group positioned such that it makes
the critical salt bridge with Arg120, and theend is placed in the hydrophobic
groove above Ser530. The alternative substrates make contact with virtually the
same set of residues within the active site as AA. However, the chemical differences
in polyunsaturation and carbon length presented by DHLA, EPA, and LA lead to
local differences in the bound conformation compared to AA. The level of confor-
mational flexibility in each fatty acid impacts the alignment (or misalignment) of
the carbon targeted for hydrogen abstraction by Tyr385 (40, 87). For example, LA
(18:2n-6) is two carbons shorter and contains two fewer double bonds than AA
(20:4n-6). The Argl20/carboxylate interaction is maintained, and carbons 1 to 6
of LA are positioned similarly to the equivalent carbons in AA. However, carbons
7 through 9 display a more extended stereochemistry; this positions carbon 11,
instead of carbon 13, below Tyr385 at the top of the active site (40). Thus, 9- or
13-hydroperoxy octadecadienoic acids can be produced. Other fatty acids such as



194 GARAVITO = MULICHAK

18:3n-6 and 20:2n-6 should bind in a similar manner that would permit removal
of the n-8 hydrogen; 18:3n-3, however, would need to be aligned for abstraction
of the n-5 hydrogen (31, 65).

The attempts to study the structure of AA in COX-2 (22, 29) have yielded in-
teresting but somewhat more equivocal results that underscore the difficulty in
obtaining crystals of COX complexes with such unstable substrates. Kiefer et al.
(22) reported the structure of mouse COX-2 crystallized in the presence of AA. Al-
though they used the apo-form of the enzyme to prevent the turnover of AA during
crystallization, they observed a pattern of electron density that suggested a mixture
of bound substrate (AA) and product (PgGAfter building both molecules into
the COX active site, Kiefer and colleagues (29) found an almost identical set of
interactions between the protein and ligand as seen in COX-1. In another attempt
to prevent turnover of the substrate during crystallization, Kiefer et al. (22) made
an H270A mutation to create a POX inactive version of the enzyme. The pattern of
electron density again suggested that ligand had bound, but in a substantially dif-
ferent conformation. After careful model building at 24esolution, Kiefer and
colleagues concluded (22, 29) that AA had bound in a nonproductive, “backward”
conformation, i.e., with the carboxylate hydrogen-bonded to Tyr385 and Ser530.
Kiefer and colleagues (22, 29) consider this second binding mode for AA as an in-
hibitory binding state in COX-2 and have recently shown that EPA binds to COX-2
in an equivalent fashion. The COX active site in COX-2 is larger than in COX-1
(28, 37) and may thus accommodate a wider array of alternative conformations for
many ligands than is allowed in COX-1.

While the physiological relevance of this “inhibitory” binding mode is not
clear, it does, however, highlight the markedly different behavior of COX-2 to-
ward ligands compared with that of COX-1 despite a high degree of sequence
and structural homology in this region. Several interesting facts have recently
come to light that suggest that the conversion of alternate substrates by the COX
enzymes to oxygenated products other than P@éaly have significant physiolog-
ical relevance. For example, COX-2 seems to be able to convert the endocannabi-
noids 2-arachidonylglycerol and arachidonylethanolamide into the precursors for
prostaglandin glycerol esters and prostaglandin ethanolamides (23, 24, 62). Un-
derstanding the physiological roles of these alternative prostaglandins may clarify
the role of COX-2 in the central nervous system. Moreover, many of the minor
products from the COX reactions with arachidonate and other fatty acids have
significant biological activities (70). Thus, how alternative substrates are utilized
differently by COX-1 and -2 may impact the therapeutic effects of diet and NSAID
use on cancer, arthritis, and cardiovascular disease.
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STRUCTURAL INSIGHTS FROM MUTAGENESIS

The structures of COX complexed with fatty acids (22, 38, 40, 87) have allowed
more detailed interpretations of how mutagenesis of active site residues impacts
the catalytic steps leading to PGf&rmation. Interestingly, mutagenesis of COX
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enzymes clearly revealed that the isoforms behave in distinctly different ways.
One striking example is Arg120, which was identified as a potentially critical
contributor to substrate binding via the fatty acid carboxylate (28, 37, 58). Indeed,
the substitution of Arg120 with other residues can markedly decrease AA affinity
by up to 1000-fold (2, 41). In sharp contrast, similar mutations in human COX-2
have little effect on K, or Vihax (64). These results suggest that the hydrophobic
residues in the COX-2 COX channel must play a more significant role in substrate
binding than in COX-1. How they compensate for the surprisingly diminished role
of Arg120 in COX-2 remains unclear.

The several other residues within the COX active site, besides Arg120, have
been studied by mutagenesis in both isozymes (40, 67, 85, 87). Three regions of
the active site have been studied extensively: Val349 near the apical portion of
AA; Ser530, Tyr348, and Trp387 near the central portion of AA; and Phe518,
Leu531, and Gly533 near the-end of the substrate. Mutations at three of these
sites (Val349, Ser530, and Gly533) (Figure 6) seem to reveal a great deal about
the effects of substrate/enzyme interactions on catalysis.

When Val349 is mutated in ovine COX-1 and human COX-R-HPETE, not
PGG, is the major COX product (86). The mutation of Val349 to other amino
acids also has an impact on the formation of B@d 1RR/SHPETE by-products
(67, 85). The replacement of Val349 with leucine in ovine COX-1 eliminates all
11-HPETE formations, but increases the formation of th&/S8%5PETE by-
products as an equimolar mixture (85). When Schneider et al. (67) replaced valine
with isoleucine at residue 349 in COX-1 or -2, they observed a marked shift in
product stereochemistry at carbon 15 toward Rhetereoisomer for both PGG
and 15-HPETE. Thus, Val349 may play a subtle role in maintaining the proper
stereochemistry of the substrate during oxygen addition at carbon 15.

Ser530 is the site of acetylation by aspirin (32, 34, 72) and makes an intimate
interaction with AA at carbon 13 (38, 85). While not essential for catalysis, Ser530
may help optimally align the substrate with respect to the Tyr385 for hydrogen ab-
straction (38, 94) at carbon 13, as well as for subsequent oxygen addition at carbon
11 (Figure 6). When Ser530 in COX-1 is mutated to a threonine, the enzyme is
active, but 1R-HPETE is formed almost exclusively instead of PGZ&6). How-
ever, the acetylation of Ser530 by aspirin in COX-1, which adds three nonhydrogen
atoms completely to the serine, now blocks the binding of AA and completely in-
activates the enzyme. When aspirin acetylates human COX-2, substrate turnover
still occurs, but 1R-HPETE is produced (32, 42). The additional atoms at position
530 apparently perturb the AA conformation in COX-2 so that oxygen insertion at
carbon 15, but not at carbon 11, is possible after hydrogen abstraction. As the COX
active site in COX-2 s larger than in COX-1 (28, 37), COX-2 can obviously accom-
modate larger moieties at position 530 without inactivating. Interestingly, Schnei-
deretal. (67)foundthatreplacing Ser530 in COX-2 with threonine resultedin an al-
most complete shiftin product stereochemistry at carbon 15 towaRKtezeoiso-
mer in PGG, as well. Hence, the amino acid side chain at position 530 may play
a critical role in determining the stereochemistry of oxygen addition at carbon 15.
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At the very end of the fatty acid binding pocket, Gly533 (Figure 6) abuts on
the very last two carbons of AA in COX-1 (38). Intriguingly, the mutation of this
residue in ovine COX-1 and human COX-2 markedly decreases substrate turnover
(65, 72, 85). The superimposed structures of AA, DHLA, EPA, and LA (40, 87)
clearly show that thev-ends of the substrates tend to adopt a particular stereo-
chemistry in this region of the active site (Figu® BMutations at or near Gly533
must then perturb the conformation of the substrate away from the catalytically
competent conformer (38, 65, 85). Thus, it seems that the positioning of¢mel
of a fatty acid substrate is a critical factor in its turnover (40, 87). If the tail of the
substrate is not bound properly, then the appropriate hydrogen cannot be readily
abstracted. On the other hand, the COX active site surrounding the carboxylate
end of the fatty acids seems to better accommodate mutations without a major loss
of COX activity (40, 87). This region of the active site may help compensate for
any steric strain arising from the positioning of the substratesnd for turnover.

THE COX REACTION REVISITED

The basic steps in the COX reaction, as originally proposed by Hamberg &
Samuelsson (19), have remained virtually unchanged for over 30 years. The bulk
of the biochemical and structural evidence supports all the central features of the
Hamberg & Samuelsson mechanism (19, 29, 43, 45, 76), but recent structural stud-
ies have now highlighted some of the important structure-function relationships
in PGG formation. The COX reaction scheme can now be broken down into four
basic steps (Figure 7). Initially, the arachidonyl carboxylate interacts with Arg120
(28, 34, 35, 37, 38, 58) and enters the COX channel. During this process, the en-
zyme appropriately positions the @®Shydrogen of AA for abstraction. Carbons

8 through 12 are also positioned in a space suitable for the formation of the en-
doperoxide bridge and the cyclopentyl ring (38, 86). When AA is appropriately
positioned, the rate-determining step begins: The radical on Tyr385 abstracts the
13proShydrogen. Subsequently, anR:-peroxyl radical is quickly formed in the
presence of oxygen. In the third step, th&dderoxyl radical attacks carbon 9 to
form the endoperoxide, resulting in the isomerization of the radical to carbon 8.
At this stage, ring closure between carbon 8 and carbon 12 cannot occur given
the extended conformation exhibited by AA in the crystal structures (Figure 7).
Therefore, a major reconfiguration of the substrate must occur concomitant with
orimmediately following formation of the endoperoxide bridge. This hypothetical
conformational transition would involve a significant movement ofdhend of

the substrate toward the carboxyl half. Therdydroperoxyl radical is hypoth-
esized to swing “over” carbon 8 for ar-side attack on carbon 9 through the
rotation about the carbon 10/carbon 11 bond, which brings carbon 12 closer to
carbon 8 for the ring closure (Figure 7). This conformational transition would also
reposition carbon 15 for the addition of the second molecule of oxygen. In the final
step, the 1S5peroxyl radical is aligned below Tyr385 for donation of the radical

to complete the catalytic cycle.
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11-arachidonyl

hydrogen abstraction radical formation

)

+02
cyclization step

”u

15-peroxy PGG)
radical

Figure 7 A schematic of the COX reaction as proposed by Malkowski et al. (38).
While the formation of the 11-peroxy-arachidonate intermediate is explained by the
crystal structure for the ovine COX-1/AA complex, its subsequent conversion tg PGG
requires a major conformational transition that has not been observed or characterized.

While the formation of PG&is now fairly well explained, why 1R-HPETE,
15R-HPETE, and 1SHPETE are formed is unclear. Thuresson et al. (86) pre-
sented biochemical evidence that each COX product may arise from a different but
catalytically competent conformer of AA. In essence, hydrogen abstraction can
occur when AAis notin a conformation that allows facile ring closure, which then
leads to the monooxygenation of the substrate. This may mean that the observed
structure of AA bound in the COX-1 active site (38) may be a time- and space-
average of more than one AA conformer, of which only the predominant conformer
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leads to PGGformation. As little conformational variation is seen in the COX-1
and -2 crystal structures, subtle but distinct dynamic transitions in enzyme struc-
ture must be occurring to account for the different substrate conformers in the
native and mutant forms of COX. As mentioned earlier, the COX channel narrows
considerably to form an aperture (Figurg).3The aperture, composed of parts of
the catalytic center and the MBD, must open and close during entry of fatty acid
substrates and NSAIDs and egress of product (35). The subtle conformational dy-
namics of the COX active site and the MBD may be a primary factor in determining
the final COX products. Interestingly, studies on enzyme inhibition by NSAIDs
have provided strong evidence that conformational variation not observed in the
crystal structures occurs in COX-1 and -2.

THE STRUCTURAL BASIS OF NSAID ACTION

Several detailed reviews have been recently published on this topic (7,12, 50), and
only a summary of the major highlights of NSAID inhibition in the COX isoforms

is given here. NSAIDs are usually subdivided into two classascl@ssical or
“nonselective” NSAIDs andl) COX-2-selective or “isoform-specific’ NSAID
inhibitors. The classical NSAIDs inhibit both COX-1 and -2, but many tend to
bind more tightly to COX-1 (7, 50). In contrast, COX-2-selective inhibitors have
been designed to exhibit significantly higher selectivity toward COX-2 than toward
COX-1 (7,50). While all NSAIDs compete with arachidonate for the COX active
site, each NSAID can be classified by one of three general modes of action (7, 50).
AnNSAID candisplay#) rapid, reversible competitive inhibition (e.g., ibuprofen),

(b) rapid, reversible binding followed by covalent modification (e.g., the action of
aspirin on Ser530), ocj rapid, lower-affinity competitive inhibition followed by a
time-dependent transition to a high-affinity slowly reversible inhibitory mode (e.qg.,
flurbiprofen). The structural basis for time-dependent inhibition is not yet well
defined and may be different for different drugs. Moreover, the kinetic differences
in NSAID inhibition have made simple comparisons of drug interactions between
COX-1 and COX-2 difficult.

Figure 8 illustrates the basic features of NSAID binding to COX-1 and -2. The
drugs generally bind within the upper part of the COX channel between Arg120
and Tyr385. The acidic class of NSAIDs (e.g., profens and fenamates) interact
with Arg120 in both COX isozymes (7, 12) via hydrogen bonding or electrostatic
interactions that provide a major portion of the binding energy and selectivity.
The remaining drug/protein interactions tend to be hydrophobic (7, 12) except for
potential hydrogen bonding to Ser530.

The differences between classical NSAIDs and COX-2 inhibitors arise in part
from slight differences in the amino acids surrounding the active sites of COX-1
and -2. Within the catalytic center, only one structural difference is seen: 11523
in COX-1 is substituted with Val523 in COX-2. This minor and conservative
change results in a small side pocket becoming more accessible from the active
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site channel (28, 37). In the second shell of amino acids surrounding the COX
active site, 11e434 in COX-1 is substituted by a valine in COX-2. Again, this
minor substitution, coupled with the Val523, increases the accessible volume of
the active site channel by enhancing the mobility of local side chains (28, 37).
Hence, the combination of Val523 and Val434 in COX-2 allows a movement of
Phe518 and permits access to the polar side pocket (Fidpird8e larger main
channel combined with this side pocketincreases the volume of the COX-2 NSAID
binding site by about 20% over that in COX-1 (28, 37). The larger effective size of
the channel in the COX-2 may also preferentially reduce steric and ionic crowding
by Arg120 in COX-2 and thus may enhance the binding of nonacidic NSAIDs to
COX-2.

This extra volume is a structural feature exploited by most COX-2 inhibitors.
Mutating Val523 to an isoleucine restricts access to this side pocket, and COX-
2 is no longer differentially sensitive to these inhibitors (15, 18). Conversely, an
1523V mutation in COX-1 increases its affinity for COX-2 inhibitors (93). The
substitution of His513 in COX-1 with arginine in COX-2 also alters the chemical
environment of the side pocket by placing a stable positive charge at its center
(28). This arginine seemingly interacts with polar moieties entering the pocket.
In combination with the 1523V mutation, an H513R mutant of COX-1 becomes
much more sensitive to COX-2 inhibitors (93).

TIME-DEPENDENT INHIBITION AND
CONFORMATIONAL TRANSITIONS

COX is known to undergo significant conformational changes following bind-
ing of heme, fatty acid substrates, and NSAIDs (4,26). The phenomenon of
time-dependent inhibition also provides quite credible evidence of conforma-
tion changes in COXs (7, 76), where the enzymes shift from a freely reversible
enzyme/ligand complex El to a tight-binding, slowly reversiblé Ebmplex.
The fact that the new COX-2 inhibitors display time-dependent inhibition toward
COX-2, but freely reversible inhibition toward COX-1, has provided a new and
intriguing view of NSAID action (7, 15, 18). Mutagenesis experiments have sug-
gested that time-dependent inhibition of COX-2 by isoform-selective inhibitors
containing sulfonamide or methylsulfoxide moieties may arise from their interac-
tion with Arg513 (28, 93). Curiously, the time-dependent inhibition displayed by
the methylsulfoxide inhibitor NS-398, an early lead compound, appears to depend
oninteraction with Arg120 but not with Arg513. The R120E and R120Q mutations
in COX-2 result in simple competitive inhibition by NS-398 (16, 64), suggesting
that NS-398 binds in the COX-2 active site similarly to acidic inhibitors such as
flurbiprofen.

Unfortunately, determining the precise physical basis for time-dependent in-
hibition has been elusive. The observed crystal structures of the COX isoforms
have provided little insight into the phenomenon. In fact, the crystal structures
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of COX-1 with time-dependent inhibitors or competitive inhibitors are essentially
indistinguishable (69). In the one case where ligand binding in human COX-2
did perturb the MBD (37), the changes were relatively minor. Why do the COX
isoforms exhibit a single major conformation in crystals, regardless of whether
a COX ligand is bound or not? Adding to this dilemma is the fact that the nar-
row aperture within the COX channel (Figure)Zffectively buries all bound
ligands within the catalytic domain (35, 38). As all ligands must enter the COX
active site through the MBD, the COX channel region must undergo significant
conformational changes during substrate entry and product exit. Recent studies
(80, 92) have suggested that the reorganization of hydrogen bonding networks
within the MBD (80) may play an active role in substrate binding, catalytic ef-
ficiency, and inhibition by NSAIDs. One hypothesis is that at least two confor-
mations of the enzyme exist in equilibrium (80): an unstable ligand-free form
and a more stable ligand-bound form. Conformational models have been pro-
posed to explain time-dependent inhibition (80, 92), but how these conformational
transitions are controlled and impact substrate and NSAID binding are, as yet,
unanswered.

Identifying the nature of the Elstate associated with time-dependent inhi-
bition might be easier. In the active COX, AA is rapidly converted to RGG
and then released. During this process, a conformational rearrangement of the
AA chain must occur within the active site as the cyclopentane ring and en-
doperoxide bridge form (38). This structural transition may disrupt a hydro-
gen bond network within the COX channel and facilitate release of the newly
formed product PG& Thus, COX may shuttle between two conformational states
as part of the catalytic mechanism for bis-oxygenation. Time-dependent inhi-
bition may occur when NSAIDs trap the most stable conformation, i.e., that
seen in the crystal structures, but then may not be able to trigger the confor-
mational change needed for facile release. Thus, time-dependent inhibition may
be a serendipitous outcome of a catalytic mechanism involving two distinct con-
formational steps (80, 92). Nonetheless, identification and characterization of the
important conformational transitions in COX remain elusive, but these structural
events will have a major impact on our understanding of how NSAIDs inter-
act with COX. As the crystallographic research on COX continues to mature
and as higher-resolution structures become available, we may be able to resolve
these and the other remaining questions about the structure-function relationships
in COX.
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Figure 3 Structural representations of the ovine COX-1 dimer and monowmjeA (
space-filling view of the COX-1 dimer is shown. The EGF, MBD, and catalytic do-
mains are colored green, gold, and blue, respectively. The locations of the heme in the
POX active site are also shown, and the sites of N-linked glycosylation at asparagines
N68, N144, and N410 appear as gray atorbsA(ribbon drawing shows the COX-1
monomer with bound arachidonic acid (AA in yellow) in the COX active site. The
color scheme for the domains is the same asjn(€) A view of the COX channel

with bound AA shows the aperture at the level of Tyr355 and Arg120. Vieyvar{d

(b) were made with Molscript (25) and Raster3D (47).
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Figure 5 A view of the POX active site. The heme (red) is shown liganded to the
proximal ligand His388 (green), which is hydrogen-bonded to a water molecule (blue)
and Tyr504 (magenta). The distal residues His207 (green) and GIn203 (blue) are also
shown. The nonpolar portion of some peroxide substrates may interact with the dis-
tal hydrophobic “roof” made up of valines and leucines (brown) and phenylalanines
(magenta). Setor (10) was used to draw this figure and Figures 6 and 8.
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Figure 6 Fatty acid binding in ovine COX-1a} A stereo diagram of the COX ac-

tive site shows the kinked L-conformation of AA (yellow). Note how Tyr385 (blue)

is aligned with carbon 13 in AA, and how the carboxylate of arachidonate interacts
with Arg120 (see text). Several other residues discussed in the text are also shown; the
asterisk {) refers to the position of Gly533b) A superposition of the fatty acids AA,
DHLA (20:3n-6), LA (18:2n-6), and EPA (20:5n-3) in yellow, red, green, and blue, re-
spectively, allows the comparison of their binding conformations in ovine COX-1. Note
how the carboxylate ends of the fatty acids exhibit markedly different conformations,
while thew-ends adopt almost the equivalent conformations.
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sc588 Arg120

Figure 8 Aview of NSAID binding in the COX active site. (a) Flurbiprofen (yellow)
isbound inthe COX active site channel in ovine COX-1 (58). Residues lle 434 (copper),
His513 (green), Phe518 (copper), and 11e523 (copper) are displayed as space-filling.
(b) The COX-2 inhibitor SC-588 (yellow) is bound in the COX active site channel

of mouse COX-2 (28). Residues Val434 (copper), Arg513 (green), Phe518 (copper),
and Val523 (copper) are displayed as space-filling. The phenylsulfonamide group of
SC-588 extends back into the side pocket made accessible by Val523 and interacts
with Arg513. Access to the side pocket is made easier by the 1434V change in COX-2,
which then allows Phe518 to move out of the way when COX-2 inhibitors bind in this
pocket.
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