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Coxibs interfere with the action of aspirin by binding
tightly to one monomer of cyclooxygenase-1
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Pain associated with inflammation involves prostaglandins synthe-
sized from arachidonic acid (AA) through cyclooxygenase-2 (COX-2)
pathways while thromboxane A, formed by platelets from AA
via cyclooxygenase-1 (COX-1) mediates thrombosis. COX-1 and
COX-2 are both targets of nonselective nonsteroidal antiinflam-
matory drugs (nsNSAIDs) including aspirin whereas COX-2 activ-
ity is preferentially blocked by COX-2 inhibitors called coxibs.
COXs are homodimers composed of identical subunits, but we
have shown that only one subunit is active at a time during
catalysis; moreover, many nsNSAIDS bind to a single subunit
of a COX dimer to inhibit the COX activity of the entire dimer.
Here, we report the surprising observation that celecoxib and
other coxibs bind tightly to a subunit of COX-1. Although cel-
ecoxib binding to one monomer of COX-1 does not affect the
normal catalytic processing of AA by the second, partner subu-
nit, celecoxib does interfere with the inhibition of COX-1 by
aspirin in vitro. X-ray crystallographic results obtained with a
celecoxib/COX-1 complex show how celecoxib can bind to one
of the two available COX sites of the COX-1 dimer. Finally,
we find that administration of celecoxib to dogs interferes with
the ability of a low dose of aspirin to inhibit AA-induced ex vivo
platelet aggregation. COX-2 inhibitors such as celecoxib are
widely used for pain relief. Because coxibs exhibit cardiovas-
cular side effects, they are often prescribed in combination with
low-dose aspirin to prevent thrombosis. Our studies predict that
the cardioprotective effect of low-dose aspirin on COX-1 may be
blunted when taken with coxibs.

arachidonic acid | adrenic acid | nonsteroidal antiinflammatory drugs |
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rostaglandins (PGs) are oxygenated lipid mediators formed

from the w6 essential fatty acid arachidonic acid (AA). The
committed step in PG biosynthesis is the conversion of AA
to PG H, (PGH,) catalyzed by PG endoperoxide H synthase-1
or -2 commonly known as cyclooxygenase-1 and -2 (COX-1
and -2) (1-5). COX-1 and COX-2 are both targets of nonselective
nonsteroidal antiinflammatory drugs (nsNSAIDs) including as-
pirin and ibuprofen, while COX-2 activity is selectively blocked
by COX-2 inhibitors called coxibs (e.g., celecoxib) (6). Aspirin
irreversibly acetylates Ser530 of COX-1 and COX-2 leading to
enzyme inactivation (3). Because of its unusual pharmacoki-
netics, low doses of aspirin preferentially inhibit COX-1 in circu-
lating platelets thereby attenuating platelet thromboxane syn-
thesis and attendant thrombosis; thus, low-dose aspirin regimens
are cardioprotective (6).

COX-1 and COX-2 are homodimers that exhibit half of sites
enzymatic activity (7, 8), and many nsNSAIDs, apparently those
involved in time-dependent inhibition, maximally inhibit the
enzymes upon binding to only one monomer (7, 9). However,
it appears that nsNSAIDs that are reversible, competitive inhibi-
tors of COXs must bind to both monomers to cause enzyme in-
hibition (10). Similarly, fatty acids are bound to both monomers
of a dimer during catalysis (8). Fatty acid binding to the first
monomer transforms it to an allosteric monomer that, in turn,
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modulates the substrate specificity of the second, now catalyti-
cally active, partner monomer.

Coxibs, at concentrations that do not inhibit COX-1 catalytic
activity, have been reported to interfere with the abilities of
nsNSAIDs including aspirin to inhibit COX-1 in vitro (11-14).
This suggests that COX-2 inhibitors are able to bind to COX-1
and somehow compete with nsNSAID actions on COX-1 without
affecting AA oxygenation. This is a potentially important clinical
issue because many elderly patients take a combination of a coxib
for pain relief and low-dose aspirin to counterbalance the poten-
tial cardiovascular side effects of coxibs (6, 15, 16).

Extensive clinical trial data on interactions between aspirin
and coxibs are only available for one coxib, rofecoxib (16-19),
and no significant effect on aspirin inhibition of thrombosis
was detected. However, rofecoxib is the COX-2 inhibitor that
is least effective in attenuating aspirin inhibition of COX-1 in vitro
(14). Currently, the most widely used coxib is celecoxib. In two
small trials with healthy human volunteers, the effects of aspirin
were found not to be attenuated by celecoxib (15, 16); however,
in both trials, the volunteers were given a 324 mg daily dose
of aspirin, which is four times the dose of 81 mg commonly
considered to be “low-dose” aspirin. In a potentially related
study, celecoxib did attenuate aspirin inhibition in a dog model
of thrombosis (20).

In the present study, we have used purified COX-1 to examine
the interactions of celecoxib and other coxibs with aspirin and
other nsNSAIDS in more detail. We find that celecoxib can bind
to the COX active site of one monomer of COX-1 and interfere
with the ability of aspirin to inhibit COX-1. We also find that the
effect of low-dose aspirin on ex vivo platelet aggregation is
blunted in dogs administered a combination of celecoxib and
low-dose aspirin.

Results

Inhibition of COX-1 by Celecoxib and Other Coxibs. Inhibition of
COX-2 by many nsNSAIDs and by coxibs including celecoxib
has at least two phases. The first is a very rapid, second-order
kinetic interaction, and this is followed by a much slower, first-
order conformational rearrangement (9, 21-24). The intrinsic
binding affinity of inhibitors for COXs can be estimated by
measuring “instantaneous” inhibition that occurs when enzyme,
substrate, and inhibitor are mixed without preincubating the
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inhibitor and enzyme (22). Consistent with previous studies (24),
we found that celecoxib is more effective in causing instantaneous
inhibition of COX-1 than COX-2 (ICj, values of 8.3 pM vs. 15 uM
for COX-1 and COX-2, respectively) (Fig. S1). We also confirmed
that, unlike the situation with COX-2, celecoxib is a freely rever-
sible, competitive inhibitor of COX-1 (24). The fact that celecoxib
is a freely reversible inhibitor of COX-1 suggests that celecoxib
must bind to both monomers of COX-1 to cause enzyme inhibi-
tion (10). In contrast, time-dependent COX inhibitors studied to
date function upon binding to one subunit of a COX dimer (7, 9).
Thus, it is likely that COX-2 is inhibited when celecoxib binds to
one monomer of COX-2. Consistent with this observation, we ob-
served that, with AA as the substrate, celecoxib causes complete
inhibition of COX-1, but a maximum of 80% inhibition of COX-2
(Fig. S1). We presume that, in the latter case, COX-2 celecoxib
acts allosterically via one subunit of COX-2 to attenuate, but not
completely inhibit, oxygenation in the partner catalytic subunit.
We also examined the ability of celecoxib to inhibit the oxyge-
nation of adrenic acid (22 :4w6), a COX substrate homologous to
AA for these studies (Fig. 1). Adrenic acid has very similar K,
values with COX-1 and COX-2 (8, 25). However, celecoxib was
15 times more potent in inhibiting adrenic acid oxygenation by
ovine (ov) COX-1. Adrenic acid oxygenation by human (hu)
COX-2 is not complete (55%) again because celecoxib acts allos-
terically via one subunit to attenuate, but not completely inhibit,
oxygenation in the partner, catalytically functional subunit. Ad-
ditionally, we observed that preincubation of celecoxib and
COX-1 did not increase the level of inhibition of COX-1 when
adrenic acid was used as the substrate (data not shown). This in-
dicates that celecoxib is not a time-dependent inhibitor of adrenic
acid oxygenation by COX-1. The results with AA vs. adrenic acid
with celecoxib and COX-1 suggest that celecoxib competes more
effectively with adrenic acid than AA for binding to the second
monomer of COX-1. Taken together, the results imply that cel-
ecoxib must have a somewhat higher affinity for the allosteric
monomer of COX-1 than the allosteric monomer of COX-2.

Coxibs Interfere with Inhibition of Purified COX-1 by Aspirin. Treat-
ment of purified ovCOX-1 with radioactive aspirin (i.e., [1-1*C]-
acetylsalicylate) led to a maximum incorporation of 0.96 + 0.19
acetyl groups/dimer (n = 9) with COX-1, and inactivation was
temporally correlated with acetylation (Fig. 2). Therefore, we
conclude that aspirin acetylates only one monomer of a COX-
1 dimer to cause complete loss of COX activity.

Previous studies have shown that low concentrations of coxibs
that did not affect COX-1 activity attenuated the inhibition of
COX-1 by aspirin in various cells and tissue extracts (11-14).
Celecoxib is the most potent coxib in interfering with the effect
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Fig. 1. Inhibition by celecoxib of the oxygenation of adrenic acid by ovCOX-
1 and huCOX-2. Purified ovCOX-1 or huCOX-2 was added to assay samples
containing 40 pM adrenic acid and the indicated concentrations of celecoxib
in an O, electrode assay chamber, and the rate of O, uptake was monitored
to determine the level of instantaneous inhibition without the confounding,
secondary effects of time-dependent inhibition (i.e., no preincubation of cel-
ecoxib with enzyme). Rates represent triplicate determinations +SE. The
maximal level of inhibition achieved with celecoxib and huCOX-2 was the
same when either 10 pM or 40 uM adrenic acid was used as substrate.

Rimon et al.

120 12
9 ® - Acetylation -
< 100 . : 108 3
2w i w3l
2 - ! o
£ o0 06 8 2
£ [] QB
T 4071 04 53
§ 20 i | - Inhibition 02 ;‘?{%
e
om 0
0 10 20 30 40 50 60
Time (min)

Fig. 2. Acetylation and inactivation of ovine cyclooxygenase-1 by aspirin.
ovCOX-1 (7.6 uM) was incubated at 37° with 1 mM [1-"“C-acetyl] aspirin
for the indicated times and aliquots taken for measuring COX activity using
a standard oxygen electrode assay and incorporation of the 'C-acetyl group
into protein. The percentage of acetylation was calculated based on the max-
imal level of acetylation by [1-'4C-acetyl] that was achieved following an
overnight incubation.

of aspirin on COX-1 in human platelets (14), and so we focused
on the effect of celecoxib on aspirin inhibition of COX-1. From
the IC;, value for ovCOX-1 (Fig. S1), we calculated a K; value of
1 pM for instantaneous inhibition of AA oxygenation by cel-
ecoxib. We found that, under conditions in which celecoxib (2
or 4 pM) would occupy less than 50% of available COX sites
of the ovCOX-1 dimer (2 pM of dimer), celecoxib attenuated
the time-dependent inhibitory effect of aspirin on ovCOX-1
(Fig. 34). Similarly, at concentrations of aspirin and celecoxib
achieved in plasma with typical dosages of these drugs (26,
27), celecoxib largely prevented aspirin inhibition (Fig. 3B).
The magnitude of the effect of celecoxib on aspirin action was
similar to that observed with ibuprofen using a concentration
of ibuprofen mimicking that achieved in human plasma and
shown previously to attenuate aspirin inhibition in vivo (18, 28).

We next determined the effects of other coxibs including
nimesulide, NS398, and DuP697 (6, 29, 30) on the sensitivity of
purified ovCOX-1 to inhibition by aspirin and by two other
nsNSAIDs-indomethacin (INDO) and ibuprofen. INDO is a
time-dependent COX inhibitor, whereas ibuprofen is a freely re-
versible, competitive inhibitor (22). In a representative experi-
ment (Fig. 44), purified ovCOX-1 was preincubated in the
presence or absence of DuP697 with or without INDO and then
diluted into an assay chamber containing AA. DuP697 by itself,
similar to NS398 (Fig. S2), had no effect on COX-1 activity with
AA; however, when DuP697 was present, INDO caused 50% less
inhibition than when DuP697 was absent. Similar results were ob-
tained with INDO in combination with celecoxib, nimesulide, and
NS398. The magnitude of the effects of the coxibs on COX-1 in-
hibition by INDO and aspirin were dependent on the coxib con-
centrations and the nsNSAID concentrations and the incubation
times. In contrast to what was observed with the time-dependent
nsNSAIDs, INDO, and aspirin, coxibs had no effect on the ability
of the reversible nsNSAID ibuprofen to inhibit COX-1 activity
with AA. This negative result is shown in Fig. 4B for the case
of nimesulide in combination with ibuprofen.

Another key observation about the effects of coxibs on COX-1
is that, with NS398 and DuP697, the effects are only slowly re-
versible. For example, even when ovCOX-1 was washed exten-
sively by buffer exchange following preincubation with NS398
or DuP697, the effects of these coxibs on COX-1 inhibition by
INDO and aspirin remained. This is shown for the case of
NS398 and INDO in Figs. S2 and S3. Similarly, when ovCOX-1
was preincubated with 25 pM DuP697 for 30 min and then diluted
750-fold into an assay mixture containing AA (100 pM) with
or without an inhibitory concentration of INDO, the inhibition
by INDO was still attenuated (Fig. S4). Thus, as seen with
COX-2 (21, 23), NS398 and DuP697 appear to bind tightly to
ovCOX-1 and dissociate slowly.

PNAS | January 5,2010 | vol. 107 | no.1 | 29

BIOCHEMISTRY


http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF4

Bane

/

D\

Specific Activity (14M O,/min/mg protein) >

120~
1004 [ 2 h at 37°
80| ' '

n e
(=] [=]
1 1

COX Activity (nM O, /min) @
o 2
1

O o
AR S &

Fig. 3. Celecoxib attenuates the inhibition of ovCOX-1 by aspirin.
(A) ovCOX-1 (2.0 pM) was preincubated with the indicated concentrations
of aspirin and celecoxib at 37° for 1 h, and a small aliquot assayed for
COX activity using an O, electrode with 40 M AA as the substrate. When
present, the concentrations of aspirin and celecoxib in the O, electrode assay
chamber were 7.5 uM and 0.38 pM, respectively. Values are represented as
mean + SEM, n =3, and **P <0.0001 vs. control using one-way ANOVA.
(B) ovCOX-1 (2.0 pM) was not treated or was preincubated for 2 h at 37° with
the indicated inhibitors (0.5 mM aspirin, 25 pM celecoxib, and 25 pM ibupro-
fen). Aliquots of the enzyme samples were assayed for COX activity as indi-
cated above. Values are the average of triplicate determinations +SE.

Coxibs Bind to the COX Site of ovCOX-1. We employed x-ray crystal-
lography to determine how celecoxib interacts with COX-1
(Fig. 54-D, Table 1, Tables S1 and S2, and Figs. S5-S7). In the
crystal of a celecoxib/ovCOX-1 complex, the pseudosymmetry
(P6522) could be partially deconvoluted in space group P65 using
the mathematical twin operator (h,-h-k,-1) such that a structural
bias is seen between partner monomers of the biological dimer.
Electron density for celecoxib is present in the ovCOX-1 active
site and nowhere else in the protein. The structure of the ovCOX-
1 dimer suggests that the two monomers are different with one
monomer (monomer A) fully occupied by celecoxib and the other
monomer (monomer B) only partially occupied (ca. 50% esti-
mated by group occupancy refinement and inhibitor/protein
B-factor matching).

One notable difference in the active site of the celecoxib/
ovCOX-1 complex compared with the reference model (ov-
Cox-1/a-methyl-4-biphenylacetic acid complex 1Q4G) is in the
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Fig. 4. Effects of coxibs on inhibition of ovCOX-1 by nsNSAIDs. (A) ovCOX-1
(0.70 uM) was preincubated with 10 pM DuP-697 and/or 10 uM indomethacin
as indicated for 2 min at room temperature and a small aliquot assayed for
COX activity using an O, electrode; when present, the final concentration of
each inhibitor in the O, electrode assay chamber was 0.15 pM. Values are the
average of triplicate determinations +SE. (B) ovCOX-1 was pretreated for
5 min at 37° with or without 10 uM nimesulide. Aliquots of the samples were
then added to O, electrode assay chambers containing 20 pM AA and, as in-
dicated, 10 pM nimesulide and/or 60 uM ibuprofen. Values are the average of
triplicate determinations +SE. Similar results were obtained in testing the
abilities of NS-398 and DuP-697 to interfere with the action of ibuprofen
on ovCOX-1.

conformation of the terminal C81 atom of 11e523 (Fig. 54 and
B, and Fig. S5). This atom moves 3.1 A compared to the same
atom in the reference model to accommodate the benzene ring
of celecoxib. It had been speculated that the size of 11e523, which
is homologous to Val523 in COX-2, interfered with the binding of
COX-2 inhibitors to COX-1 (31); however, a rotation in the di-
hedral angle Ca-Cp-Cy1-C81 from —69° (1Q4G) to 174° accom-
modates celecoxib binding. In addition, the I1e523 propagates a
shift of side chain residues (His513, Pro514, and Asn515) in the
turn loop of the “side pocket” (residues 513-520) (Fig. 5B and
Fig. S6). Curiously, the trifluoromethyl group on the pyrazole ring
of celecoxib does not form contacts with Argl120 typically seen
with substrates and carboxylic acid-containing inhibitors. Instead,
the trifluoromethyl group abuts Tyr355 placing the phenol ring
edge-to-face with the aromatic ring of the benezenesulfonamide
group (Fig. 5B).

We compared the celecoxib/ovCOX-1 crystal structure with the
structure of the related COX-2 selective inhibitor SC-558/murine
(mu) COX-2 complex (32). A bromine atom in SC-558 substitutes
for the methyl group in the distal aromatic ring of celecoxib. Both
inhibitors bind in a similar manner with two exceptions. In mu-
COX-2, Arg513, which is His513 in ovCOX-1, forms a hydrogen

Rimon et al.


http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0909765106/DCSupplemental/Supplemental_PDF#nameddest=SF6

SIS

yd

MONOMER B MONOMER A

¥388Y, | vads

T\ 127(+)’/
S126(+ P127()

Fig. 5. Celecoxib binding to ovCOX-1 as determined by x-ray crystallography. (A) A stereoview of celecoxib (yellow) in the active site of COX-1 in the celecoxib/
ovCOX-1 structure shown with omit F,-F. difference density contoured at 2.8¢ (gray). Residues in the active site are displayed in green, whereas celecoxib is in
yellow. Residues Arg120, Tyr355, and Glu524 lie at the mouth of the COX active site, whereas the catalytic Tyr385 hydrogen bonded to Tyr348 are located at the
apex of the hydrophobic channel. (B) Stereoview of celecoxib/ovCOX-1 structure with the opening from the membrane binding domain into the COX active site
oriented along plane of the page. Comparison of celecoxib/ovCOX-1 complex (green) and the reference model (1Q4G) (superimposed yellow ribbon and yellow
side chains) shows that lle523, homologous to Val523 in COX-2, adopts an extended rotamer conformation allowing access to the otherwise inaccessible
hydrophobic side pocket comprised of residues Leu352, Ser353, lle517, and Phe518 (some side chains are omitted for clarity). The residues His513 and
GIn192 contribute to the outer shell of the side pocket and are included in the figure. Rendering of celecoxib atoms as spheres highlight the steric clash
of 11e523 (yellow sticks in bottom panel) with the reference model. In Fig. S6 the positions of the a-carbons of residues 510-520 in the celecoxib/ovCOX-1
and the AA/ovCOX-1 (1DIY) structures relative to the reference model (1Q4G) are compared. (C) Stereoview of two alternate conformations of residues
121-129 in monomer B at the dimer interface traced into the electron density. Monomer A (orange) is shown with celecoxib bound (yellow) and monomer B
is shown in the two conformations representing the conformation in the absence of bound inhibitor (blue) and the shift induced by binding of celecoxib
(magenta). The side chains of Ser126 and Pro127 are shown in the two conformations and represented as inhibitor bound (+) and unbound (-) next to
Glu543 (E543) of the partner monomer also in an alternate conformation. The position of celecoxib in monomer A (yellow sticks) and active site residues
Arg120, Glu524, Tyr355, Ser530, and Tyr385 are shown for spatial orientation. Celecoxib in monomer B, which was refined to 50% occupancy in the final
model, has been removed to represent the unbound monomer. (D) Enlarged view of the boxed area at the dimer interface shown in C.

bond with the sulfonamide group. In ovCOX-1, the more rigid side chain faces the inhibitor making hydrophobic contacts with
histidine residue is more distant and does not form a hydrogen  the benzene ring in COX-1.

bond with celecoxib. We have placed the sulfonamide moiety of Refinement of the data using partial occupancy in monomer
celecoxib such that the amide nitrogen makes short N-H-O hy- B showed clear positive F,-F difference density (i.e., unbiased
drogen bonds with the side chain of GIn192 and main chain of el'ectrop density) in a loop iqvolving residues 121-129 near the
Leu352 (Fig. S6). Additionally, the second shell residues of ~dimer interface (8, 32, 33) (Fig. SC and D, Table 1, and Fig. S7).
the side pocket Ile434 (Val434 in COX-2) are proposed to act An alternate conff)r.matl().n of this loop in which r'651dues 126
as a gate to prevent Phe518 from moving away when bound to and 127 closely adjoin residues 543 and 541, respectively, on the

COX-2 selective inhibitors; however, in our structure, Phe518 partner monomer, was traced in monomer B (F.lg‘ SC. and D,
and Table 1). This alternate conformation is not visible in mono-

mer A, which is fully occupied with celecoxib. We speculate that,
in the absence of celecoxib, the loop involving residues 126 and

Table 1. Change in distance between Ca main 127 adopts a conformation not seen in other COX crystals, all of
chain atoms of residues 121-129 located at the which have been prepared using a large excess of ligand over protein
dimer interface in the bound vs. unbound that fostered ligand binding to both monomers. Our crystallo-
conformations of the celecoxib/COX-1 complex graphic data are consistent with data obtained in examining oxi-
Amino acid  Distance between main chain Ca, A dant-induced cross-linking of monomers of a cysteineless human
121 108 COX-2 mutantin whichnew cystel.nes'were englneered atpositions
122 157 127 and 541 or 126 and 543 (8); binding of various nsNSAIDs and
123 5.93 coxibs inhibited cross-linking between monomers of these mutant
124 3.42 pairs. Additionally, the Cf atoms of Ser126 and Glu543 are 3.7 A
125 5.23 apart within reasonable distance for disulfide bond formation.
126 1.91

127 0.22 Dogs Treated with Celecoxib Have an Attenuated Response to
gg ggg Low-Dose Aspirin. Ex vivo aggregation of platelets was measured

using platelets isolated from blood drawn from dogs treated with
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Fig. 6. Treatment of dogs with celecoxib interferes with the effect of low-
dose aspirin on ex vivo platelet aggregation. Purpose-bred beagle dogs
(n =6, 10-12 kg) were administered low-dose aspirin alone (1.16 mg/kg,
p.o.; LD ASA), celecoxib alone (1.43 mg/kg, po bid; CBX), or both celecoxib
plus low-dose aspirin (CBX + LD ASA) for a period of three days. At the
conclusion of each treatment regimen, platelet-rich plasma was prepared
by centrifugation from venous whole blood collected in 3.7% sodium citrate.
Ex vivo platelet aggregation responses to three platelet agonists [AA
(650 pM), adenosine diphosphate (20 pM), and y-thrombin (70 nM)] were
recorded. Data are expressed as the mean &+ SEM. *** indicates p < 0.001
when each time point is compared to the same agonist at day 0 by two-way
ANOVA.

celecoxib alone, celecoxib plus low-dose aspirin, and low-dose
aspirin alone (Fig. 6). Celecoxib was administered at levels
equivalent to 100 mg of celecoxib administered to humans twice
daily at 8AM and 5PM. Aspirin was administered at 12PM at a
dose equivalent to low-dose aspirin administered to humans
(81 mg/day). Celecoxib treatment interfered with the ability of
low-dose aspirin to block AA-induced platelet aggregation
(Fig. 6). The response to aspirin was restored when celecoxib
administration was stopped.

Discussion

Our present results establish that COX-2 inhibitors bind tightly to
COX-1. In the cases of celecoxib and nimesulide, the binding is
rapidly reversible, whereas with DuP697 and NS398 the binding is
slowly reversible. The relative potencies of celecoxib in inhibiting
AA and adrenic acid oxygenation by ovCOX-1 vs. huCOX-2 sug-
gest that COX-1 has a higher affinity for this coxib than does
COX-2. This is important because celecoxib in the form of
Celebrex is the most widely prescribed COX-2 inhibitor in the
United States. We have also demonstrated that the binding of
celecoxib to COX-1 at pharmacologically relevant concentrations
interferes with the inactivation of COX-1 by aspirin under con-
ditions in which celecoxib does not block COX-1 activity
toward AA. Based on our crystallographic results, we presume
that celecoxib binds to the COX active site of one monomer
of COX-1 and that, as a consequence, aspirin binding to the part-
ner COX-1 monomer is altered so as to slow the rate of acetyla-
tion of the enzyme. In marked contrast, binding of celecoxib to
one monomer of COX-1 does not affect the manner in which AA
binds and is oxygenated within the COX active site of the partner
monomer.

Aspirin is widely used in conjunction with Celebrex to
attenuate the cardiovascular side effects of COX-2 inhibitors
(6, 15, 16, 19). Studies in humans have suggested that celecoxib
does not interfere with the effect of a conventional aspirin tablet
containing 324 mg of aspirin (15, 16). However, what is generally
considered to be low-dose aspirin (i.e., 81 mg), which is
metabolized rapidly to an ineffective concentration, has not been
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tested vs. celecoxib. Our in vitro results indicate that celecoxib
could interfere with the action of aspirin on COX-1 in vivo, and
in our dog model, celecoxib did interfere with the effect of
low-dose aspirin. Therefore, it will be important to determine if
celecoxib impedes the action of low-dose aspirin in humans. A
pharmacological effect of celecoxib on the action of low-dose
aspirin on platelet aggregation in humans would necessitate
modifying dosing regimens to provide clinically effective COX-2
inhibition while minimizing interference with aspirin inhibition of
platelet COX-1.

Methods

Materials. Arachidonic acid and adrenic acid were from Cayman Chemical Co.
[1-'4C]-AA (55 mCi/mmol) and [1-'*C-acetyl]salicylic acid (55 mCi/mmol)
were from American Radiolabeled Chemicals. Bicinchoninic acid protein
reagent was from Pierce Biochemical.

Expression, Purification, and Assay of ovCOX-1. Protocols for expressing and
purifying native ovCOX-1 and huCOX-2 from Sf21 insect cells and assaying
COX activities have been reported previously (7, 8, 34, 35). One unit of
COX activity is defined as 1 pmol of O, consumed per minute per milligram
of enzyme at 37 °Cin the assay mixture. GraphPad Prism version 5.0 was used
for graphing K, and V.

Quantitation of Aspirin Acetylation. Native ovCOX-1 (5-10 pM) was incubated
with 1-mM [1-*C-acetyl]salicylate for different times at 37 °C essentially as
described by Bala et al. (36). Further details are provided in S/ Text.

Crystallization of Celecoxib/ovCOX-1 Complex. Protein was prepared for crys-
tallization trials as previously described with some modifications (37, 38) that
are detailed in S/ Text. ovCOX-1 (72 uM dimer) was incubated with 144 pM
heme (Fe3*-protoprophyrin IX) and 72 uM celecoxib, and crystallization was
performed using the sitting drop vapor diffusion method.

Data Collection and Processing. Diffraction data were collected from crystals in
a —135°C nitrogen stream at beam line 21 ID-D, Life Sciences-cat (Argonne
National Laboratory, Argonne, IL). Data processing and scaling in space
groups P6522 and P65 were performed using HKL2000 (39). Scaling statistics
for all data to 2.75 A were comparable in both space groups and correct iden-
tification of the space group could not easily be definitively established.
The Rmerge for all data in space groups P6522 and P65 was 6.2% (57.7%
in outer shell) and 6.3% (54.1% in outer shell), respectively. Analysis of
the intensity statistics using phenix.xtriage suggested that crystal twin-
ning could not be ruled out in space group P65 with an estimated twin frac-
tion equal to 0.478 (Table S1). Statistics for the data collection, processing,
and crystallographic refinement of the final refined model are shown in
Table S2.

Molecular Replacement and Crystallographic Refinement. The starting coordi-
nates were taken from the a-methyl-4-biphenylacetic acid/ovCOX-1 structure
(1Q4G). Structure solution by molecular replacement was performed with
PHASER (40) in space groups P6522 and P65 using the coordinates of the pro-
tein atoms alone. Initial model building and refinement in both space groups
had varying improvements on the electron density but the R in either
space did not progress below 29-31% despite nearly completing the model
building. However, when using a single round of simulated annealing and
rigid body refinement with the twin operator h,-h-k,-I in PHENIX version 1.3
(41), the Rgactor and Rgee improved by about 5%. Further model building pro-
gressively improved refinement statistics. The dictionary files used to build
the model were generated using PRODRG2 (42) from the appropriate Protein
Data Bank (PDB) coordinates obtained from either the HIC-up or ChemDB
servers. Celecoxib, N-linked carbohydrates, and detergents were built into
the electron density using COOT (43). The resulting model was subjected
to iterative cycles of model building, inspection, and individual ADP refine-
ment with tensor/libation/screw and noncrystallographic symmetry re-
straints. The refinement converged with an R0 Of 21.98% for all data
10 2.75 A, with an Rg.e value of 24.44%. Structure validation was performed
using PROCHECK (44) and Molprobity (45). Ligand contact distances were de-
termined using both the ligand-protein contacts and contacts of structural
units (46) and PDBSum servers (47). Figures were generated using MacPyMOL
(48). Multiple occupancy refinement trials were performed using different
starting occupancy values. We estimated occupancy in monomer A to be
nearly complete, while monomer B was less than 50% based on the B factors
of the inhibitor relative to the B factors of neighboring amino acids.
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Effect of Celecoxib and Aspirin on Ex Vivo Platelet Aggregation. Purpose-
bred beagle dogs (six, 10-12 kg) were administered aspirin (ASA) alone
(1.16 mg/kg, [per os (p.o.)], celecoxib alone (1.43 mg/kg, p.o. twice a
day), or the combination of both ASA and celecoxib for a period of days.
At the conclusion of each treatment regimen, whole blood was collected
and ex vivo platelet aggregation responses to platelet agonists (AA and
adenosine diphosphate) were recorded.
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