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Aspirin has been in use as a pharmaceutical agent for over
100 years.1 The molecular target for its antiinflammatory and
analgesic action is the cyclooxygenase isoform, COX-2, that
converts arachidonic acid to prostaglandin endoperoxides.2 Aspirin
is unique among COX inhibitors because it covalently modifies
the proteins and irreversibly inactivates them.3 Aspirin transfers
its acetyl group to Ser-530, which prevents proper binding of
arachidonic acid in the cyclooxygenase active site (eq 1).4-7 No

other residues on either COX-1 or COX-2 are acetylated. We
and others have been interested in the factors that lead to the
selectivity of acetylation of Ser-530 by aspirin and have previously
identified the heme prosthetic group and the fatty acid carboxylate-
binding residue, Arg-120, as important determinants of acetyl-
ation.8-11 The heme prosthetic group restricts protein conforma-
tional mobility and may facilitate enzyme-aspirin interactions
whereas Arg-120 is positioned adjacent to Ser-530 in the COX-2
active site.12

We have begun a systematic investigation of the importance
of other amino acid residues in aspirin acetylation of COX-2
utilizing site-directed mutagenesis. Residues were chosen for
mutation that are located in the vicinity of Ser-530 or have been
implicated in the specific inhibition of COX-2 by other classes
of non-covalent inhibitors. Mutant COX-2 proteins were expressed
in insect cells and purified to near homogeneity.13 Table 1 lists

the purity of each protein preparation estimated by electrophoretic
analysis in addition to the cyclooxygenase and peroxidase
activities of the mutant proteins relative to wild-type enzyme.
The high relative peroxidase activity exhibited by all of the
mutants indicates that no gross structural changes occurred in the
expressed proteins. Most of the mutant COX-2’s retained
significant cyclooxygenase activity with the exception of the
Tyr385Phe mutant. The lack of cyclooxygenase activity in this
protein is consistent with previous mutagenesis experiments with
COX-1 and with the critical role of the tyrosyl radical of Tyr-
385 in the oxidation of arachidonic acid.14-16

Recombinant proteins were reacted with [14C-acetyl]-aspirin
and the extent of acetylation quantitated by gel electrophoresis.17

The incorporation of [14C] into each mutant was compared to the
extent of acetylation of wild-type enzyme. To minimize potential
nonspecific labeling, each acetylated protein was treated with
hydroxylamine to remove chemically labile acetyl groups. The
relative labeling of each mutant enzyme is presented in Table 1.
As expected, no acetylation of the Ser530Ala mutant was detected.
The importance of acetylation on Ser-530 for inhibition of
cyclooxygenase activity was verified by the observation that the
Ser530Ala mutant was completely resistant to the inhibitory action
of aspirin.

A 73% reduction in acetylation was observed in the Arg120Gln
mutant consistent with the role of Arg-120 in ion-pairing to the
salicylate moiety of aspirin. An even greater reduction in
acetylation and loss of cyclooxygenase activity was observed in
the Arg120Ala mutant. Since this mutation eliminates both ion-
pairing and hydrogen bonding, the higher extent of labeling and
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Table 1. Properties of Mutant COX-2 Enzymes and Their
Acetylation by [14C-Acetyl]-aspirin

mutant purity %

cyclooxygenase
activitya

(wt %)

peroxidase
activity
(wt %)

aspirin
labelingb

(wt %)

Ser530Ala 85 49( 1 92( 6 0 ( 0 (0)
Tyr385Phe 95 134( 10 7( 1 (10)
Arg120Gln 97 86( 4 79( 10 27( 1 (25)
Arg120Ala 90 23( 0.8 92( 5 19( 2
VRVc 92 104( 4 109( 6 94( 5 (111)
Tyr348Phe 95 75( 1 94( 9 42( 2

a Catalytic activities are reported relative to the activity of wild-
type enzyme. Assays were conducted at saturating concentrations of
arachidonic acid (cyclooxygenase activity) or H2O2 (peroxidase activity).
b Acetylation was determined as described and compared to the extent
of acetylation of wild-type enzyme under identical conditions. Each
value represents the average of 8-18 separate experiments( standard
error of the mean. The values in parentheses represent the relative extent
of acetylation determined in the absence of hydroxylamine treatment.
Measurements were not made in the absence of hydroxylamine for the
Arg120Ala or Tyr348Phe mutants.c VRV ) Val523Ile/Arg513His/
Val434Ile
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cyclooxygenase activity of the Arg120Gln mutant indicates that
hydrogen-bonding is important in COX-2 interactions with
carboxylates. No reduction in acetylation was observed in the
Val523Ile/Arg513His/Val434Ile triple mutant. This triple mutation
introduces COX-1 residues at positions shown to be important
for binding diarylheterocycles to COX-2.18,19 Obviously, these
residues make no contribution to the selectivity of aspirin for Ser-
530 of COX-2.

The most dramatic finding of the present series of experiments
was the significant decrease in acetylation observed in the
Tyr385Phe mutant. As mentioned above, Tyr-385 plays an
essential role in the oxidation of arachidonic acid, but there has
been no indication that it is important for inhibitor binding. In
fact, the decrease in acetylation of the Tyr385Phe mutant is greater
than that detected in the Arg120Gln and Arg120Ala mutants and
nearly as great as that observed in the Ser530Ala mutant.
Acetylation of the Tyr348Phe mutant also was significantly
decreased relative to wild-type but not to the same extent as in
the Tyr385Phe mutant.

These results reveal that Tyr-385 and, to a lesser extent Tyr-
348, are important for aspirin acetylation. It is likely that Tyr-
385 is acting as a hydrogen bond donor to position the acetyl
group adjacent to the hydroxyl group of Ser-530 and to increase
the reactivity of aspirin. However, it is also possible that Tyr-
385 is acting as a nucleophile and forming a transientO-acetyl-
Tyr-385 that transfers acetyl to Ser-530. To test this, we carried
out the acetylation of the Ser530Ala mutant and several other
mutants without hydroxylamine treatment. Gel electrophoretic
analysis revealed that no incorporation of [14C] occurred in the
Ser530Ala mutant protein. This suggests that Tyr-385 was not
acetylated by aspirin in the Ser530Ala mutant. To test the stability

of acetylated tyrosine,N,O-diacetyltyrosine was exposed to the
standard reaction and workup conditions. HPLC analysis of the
recoveredN,O-diacetyltyrosine demonstrated that it only under-
went 15% hydrolysis. Thus, if COX-2 had been acetylated on
Tyr-385, it should have survived workup and analysis. Quanti-
tation of the acetylation of several other mutants without
hydroxylamine treatment revealed no significant differences from
the values measured with hydroxylamine treatment (Table 1).
Thus, the extent of nonspecific acetylation of the various COX-2
proteins was extremely low.

The present experiments reveal a new and very important
determinant of the selectivity of aspirin for COX-2. Inspection
of the crystal structure of COX-1, covalently modified by
bromoacetylsalicylic acid, reveals that the phenolic oxygen of Tyr-
385 is 3.2 Å from the carbonyl oxygen of the bromoacetyl group,
placing the two oxygens within hydrogen-bonding distance
(Figure 1).10 We propose that Tyr-385 hydrogen bonds to the
acetyl group of aspirin, helping to localize it near Ser-530 and
increasing its reactivity by stabilizing the incipient negative charge
of the tetrahedral intermediate of acetylation (Figure 2). In the
latter fashion, Tyr-385 acts in a manner analogous to the peptide
N-H’s of the oxyanion hole of the serine proteases.20 In COX-1
and COX-2 crystal structures, the phenolic hydroxyl of Tyr-348
is hydrogen-bonded to the phenolic hydroxyl of Tyr-385, which
would increase the hydrogen bonding capacity of the latter.18,19,21

This may account for the significant reduction in acetylation of
the Tyr348Phe mutant. Together, Tyr-385 and Tyr-348 constitute
a hydrogen-bonding network that is critical for the precise
positioning and increased reactivity of the acetyl group of aspirin
in the vicinity of Ser-530.
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Figure 1. Stereo drawing of the active site of COX-1 bromoacetylated
on Ser-530. Taken from ref 10.

Figure 2. Proposed H-bonding between Tyr-385 and the carboxyl oxygen
of aspirin during acetylation of Ser-530.
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