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Cyclo-oxygenase (COX) enzymes are the targets for non-steroidal

anti-inflammatory drugs (NSAIDs). These drugs demonstrate a

variety of inhibitory mechanisms, which include simple com-

petitive, as well as slow binding and irreversible inhibition. In

general, most NSAIDs inhibit COX-1 and -2 by similar

mechanisms. A unique class of diarylheterocyclic inhibitors has

been developed that is highly selective for COX-2 by virtue

of distinct inhibitory mechanisms for each isoenzyme. Several of

these inhibitors, with varying selectivity, have been utilized to

INTRODUCTION

Cyclo-oxygenase (COX) enzymes catalyse the first committed

step in the biosynthesis of prostaglandins (PGs) and throm-

boxanes, and are the pharmacological targets of non-steroidal

anti-inflammatory drugs (NSAIDs) (for reviews see [1–5]). Two

isoforms of COX have been identified that share approximately

60% sequence identity and whose expression is subject to distinct

transcriptional regulation. One isoform, designated COX-1, is

expressed in nearly all tissues and is thought to be responsible for

the production of prostanoids at basal levels for the maintenance

of physiological homoeostasis [6]. Another isoform, designated

COX-2, is expressed in response to inflammatory stimuli and is

primarily responsible for the dramatic increase in PG production

observed at sites of inflammation. The inhibition of COX-2-

derived PG production is thought to be responsible for the anti-

pyretic, anti-inflammatory and analgesic properties of NSAIDs

[7,8]. However, most NSAIDs are relatively non-selective, in-

hibiting COX-1, as well as COX-2 [9,10]. Adverse side effects,

such as increased incidence of gastric ulceration and renal

complications, associated with the chronic administration of

NSAIDs, are thought to arise as a consequence of the inhibition

of COX-1 [11]. The discovery of distinct COX isoforms and the

subsequent cloning and expression of these isoforms has per-

mitted the development of a novel class of diarylheterocyclic

COX inhibitors that are selective for COX-2 [12–16]. These new

inhibitors provide the therapeutic benefit of traditional NSAIDs

without the adverse side effects normally associated with chronic

NSAID use.

The inhibition of COX isoenzymes by NSAIDs generally

conforms to one of three inhibitory mechanisms: simple re-

versible inhibition, as demonstrated by ibuprofen [17] ; time-

dependent reversible inhibition, which includes both weaker

binding inhibitors, such as naproxen [18], and tight binding

inhibitors, such as indomethacin and meclofenamic acid [17] ;

and irreversible covalent inhibition, as demonstrated by aspirin

[19] and o-(acetoxy-phenyl)hept-2-ynyl sulphide (‘APHS’) [20].

Most of the traditional NSAIDs display similar inhibitory
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probe the mechanisms of COX inhibition. Results from analysis

of both steady-state and time-dependent inhibition were com-

pared. A generalized mechanism for inhibition, consisting of

three sequential reversible steps, can account for the various

types of kinetic behaviour observed with these inhibitors.
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mechanisms against both COX-1 and COX-2 [5,18,21,22], and

are relatively non-selective. However, COX-2-selective diaryl-

heterocyclic inhibitors demonstrate distinct inhibitory mech-

anisms for the two isoforms [15,18,23,24]. For example, celecoxib

(Figure 1) has been reported to be a reversible competitive

inhibitor of COX-1 while demonstrating time-dependent ir-

reversible inhibition of COX-2. The contribution of a slow

irreversible process to the inhibition of COX-2, but not COX-1,

accounts for the potency and selectivity demonstrated by

members of this structural class.

In a previous communication [18], the kinetics for steady-state

and time-dependent inhibition of COX isoforms by one of

these selective inhibitors, celecoxib, were reported and compared

with those obtained with other NSAIDs. The data obtained with

celecoxib suggested that the mechanism of inhibition by this class

of compounds is more complex than was previously recognized.

Fluorescence quenching results obtained following the rapid

mixing of a fluorescent diarylheterocycle, SC-66299, with COX-

2 have suggested a three-step kinetic process for the association

of inhibitor with COX-2 [25]. In contrast, the binding of this

inhibitor to COX-1 appeared to be comprised of two distinct

steps, despite previous reports that COX-1 inhibition by this

class of inhibitor is strictly competitive.

In the present study, several representative diarylheterocycles

have been utilized to probe the mechanism of COX inhibition by

NSAIDs. Both COX-1- and COX-2-selective inhibitors have

been evaluated to examine the basis for potency and selectivity

against COX isoforms. The results suggest a minimal mechanism

that includes three steps.Reversible association of these inhibitors

with COX is comprised of two steps that may or may not appear

kinetically distinct, depending on the relative magnitudes of the

respective rate constants. Selectivity for COX-2 is derived from

the contribution of a third irreversible step that is exploited most

effectively by those diarylheterocyclic inhibitors containing a

phenylsulphonamide or a phenylsulphone moiety. A COX-1-

selective diarylheterocycle, SC-560, lacks the chemical moiety

common to COX-2-selective inhibitors and demonstrated kinetic

behaviour consistent with a model in which an irreversible step
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Figure 1 Structures of COX inhibitors utilized in the present study

does not contribute to the inhibition of COX-1. This compound

derives potency and selectivity for COX-1 by taking advantage

of the second reversible step differentially for the two isoenzymes.

This three-step mechanism is interpreted in the light of structural

information derived from X-ray crystallography and provides a

basis for the proposal of a working model for COX inhibition.

MATERIALS AND METHODS

Materials

Phenol, haematin, Tween 20, diethyldithiocarbamate and all

standard buffer reagents were obtained from Sigma (St Louis,

MO, U.S.A.). Arachidonic acid was obtained as the sodium salt

from Nu-Chek Prep (Elysian, MN, U.S.A.). Nimesulide was

obtained from Sigma. Meloxicam and all other inhibitors were

prepared and supplied by the Medicinal Chemistry Department

(Searle Discovery Research). Valdecoxib was prepared as de-

scribed by Talley [26]. Other diarylheterocyclic inhibitors were

prepared as described by Penning et al. [14]. Inhibitor stocks

were prepared in DMSO. COX-1 from sheep seminal vesicles

and recombinant murine COX-2 were purified as previously

described [18]. Water was Milli-Q purified (Millipore, Bedford,

MA, U.S.A.).

Enzyme assays

Enzymic activity was monitored continuously, following the

consumption of molecular O
#
using a Clark-style polarographic

electrode in a 600 µl reaction vessel (Model 203B; Instech Labs,

Plymouth Meeting, PA, U.S.A.). Data were collected using a PC

Scheme 1 Two-step irreversible mechanism

equipped with a Keithley DAS-8 data acquisition board (Kiethley

Instruments, Taunton, MA, U.S.A.). The total µmol of O
#

and

the rate of change in O
#
concentration, expressed as µmol of O

#
consumed}min, were obtained from the first derivative of [O

#
]

versus time using vendor supplied software (INTAKE.EXE;

Instech Labs). Maximal rates were typically achieved within

3–4 s after initiating the enzymic reaction.

The assay buffer consisted of 100 mM Tris}HCl (pH 8.1)

containing 1 µM haem, 0.5 µM phenol and air saturated O
#

concentrations (approx. 200 µM) pre-equilibrated at 37 °C. En-

zyme stock solutions were pre-equilibrated with a slight molar

excess of haemin in order to insure reconstitution to the holo-

form and were stored on ice. Arachidonate and inhibitor were

introduced as 6 µl aliquots of a 100-fold concentrated stock

solution into the reaction vessel containing assay buffer [1%

(v}v) DMSO, final concn]. Assay mixtures were allowed to

equilibrate in the reaction vessel at 37 °C for several minutes in

order to permit the electrode response to stabilize. During the

analysis of steady-state inhibition, the reaction was initiated by

the addition of 10–15 µl of enzyme stock (10–40 µg}ml, final

concn).

Statistical calculations

For the analysis of steady-state inhibition, the enzymic reaction

was initiated by the addition of 10–15 µl of enzyme stock

(10–40 µg}ml, final concn) to a pre-equilibrated reaction mixture

containing substrate and inhibitor. Maximal rates of O
#

con-

sumption obtained in the absence of a preincubation with

inhibitor were utilized for non-linear least-squares fitting to

mathematical models for competitive, non-competitive or mixed

inhibition using the program GraFit v 4.0.1 [27]. The reported

apparent K
i

values were obtained under conditions of air

saturated aqueous O
#

concentrations at 37 °C.

For the analysis of time-dependent inhibition, enzyme and

inhibitor were preincubated at 37 °C for 2 s to 3 min before

initiating the enzymic reaction by the addition of 6 µl of 10 mM

arachidonate (100 µM, final concn). Maximal rates of O
#

con-

sumption were referenced to that of control assays performed in

the absence of inhibitor and are expressed as the percentage of

activity remaining. Irreversible time-dependent inhibition was

evaluated based upon a two-step model of a reversible second-

order reaction followed by an irreversible first-order reaction

[17,23,28,29], as illustrated by Scheme 1. The time-dependent

loss of enzymic activity is described by:

A
t
¯A

!
¬e−(kobs×t) (1)

which represents a monoexponential decay, where A
t
equals the

enzymic activity remaining following preincubation time (t) and

the observed rate of decay is represented by k
obs

. The dependence

of the observed rate on inhibitor concentration is defined as:

k
obs

¯
k
inact

¬I

(K
I
­I)

(2)

where k
inact

corresponds to the limiting rate for irreversible

inhibition and K
I
corresponds to the concentration of inhibitor

that results in a rate equal to half of the limiting rate [28].
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Scheme 2 Two-step reversible mechanism

Reversible time-dependent inhibition was evaluated based

upon a two-step model of a reversible second-order reaction

followed by a reversible first-order reaction, as illustrated by

Scheme 2. The time-dependent loss of enzymic activity is

described by:

A
t
¯ (A

!
®B)¬e−(kobs×t)­B (3)

which represents a monoexponential decay that approaches a

non-zero asymptote.

The value B in eqn (3) reflects the final equilibrium established

following prolonged preincubation of enzyme with inhibitor (t¯
¢) and is represented by [30] :

B¯ (A
!
¬k

−#
)}k

obs
(4)

Estimates for k
#
and k

−#
were obtained from global fitting of data

obtained at various preincubation times and at various inhibitor

concentrations to the following equation:

A
t
¯A

!
¬[(1®k

−#
}k

obs
)¬e−(kobs×t)­k

−#
}k

obs
] (5)

where k
obs

is equal to the sum of the forward and reverse rates,

i.e. :

k
obs

¯
k
$
¬I

(K
i
­I)

­k
−#

(6)

The constant A
!

is defined as:

A
!
¯

(K
m
­S)

[K
m
¬(1­I}K

i
)­S]

(7)

in order to approximate the extent of inhibition observed at zero

time, based upon a model for competitive inhibition. Values for

K
m

and K
i
obtained from steady-state kinetic measurements were

provided as constants. The Michaelis constants for arachidonate

used during global fitting were 35 µM for COX-1 and 20 µM for

COX-2.

RESULTS

Valdecoxib is an example of a COX-2-selective diarylheterocycle

containing a central isoxazole ring (Figure 1). In Figure 2 direct

plots of maximal rate versus substrate concentration obtained

from an examination of the steady-state inhibition of COX-1 and

COX-2 by valdecoxib are presented. These data were fitted to a

kinetic model for competitive inhibition, providing K
i
values of

24 and 20 µM for COX-1 and COX-2 respectively. A kinetic

model for competitive inhibition is consistent with results from

X-ray crystallography, demonstrating the association of

valdecoxib within the active site of murine COX-2 (R. G.

Kurumbail, J. R. Kiefer, J. L. Pawlitz, A. M. Stevens, R. A.

Stegeman, W. C. Stallings and J. K. Gierse, unpublished work).

The comparable K
i

values obtained with COX-1 and COX-2

suggest that the initial binding interactions that occur during

steady-state experiments are similar for both isoforms.

In the case of COX-1, a systematic deviation between observed

and fitted values was apparent at higher substrate concentrations

(Figure 2a). This deviation demonstrated an inhibitory effect on

V
max

, which could not be adequately accounted for using a model

for competitive inhibition. It was found that the observed data

Figure 2 Direct plots of the maximal rate of O2 consumption/min as a
function of substrate concentration obtained at various concentrations of
valdecoxib with either (a) COX-1 or (b) COX-2

Reactions were initiated by the addition of enzyme to reaction mixtures containing substrate and

inhibitor pre-equilibrated at 37 °C. Maximal rates were generally achieved within 3 s following

the addition of enzyme. The curves drawn represent the fit of the data to a model for competitive

inhibition. Deviations between observed and fitted results are discussed in the text. Arach.,

arachidonate ; Inh., inhibitor.

were better fitted to a model for non-competitive inhibition (P¯
0.023). Non-competitive inhibition would imply that the inhibitor

binds at a site independent of the substrate binding site. However,

there is no supporting evidence for the presence of an alternative

binding site for valdecoxib. It should be noted that slow rever-

sible binding interactions can also give rise to kinetic behaviour,

which could be misinterpreted as non-competitive inhibition [31].

This point will be addressed further in the Discussion section.

The time-dependent inhibition of COX-1 and COX-2 by

valdecoxib was also examined (Figure 3). Preincubation of

inhibitor with enzyme appeared to have no effect on the inhibitory

potency of valdecoxib towards COX-1 (Figure 3a). However,

valdecoxib demonstrated a slow progressive increase in potency

against COX-2 as a function of preincubation time (Figure 3b).

This difference in time-dependent inhibition of COX-1 and

COX-2 by diarylheterocycles has been observed previously

[15,18,23,29], and serves as the basis for their selectivity for

COX-2 in �itro and in �i�o. The time-dependent behaviour

observed with valdecoxib is described as a monoexponential

decay of COX-2 activity as a function of preincubation time

that extrapolates to complete loss of activity. This behaviour

is consistent with an irreversible process, as illustrated by

Scheme 1. The observed rate constant for this decay process was
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Figure 3 Time-dependent inhibition of (a) COX-1 and (b) COX-2 by
valdecoxib

Enzyme and inhibitor (Inh.) were preincubated at 37 °C for the indicated times and the reaction

was initiated by the addition of 100 µM arachidonate (final concn). The activity remaining is

expressed relative to controls obtained in the absence of inhibitor. The curves drawn in (b)
represent fits to a monoexponential decay to the baseline, as defined by eqn (1). The inset in

(b) describes the relationship between kobs obtained from fitting and the corresponding inhibitor

concentration. The line drawn represents the fit of the data to eqn (2).

obtained from fitting the observed data to eqn (1) (see the

Materials and methods section), and was found to be dependent

on the concentration of inhibitor present in the preincubation

mixture (inset to Figure 3b). The dependence of the observed rate

on inhibitor concentration was fitted to eqn (2) in order to

provide estimates for K
I
and k

inact
of 35 µM and 3.8 s−" respect-

ively (Table 1). Note that the equilibrium constant obtained

from time-dependent inhibition is similar to that obtained from

steady-state inhibition (K
i
¯ 20 µM). This relationship suggests

that steps involved in the formation of the initial rapid-

equilibrium binary complex (i.e. in the absence of any pre-

incubation) are similar to those steps that contribute to the

concentration dependence observed during time-dependent inhi-

bition (step 1 of Scheme 1).

Although the time-dependent inhibition of COX-2 by

valdecoxib is consistent with an irreversible process, inactivation

by diarylheterocyclic inhibitors is not accompanied by covalent

modification of the enzyme. Several lines of evidence have

demonstrated the reversible nature of this time-dependent process

[15,23,25]. However, the dissociation rates are such that the

release of inhibitor from the final tightly bound complex does

not contribute to the kinetic data obtained from the present set

of experiments. Therefore such time-dependent behaviour will be

referred to as irreversible in the context of the present investi-

gation. This will be addressed further in the Discussion section.

Table 1 Comparison of kinetic constants for competitive and time-
dependent inhibition by diarylheterocycles and selected NSAIDs

Abbreviation : n.d., not determined.

Inhibitor COX-1 COX-2

Valdecoxib

Steady-state Ki (µM) 24.0³5.5 20.0³3.1

Time-dependent KI (µM) – 35.0³6.1

kinact (s−1) – 3.80³0.63

Celecoxib

Steady-state Ki (µM) 4.20³0.66 14.0³0.5

Time-dependent KI (µM) – 3.0³0.6

kinact (s−1) – 0.39³0.05

SC-560

Steady-state Ki (µM) 0.10³0.01 1.80³0.26

k2 (s−1) n.d. n.d.

k
−2 (s−1) n.d. n.d.

Meloxicam

Steady-state Ki (µM) 430³82 1150³360

k2 (s−1) 49.0³5.8 2.20³0.09

k
−2 (s−1) 0.22³0.04 0.0030³0.0007

Effective Ki (µM) 1.9 1.6

Nimesulide

Steady-state Ki (µM) 340³70 410³96

k2 (s−1) – 5.6³0.1

k
−2 (s−1) – 0.0130³0.0005

Effective Ki (µM) – 0.95

Scheme 3 Three-step irreverible mechanism

A k
inact

value of 3.8 s−" for time-dependent inhibition of COX-

2 by valdecoxib is one of the fastest observed to date with

COX-2-selective compounds. At concentrations & 3 µM the

inhibition of COX-2 by valdecoxib is nearly complete following

a 10 s preincubation with enzyme in the absence of substrate

(Figure 3b). Note that the concentrations of inhibitor utilized for

the analysis of steady-state inhibition (Figure 2b) are between ten

and one hundred times higher than those utilized for the analysis

of time-dependent inhibition. Thus it is likely that k
inact

con-

tributes to the inhibitory effect observed during steady-state

experiments at higher inhibitor concentrations.

The steady-state and time-dependent inhibitory behaviour of

celecoxib was also examined, and the respective kinetic constants

are summarized in Table 1. Analysis of the steady-state inhibition

of COX isoforms by celecoxib provided K
i

values of 4.2 and

14 µM for COX-1 and COX-2 respectively, when a model for

competitive inhibition was used. However, the data obtained

from steady-state inhibition of COX-1 by celecoxib were better

fitted to a model for non-competitive inhibition (results not

shown). This is interpreted as the result of slow competitive

binding, similar to that observed with valdecoxib.

Celecoxib demonstrates inhibitory behaviour that is distinct

from valdecoxib in that the K
i
value obtained from steady-state

inhibition of COX-2 by celecoxib (14 µM) is five times larger

than the K
I
obtained from time-dependent inhibition (3.0 µM).

This difference suggests that there is an additional step subsequent

to the formation of the initial binary complex (Scheme 3), which
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Figure 4 Time-dependent inhibition of (a) COX-1 and (b) COX-2 by SC-560

Assays were performed as described for Figure 3. The lines are drawn through the data points

and do not correspond to monoexponential decays. Inh., inhibitor.

contributes to the concentration dependence observed during

time-dependent inhibition [18]. It is estimated that the second

equilibrium process contributes approximately 5-fold to the

binding affinity afforded by the formation of the initial binary

complex alone. This second step is then followed by a kinetically

irreversible process, represented by k
inact

, which becomes rate

limiting at high concentrations of inhibitor.

In addition to examples of COX-2-selective inhibitors, the

evaluation of structure–activity relationships within the diaryl-

heterocyclic class also provided inhibitors that are more selective

for COX-1 [11,14]. SC-560 (Figure 1) is an example of a

diarylpyrazole containing a methyl ether in place of the sul-

phonamide group present in valdecoxib and celecoxib. The data

obtained with COX-1 in the absence of any preincubation fitted

reasonably well to a model for competitive inhibition (results not

shown), despite a slight effect on V
max

. The data obtained with

COX-2 displayed a greater effect on V
max

, which could be better

accommodated by a model for non-competitive inhibition.

However, the values predicted for Karach

m
and V

max
by a non-

competitive model were overestimated. As before, a V
max

effect is

interpreted as the result of slow competitive interactions. Analysis

of the data using a model for competitive inhibition resulted in

apparent K
i

values of 0.1 µM with COX-1 and 1.8 µM with

COX-2 (Table 1). SC-560 appears to be approximately 20-fold

more potent against COX-1, based upon the comparison of

steady-state K
i

values. Note that the K
i

value of 0.1 µM is

approaching the concentration of enzyme in the assay. Therefore

this value should be regarded as an approximation.

Unlike the COX-2-selective diarylheterocycles, SC-560 demon-

strated time-dependent inhibition of both COX isoforms (Figure

4). Time-dependent inhibition of COX-1 by SC-560 was quite

rapid, even at relatively low concentrations of inhibitor. As

illustrated in Figure 4(a), enzyme activity was reduced from

70% of control in the absence of a preincubation to less

than 10% following a 2 s preincubation with enzyme at an

inhibitor concentration of 0.2 µM. Consequently, it was not

possible to determine kinetic constants for the time-dependent

inhibition of COX-1 by SC-560 using the present assay method.

Furthermore, it is likely that this time-dependent process

contributes to the apparent K
i

obtained from the analysis of

steady-state inhibition of COX-1 by SC-560.

Time-dependent inhibition of COX-2 by SC-560 was not as

rapid as that observed with COX-1, permitting the collection of

data over a period of approx. 30 s (Figure 4b). The loss of COX-

2 activity following preincubation with SC-560 did not proceed

to complete inhibition. Residual activity was observed even after

prolonged incubation at relatively high concentrations of in-

hibitor. This kinetic behaviour is consistent with the presence of

a slow reversible process subsequent to the formation of the

initial rapid-equilibrium binary complex [30,32,33], as illustrated

by Scheme 2. The loss of activity was reasonably well described by

a monoexponential decay to a non-zero offset [eqn (3)]. The

rate of decay was observed to increase with increasing inhibitor

concentration but did not exhibit the expected concentration

dependence. Additionally, the residual activity did not pro-

gressively approach zero as the concentration of inhibitor was

increased. Such a change would have been expected as the final

equilibrium position is forced further toward completion. As a

result of these deviations, a satisfactory fit of the data to eqn (5)

could not be obtained.

Examination of the reaction progress curves obtained with

COX-1 and COX-2 in the presence of SC-560 demonstrated a

dramatic increase in the time required to achieve maximal rate

following the addition of substrate (results not shown). Typically,

maximal rates of O
#
consumption were achieved within approxi-

mately 3 s following the addition of substrate. However, in the

presence of 0.5 µM inhibitor the maximal rate of O
#
consumption

catalysed by COX-2 was not achieved until 15–18 s after substrate

addition. Similar delays in the time required to achieve maximal

rate were also observed with COX-1. It is likely that the delay in

reaching maximal rate is a consequence of the perturbation of an

initial equilibrium thatwas established in the absence of substrate.

Thus the time-dependent inhibition of COX enzymes by SC-560

is the result of a slow reversible process that favours COX-1.

The steady-state and time-dependent inhibitory behaviour of

two typical NSAIDs were evaluated in order to provide a basis

for comparison with results obtained with the diarylheterocyclic

inhibitors. Meloxicam is a member of the enolic-acid family of

NSAIDs (Figure 1). Results obtained during the steady-state

inhibition of COX-1 by meloxicam were better described by a

model for competitive inhibition, providing a K
i

of 430 µM

(Table 1). Despite the better fit to a competitive model, there was

evidence for an inhibitory effect on V
max

, as well as a slight degree

of sigmoidal behaviour in direct plots of rate versus substrate at

higher inhibitor concentrations (results not shown). Meloxicam

was an even weaker inhibitor of COX-2, with a competitive K
i
of

1150 µM (Table 1). In the case of COX-2 the extent of inhibition

was such that it was not possible to distinguish any deviations

from expected behaviour over the range of inhibitor concen-

trations examined.

Unlike the examples of COX-2-selective diarylheterocycles,

meloxicam demonstrated time-dependent inhibition of both

COX-1 and COX-2. In each case, the loss of enzymic activity
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Figure 5 Time-dependent inhibition of (a) COX-1 and (b) COX-2 by
meloxicam

Assays were performed as described for Figure 3. The curves drawn were obtained by global

fitting of all data points to a single equation corresponding to a monoexponential decay with

a non-zero offset, as defined by eqn (5). Note the deviation between observed and predicted

behaviour at the highest concentrations of inhibitor (Inh.).

following preincubation describes a monoexponential decay that

does not proceed to completion (Figure 5). As discussed pre-

viously, this behaviour is consistent with the presence of a slow

reversible process subsequent to the formation of the initial

rapid-equilibrium binary complex (Scheme 2). In the case of

COX-1, the observed rate of decay became too fast to measure

at inhibitor concentrations above 5 µM. The rate of decay

predicted from global fitting of the data to eqn (5) demonstrated

a dependence on inhibitor concentration and the residual activity

progressively approached complete inhibition as the inhibitor

concentration was increased. Estimates of 49 and 0.22 s−" for k
#

and k
−#

respectively, were obtained for the slow reversible

inhibition of COX-1. Based upon these values, the contribution

of the second equilibrium provides a 220-fold increase in potency,

relative to the formation of the rapid-equilibrium binary complex

(effective K
i
¯ 1.9 µM; cf. Table 1). In the case of COX-2, the

rate of decay was much slower. Estimates of 2.2 and 0.003 s−" for

k
#

and k
−#

respectively, were obtained by global fitting. These

results suggest that the contribution of the second equilibrium

results in an increase in potency for COX-2 of over 700-fold

(effective K
i
¯ 1.6 µM). Despite the large contributions to bind-

ing affinity provided by the second reversible step, note that the

overall potencies for COX-1 and COX-2 are similar, as reflected

by the effective K
i

values. Thus although a slow reversible

process contributes to the potency of meloxicam, this process

does not provide selectivity for COX-1 or COX-2.

The time-dependent behaviour observed with meloxicam

demonstrated deviations between observed and predicted

Figure 6 Direct plots of the maximal rate of O2 consumption/min as a
function of substrate concentration obtained at various concentrations of
nimesulide with either (a) COX-1 or (b) COX-2

Assays and data analysis were performed as described for Figure 2. Arach., arachidonate ; Inh.,

inhibitor.

behaviour at the highest concentrations of inhibitor examined

(Figure 5). This is particularly evident from the data obtained

with COX-1 where the residual activity does not decrease below

40% of control in the presence of 5 µM inhibitor. As was

observed with SC-560, an increase in the time delay between the

addition of substrate and the attainment of maximal rate was

observed in the reaction progress curves obtained at the highest

concentration of meloxicam (results not shown). Therefore the

deviation between observed and predicted behaviour is inter-

preted as a consequence of the pertubation of an initial

equilibrium established between enzyme and inhibitor by the

addition of substrate.

Nimesulide (Figure 1) is anotherNSAID that has been reported

to be a COX-2-selective inhibitor [34,35]. Analysis of the steady-

state inhibitory behaviour demonstrated that nimesulide is a

relatively weak inhibitor of both isoforms (Table 1). In the case

of COX-1, the kinetic data obtained were reasonably well

behaved at inhibitor concentrations as high as 300 µM and were

consistent with a kinetic model for competitive inhibition (K
i
¯

340 µM; Figure 6a). The observed data began to deviate from

the expected rectangular hyperbola only after the inhibitor

concentration was increased to 1 mM. Nimesulide did not

demonstrate time-dependent inhibition of COX-1 (Figure 7a).

In the case of COX-2, the steady-state kinetic data obtained

with nimesulide displayed distinct deviations from classical

steady-state kinetic behaviour at inhibitor concentrations as low

as 100 µM (Figure 6b). As observed previously, the data describe
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Figure 7 Time-dependent inhibition of (a) COX-1 and (b) COX-2 by
nimesulide

Assays were performed as described for Figure 3. The curves drawn were obtained by global

fitting of all data points to a single equation corresponding to a monoexponential decay with

a non-zero offset, as defined by eqn (5). Inh., inhibitor.

a series of sigmoidal curves that suggest increasing contributions

from a time-dependent inhibitory process at lower substrate

concentrations. Fitting to a model for competitive inhibition

provided a K
i
estimate of 410 µM.

Nimesulide was demonstrated to be a potent time-dependent

inhibitor of COX-2 (Figure 7b), as suggested by the non-classical

steady-state kinetic behaviour. Time-dependent inhibition of

COX-2 was observed at concentrations of nimesulide that were

much lower than those utilized for the analysis of steady-state

inhibition. The loss of enzymic activity following preincubation

with nimesulide describes a monoexponential decay, which does

not proceed to completion. The rate of decay demonstrated a

dependence on inhibitor concentration, and the residual activity

progressively approached complete inhibition as the inhibitor

concentration was increased, indicating the presence of a slow

reversible process subsequent to the formation of the initial

binary complex (Scheme 2). Estimates for k
#
and k

−#
of 5.6 and

0.013 s−" respectively, were obtained by global fitting of all data

to eqn (5). This slow equilibrium contributes to an increase in

potency of approximately 430-fold (effective K
i
¯ 0.95 µM) and

is responsible for the selectivity demonstrated by nimesulide for

COX-2. This is in contrast with SC-560, where a slow reversible

process has been exploited to provide selectivity for COX-1.

DISCUSSION

Rome and Lands [17] were among the first to recognize the

importance of time-dependent inhibition to potency against

COX. Kinetic models for the analysis of time-dependent in-

hibition are typically comprised of a rapid reversible second-

order reaction followed by a slow irreversible first-order reaction

(Scheme 1). Such a two-step model is consistent with the steady-

state and time-dependent inhibitory behaviour observed with

valdecoxib on COX-2. Comparison of the respective kinetic

constants demonstrates that the concentration dependence

observed during both steady-state and time-dependent experi-

ments is the result of a single rapid equilibrium between free

enzyme and inhibitor. In addition, the equilibrium constant for

reversible inhibition of COX-1 is similar to that for reversible

inhibition of COX-2, suggesting that similar molecular inter-

actions contribute to the rapid equilibrium binding of valdecoxib

to both COX isoforms. Selectivity for COX-2 is provided by a

slow irreversible step that does not contribute to the potency

with COX-1.

In the case of celecoxib, the equilibrium constant for time-

dependent inhibition is approximately 5-fold lower than that

obtained during steady-state inhibition. This suggests that an

additional equilibrium step contributes to the concentration

dependence observed during preincubations of inhibitor with

COX-2 (Scheme 3). These two steps appear to be kinetically

indistinguishable during the inhibition of COX-2 with

valdecoxib. As with valdecoxib, celecoxib’s selectivity for COX-

2 is provided by a slow irreversible step that does not contribute

to the inhibition of COX-1 (k
inact

of Scheme 3).

Results from X-ray crystallography have suggested that the

selectivity for COX-2 demonstrated by diarylheterocycles, such

as valdecoxib and celecoxib, is derived from an association of the

phenylsulphonamide moiety within a side pocket present in

the active site of COX-2 [36]. This side pocket is more accessible

from the COX active site in COX-2 than in COX-1. Increased

accessibility is, in part, the result of the substitution of a valine

for an isoleucine found at position 523 in COX-1 [36]. The

association of the phenylsulphonamide moiety within the side

pocket of COX-2, but not COX-1, has been proposed to account

for the selectivity of these molecules. Consistent with this

interpretation, when the valine residue in COX-2 was mutated

into an isoleucine residue, irreversible time-dependent inhibition

of COX-2 by SC-58125, a close structural analogue of celecoxib,

was abolished [24,33]. However, a slow reversible inhibitory

process was still evident. This observation provides further

support for the presence of two reversible steps preceding

irreversible association within the active site (Scheme 3). The

presence of multiple reversible steps that contribute to overall

potency has been proposed previously for a variety of NSAIDs

[32,37,38]. However, the diarylheterocycles provide the first

examples of inhibitors that display three kinetically distinct

processes [18,25].

It is likely that such slow reversible processes also contribute

to the inhibition of COX-1 by diarylheterocycles [25]. Although

there was no evidence for time-dependent inhibition of COX-1

by celecoxib or valdecoxib, the steady-state kinetic data obtained

during the inhibition of COX-1 by these inhibitors were better

described by a kinetic model for non-competitive inhibition. This

behaviour is manifested as a V
max

effect observed in plots of

reaction rate versus substrate concentration. Similar kinetic

behaviour has also been observed with other NSAIDs [29].

Multi-step equilibria, such as that illustrated in Scheme 2, can

give rise to non-competitive steady-state inhibitory behaviour

[31]. Therefore it is probable that additional equilibrium steps

contribute to the inhibition of COX-1 by valdecoxib and

celecoxib. However, the slow irreversible interactions charac-

teristic of COX-2 inhibition by these compounds do not con-

tribute to potency against COX-1.
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SC-560 lacks the phenylsulphonamide moiety common to the

COX-2-selective inhibitors. Analysis of time-dependent inhi-

bition by SC-560 clearly demonstrated a slow reversible step

subsequent to formation of the initial rapid-equilibrium binary

complex with both COX isoforms (Scheme 2). This second

equilibrium has been exploited by SC-560 to provide for sel-

ectivity against COX-1 rather than COX-2. Clearly, there are

unique interactions within the respective active sites, independent

of those provided by the side pocket, that can be utilized to

distinguish between the COX isoforms.

In addition to the diarylheterocycles, several other NSAIDs

also exhibit evidence for a two-step equilibrium during inhibition

of COX. Time-dependent inhibition by meloxicam demonstrates

slow reversible inhibition of both COX isoforms. However, these

slower interactions appear comparable with both isoforms and

do not provide for selectivity against either COX-1 or COX-2.

Similar to celecoxib and valdecoxib, nimesulide demonstrated

time-dependent inhibition of COX-2, but not COX-1. However,

this time-dependent behaviour was reversible, unlike the ir-

reversible inhibition observed with the sulphonamide-containing

diarylheterocycles. This suggests that the molecular interactions

formed by nimesulide with COX-2 are probably different from

those formed by celecoxib-like molecules. Results from muta-

genesis studies are in agreement with this hypothesis. For

example, mutation of valine to isoleucine at position 523 of

COX-2 has only a modest effect on the time-dependent inhibition

of nimesulide [24]. In contrast, the same mutation causes a

dramatic difference in the kinetic profile of SC-58125 [24,33].

This suggests that the environment around Val&#$ and the side

pocket is less important for the binding of nimesulide than for

celecoxib and its analogues.

Observations from kinetics and structure can be combined

together to arrive at a working model for COX inhibition [25].

According to this model, the overall inhibition of COX-2 by

diarylheterocycles occurs in three distinct steps, as illustrated in

Scheme 3. The first two steps represent reversible equilibrium

processes, followed by an irreversible reaction that leads to the

formation of a tightly bound enzyme–inhibitor complex (EX).

The first reversible step probably represents the interaction of the

inhibitor at the surface near the membrane-binding region of

the enzyme, approximately 25 A/ away from the active-site Tyr$)&

(1 A/ 3 0±1 nm). This has been referred to as the lobby region,

which acts as the entrance to a hydrophobic channel leading to

the COX active site [39]. The lobby region is separated from the

interior of the active site by a constriction formed by Tyr$&& and

Arg"#!. While there is no direct structural evidence for initial

binding of inhibitors at this lobby region, such interactions are

likely to precede the formation of the optimized complex.

The second step of the inhibitor interaction with COX-2 in

Scheme 3 could represent translocation of the inhibitor from the

lobby to the COX active site. Additional protein conformational

changes may also occur as part of this process. Crystal structures

of NSAIDs bound to COX-1 and COX-2 demonstrate that

protein conformational changes must occur during or after the

binding of the inhibitor in the COX active site [36,40]. Typical

non-selective NSAIDs, such as indomethacin, bind within the

active site with the carboxylate of the inhibitor forming an ion-

pair with the guanidinium group of Arg"#!. Only a very small

portion of the inhibitor is exposed to the solvent in the complex

with COX-1 [40]. Thus it appears that the protein has wrapped

around the inhibitor near the membrane-binding region.

For the COX-2-selective diarylheterocycles, the third and final

step is likely to be a re-arrangement or fine-tuning of the

inhibitor in the active site, which ultimately results in strong

interactions of the phenylsulphonamide or phenylsulphone group

with protein residues in the side pocket. We propose that these

changes occur during the third irreversible kinetic step of inhibitor

binding. The crystallographic structure of SC-558 bound to

COX-2 [36] most likely represents the structure of this final

complex (EX of Scheme 3).

Several lines of evidence support this working model. As

described earlier, mutation of residues in the side pocket of

COX-2 has a profound effect on the irreversible time-dependent

inhibition of phenylsulphonamide-containing diarylheterocycles.

The second line of support comes from observations with those

inhibitors that do not have a phenylsulphonamide or phenyl-

sulphone group, such as SC-560. According to the above model,

these inhibitors should not be able to undergo the third

irreversible step illustrated in Scheme 3. Consistent with this

interpretation, some residual activity is always present after

prolonged preincubation of SC-560 with both COX-1 and

COX-2. Additionally, the time required to reach maximal

velocity following the addition of substrate is increased when

in the presence of inhibitor. Both of these observations support

the contention that this time-dependent process is reversible

(Scheme 2).

This working model also appears to account for the kinetic

behaviour of acidic NSAIDs, such as flurbiprofen and indo-

methacin [32,37,38]. The structures of flurbiprofen and

indomethacin complexes show that they have very few inter-

actions in the side pocket of COX-2 [36]. Obviously, the structural

basis for the time-dependence observed with these two inhibitors

must be completely different from that of COX-2-selective

diarylheterocyclic inhibitors. One common theme in the struc-

tures of these acidic NSAIDs is the ion-pairing interaction

formed between the carboxylate of the inhibitor and Arg"#! of

the enzyme. This interaction probably represents the structural

basis for the time-dependent inhibition observed with these

acidic NSAIDs, as described by Rome and Lands [17]. Consistent

with this interpretation, flurbiprofen has been demonstrated to

be a reversible inhibitor of the Arg"#!!Gln mutant [41].

Elimination of the ion-pairing ability by site-directed mutagenesis

abolished the time-dependent inhibition typically observed with

these NSAIDs.

Irreversible time-dependent inhibition of COX-2 by selective

diarylheterocycles implies that the reaction proceeds to complete

inactivation. While the kinetic data presented are consistent with

an irreversible process, it is well recognized that inactivation is

not the result of covalent modification of the enzyme, as is the

case with aspirin inactivation of COX [42]. It has been demon-

strated that, upon denaturation of the inactivated complex, the

inhibitor is released unaltered ([15,23], and J. K. Gierse, un-

published work). Recent results from fluorescence quenching

experiments [25], and the binding of radiolabelled celecoxib to

COX-2 (W. F. Hood, J. K. Gierse, P. C. Isakson, J. R. Kiefer,

R. G. Kurumbail, K. Seibert and J. B. Monahan, unpublished

work) have further demonstrated the reversible nature of

inhibition by these COX-2-selective diarylheterocycles. The

observed half-times for inhibitor release from the final tightly

bound complex are in vast excess of the time scale used in the

current kinetic experiments. Therefore the kinetics for time-

dependent inhibition of COX-2 by selective diarylheterocycles

closely approximate those expected for an irreversible process

under the current experimental conditions.

In several cases, a sigmoidal dependence of rate versus

arachidonate concentration was observed at the highest concen-

trations of inhibitor utilized during the examination of steady-

state inhibition. Similar kinetic behaviour has been reported

previously for COX-1 [43,44] ; however, these results were

obtained in the absence of inhibitors. The observed behaviour
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was interpreted as the result of feedback regulation via the

coupling of COX and the peroxidase reactions [44]. In the present

case, sigmoidal behaviour was observed under conditions where

the inhibitor concentrations utilized during the examination

of steady-state inhibition were much higher than those utilized

during the examination of time-dependent inhibition. In such

circumstances, the observed rate constant for time-dependent

inhibition would approach or exceed the response time of the

oxygraph instrument. Thus it is likely that the extent of inhibition

observed in steady-state experiments will include contributions

from time-dependent processes. This contribution is expected to

be inversely proportional to the concentration of substrate and

could account for the observed sigmoidal dependence of rate on

substrate concentration.

Kinetic constants for the steady-state inhibition of COX-1 and

COX-2 by celecoxib have been reported previously [18]. The K
i

values reported were calculated graphically from double-

reciprocal plots of reaction velocity versus substrate concentra-

tion. The graphical method for the determination of inhibition

constants places greater statistical weighting on observations

obtained at the lowest substrate concentrations. In the present

study, kinetic constants were calculated by non-linear least-

squares fitting to a multi-parameter mathematical model for

competitive inhibition, with equal weighting applied to all data.

Differences between previously reported kinetic constants and

those reported in the present paper are the result of differences in

statistical weighting used by the respective numerical methods,

and reflect deviations between observed data and fitted results at

the lowest substrate concentrations, as discussed above.

In conclusion, comparison of kinetic data obtained during

steady-state and time-dependent inhibition of COX-1 and -2 by

a series of diarylheterocycles has provided evidence for a three-

step reversible kinetic model for COX inhibition. The first step is

interpreted as the second-order binding of inhibitor to enzyme

near the solvent-accessible opening of the hydrophobic channel

[36,39], commonly referred to as the lobby region [5,25].

The second kinetic process is interpreted as corresponding to the

translocation of inhibitor along the length of this channel and

subsequent association within the COX active site. Both of these

processes are probably common to COX-1 and COX-2 during

inhibition by the vast majority of NSAIDs. Depending on the

magnitude of the relative rate constants the individual steps may

not appear distinct, as was observed with valdecoxib. A third

kinetic process, which appears to be irreversible, is only observed

during the inhibition of COX-2 by diarylheterocycles that contain

a phenylsulphonamide or a phenylsulphone moiety. This process

is interpreted as the formation of the tightly bound enzyme–

inhibitor complex, which involves the optimization of inhibitor

and protein conformational changes in the active site and the

side pocket. This kinetic model can satisfactorily account for the

different types of inhibitory behaviour observed with most

NSAIDs against both COX-1 and COX-2 when appropriate

estimates for each of the microscopic rate constants are provided.
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