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ABSTRACT: The antiinflammatory agent darbufeloneZ)(6-[[3,5-bis(1,1-dimethylethyl)-4-hydroxyphenyl]
methylene]-2-imino-4-thiazolidinone, methanesulfonate salt), was discovered as a dual inhibitor of cellular
prostaglandin and leukotriene production. To study the mechanism of action of this drug, we expressed
human prostaglandin endoperoxide synthase-1 (PGHS-1) and PGHS-2 and purified the recombinant
enzymes using buffers that contain octylglucoside. In cyclooxygenase assays following a 15-min incubation
of enzyme with inhibitor, darbufelone potently inhibits PGHS-25¢€ 0.19uM) but is much less potent

with PGHS-1 (1Go = 20 uM). Interestingly, when the assay buffer contains traces of Tween 20 (0.0001%),
darbufelone appears inactive with PGHS-2 due to a detergent interaction that is detectable by absorption
spectroscopy. We therefore used octylglucoside, which does not affect darbufelone in this way, in place
of Tween 20 in our PGHS buffers. Inhibition of PGHS-2 with darbufelone is time dependent: with no
preincubation, darbufelone is a weak inhibitor {§& 14 uM), but after a 30-min incubation it is 20-fold

more potent. Plots of PGHS-2 activity vs preincubation time at various darbufelone concentrations reach
a plateau. This finding is inconsistent with irreversible or one-step slow-binding inhibition. A two-step
slow-binding inhibition model is proposed in which thel Eomplex Ki = 6.2 + 1.9 to 14+ 1 uM)

slowly transformsKs = 0.015-0.030 s?) to a tightly bound E*l form with Ki* = 0.63+ 0.07 M and

ks = 0.0034 s. In steady-state kinetics inhibition experiments performed with no preincubation, we find
that darbufelone is a noncompetitive inhibitor of PGH2+€ 10 + 5 uM). Darbufelone quenches the
fluorescence of PGHS-2 at 325 ni(= 280 nm) withKy = 0.98 + 0.03uM. The PGHS substrate,
arachidonate, and various cyclooxygenase inhibitors do not alter this binding affinity of darbufelone but
a structural analogue of darbufelone competes directly for binding to PGHS#2rtiitityl phenols such

as darbufelone may inhibit PGHS-2 by exploiting a previously unrecognized binding site on the enzyme.

The cyclooxygenase activity of the heme-containing advantageous because effects of PGs, thromboxanes, and LTs
enzyme, prostaglandin endoperoxide synthase (PGHES, are all attenuated.

1.14.99.1), converts arachidonic acid to the endoperoxy- Ty PGHS isoforms exist. PGHS-1 is expressed at a low,
hydroperoxide, prostaglandin (PG).Ghe PGHS peroxidase  ¢onstitutive level in most tissues whereas expression of
activity reduces PGg&to the endoperoxy-alcohol, PGH PGHS-2 is highly induced by inflammatory signas-(),
which is converted by specific synthases to bioactive and 4 gjtes undergoing an inflammatory respor@e10), and
inflammatory PGs and thromboxanes. In addition, 5-lipoxy- i various cancers 10). An early hypothesis was that
genase (5-LO, EC 1.13.11.34) converts arachidonic acid first g5 |active PGHS-2 inhibitor drugs would have few side
to 5-hydroperoxy-6,8,11,14-eicosatetraenoic acid which it otects. PGHS-1 could still produce protective PGs but the
_then trans_forms to the epoxide, IeukoFrlene (LT) ATA, synthesis of proinflammatory eicosanoids by PGHS-2 in
is metabolized to the inflammatory mediator, LT Blthough inflamed regions would be blockedZ 13). Reports of
arthritis and inflammation therapy has focused on inhibiting PGHS-2 inhibitors that show little or ,no gastric irritation

PGHS, a dual inhibitor of PGHS and 5-LA)(may be upon administration support this hypothedi8, (14). Several
Towh p Hould be add & Ph an) 622 classes of PGHS-2 inhibitors have been described: meth-
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59¢24. Fax: (734) 622-1355. E-mail: Adam.Johnson@pfizer.com. grl],lel:;séjgl?r&a;IIIg(e':?SS;fQSalSG,)\ISar?g?;Xegfg;lg)cj((;ng)oi?%s
Department of Biochemistry. ' , ) ' ) )
§ Department of Biological Chemistry. oxicams such as meloxicarhg, 20). NS-398, DuP697, and
! Howard Hughes Medical Institute. celecoxib combine time-dependent, slow-binding inhibition

! Abbreviations: LT, leukotriene; PG, prostaglandin; PGHS, PG . T -
endoperoxide synthase; apoPGHS, PGHS without bound heme'Of PGHS-2 (5, 18, 21) with no inhibition or weak, rapid

holoPGHS, PGHS reconstituted with heme; darbufelor®;%([[3,5- "equilibrium inhibition of PGHS-1. An early report indicated
bis(1,1-dimethylethyl)-4-hydroxyphenyl]methylene]-2-imino-4-thiazo-  that reversible slow-binding inhibitors could interact with
lidinone, methanesulfonate salt); TMPRN,N',N'-tetramethylp-phenyl- their target in a slow one-step mechanism or through a two-

enediamine; DEAE, diethylaminoethyl; Tris, tris(hydroxymethyl)- . . . L
aminomethane; MOI, multiplicity of infection; CHAPS, 3-[(3-chol-  St€P mechanism in which the equilibrium of the second step

amidopropyl)dimethylammonio]-1-propanesulfonate. is very slow @2). After many examples of slow-binding
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Ficure 1: Chemical structures of the PGHS-2 inhibitors used in
these studies. Darbufelonez}j{5-[[3,5-bis(1,1-dimethylethyl)-4-
hydroxyphenyl]methylene]-2-imino-4-thiazolidinone, methane-
sulfonate salt), also known as PD0136095-73 and CI-1004, and
PDO0167570 @)-2-benzyloxyamino-5-(3,5-dert-butyl-4-hydroxy-
benzylidene)-thiazol-4-one) are PGHS inhibitors from Pfizer.
SC-58125 (1-[(4-methylsulfonyl)phenyl]-3-trifluoromethyl-5-(4-
fluorophenyl)pyrazole) is a selective PGHS-2 inhibitor from Searle/
Monsanto.

inhibition had appeared, it was suggested that most slow-
binding inhibitors followed the two-step mode3).

Darbufelone (£)-5-[[3,5-bis(1,1-dimethylethyl)-4-hydrox-
yphenylmethylene]-2-imino-4-thiazolidinone, methanesulfon-
ate salt; also known as CI-1004 and PD0136095-73) (Figure
1) is a novel antiinflammatory dert-butyl phenol that was
identified as a dual inhibitor of cellular PGFand LTB,
production 24, 25). Darbufelone is orally active and non-
ulcerogenic in animal models of inflammation and arthritis
(24, 25). Although several antiinflammatory dert-butyl
phenols have been reportezb{-29), no mechanistic inves-
tigation of this structural class has appeared.

In our studies of inhibition of human PGHS isoforms, we
find that the ditert-butyl phenol darbufelone is a slow-
binding, noncompetitive inhibitor of PGHS-2 that is 100-
fold less potent with PGHS-1. We note a dramatic loss of
potency of darbufelone with PGHS-2 when the assay buffer
contains trace levels of Tween 20, a detergent that is often

present in buffers used with PGHS. Whereas changes in

inhibitor fluorescence have previously been monitored to
detect binding to PGHS30—32), addition of darbufelone

to PGHS-2 quenches the protein fluorescence, which allows
us to estimate the binding affinity. Results of ligand
competition binding experiments indicate that darbufelone
binds PGHS-2 at a site that is distinct from that where
arachidonate and known cyclooxygenase inhibitors bind.
Darbufelone, as well as other thft-butyl phenols, may
inhibit PGHS-2 by exploiting a previously unrecognized,
novel binding site on the enzyme.

EXPERIMENTAL PROCEDURES

Materials Tween 20 (10%, protein grade) and ogfyl-
p-glucopyranoside (octylglucoside, Ultrol grade) were from
Calbiochem. [1*C]Arachidonic acid was from Amersham
while sealed ampules of unlabeled arachidonic acid were
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from NuChek Prep (Elysian, MN)Spodoptera frugiperda
(SPO) cells, pFASTBAC1, and Sf-900 Il serum-free insect
cell culture medium were products of Life Technologies.
Inhibitor test compounds were synthesized by the Pfizer
Medicinal Chemistry Department and wer®9% pure. Iron-
(1) protoporphyrin IX chloride (heme) from Porphyrin
Products was prepared a 2 mMstock in DMSO and stored
at—20°C. TMPD was from Sigma. The bicinchoninic acid
protein assay kit (Pierce) was used to quantify the level of
protein in samples using bovine serum albumin as the
standard. Ultrafiltration materials were from Amicon.

Expression and Purification of Recombinant Human
PGHS-1 and -2 PGHS-1 83) was expressed using the
BacToBac baculovirus expression system according to the
manufacturer’s protocol (Life Technologie§P cells grow-
ing at 27°C in spinner flasks in Sf-900 Il serum-free medium
(0.5 L) containing 50 units/mL penicillin and 50g/mL
streptomycin were infected at a multiplicity of infection
(MOI) of 0.5 and a cell density of Z 1 cells/mL. Cells
were harvested by centrifugation 72 h postinfection and the
cell pellets were stored at80 °C until they were used. A
PGHS-2 clone was isolated by reverse transcriptase-PCR
from mRNA produced by phorbol myristate acetate-
stimulated human umbilical vein endothelial cel®.(The
PGHS-2 coding sequence was subcloned into pBlueBac I
(Invitrogen) for baculovirus expression 8P cells. Trans-
fected cells were subjected to plaque purification and three
sequential steps to reach a virus titer of at leadtdaque
forming units/mL.

Enzyme PurificationAll steps were carried out at 4C.
PGHS in various samples was located by monitoring the
H,0, peroxidase activity in a TMPD-linked colorimetric
assay 84, 35. Recombinant human PGHS-1 and PGHS-2
were purified from baculovirus-infectesP cells as described
(36—39) with some modifications. PGHS-1 was extracted
from the membrane fraction with 0.75% (v/v, 6.1 mM)
Tween 20. After ultracentrifugation, the soluble protein was
applied to a DEAE-Sepharose column in 20 mM Tris-HCI
buffer (pH 8.0) (buffer A) containing 0.8% (27.4 mM)
octylglucoside (buffer B). The column was washed exhaus-
tively with 10 column volumes of buffer B to remove Tween
20 and was eluted with a linear gradient of NaCl to 0.3 M.
Fractions containing PGHS-1 were pooled and ultrafiltered.
The concentrate was applied to and eluted from a Sephacryl
S-300 column in buffer B. Fractions containing PGHS-1 were
pooled and applied to a Q-Sepharose column in buffer B
which was eluted with a linear gradient of NaCl to 0.5 M.
Fractions containing PGHS-1 were pooled and ultrafiltered.
In initial trials, PGHS-2 also was extracted with Tween 20
(0.5%). After ultracentrifugation, the soluble protein was
applied to a DEAE-Sepharose column in buffer A plus 0.1%
Tween 20. The column was washed with this buffer, then
eluted with a linear gradient of NaCl to 0.5 M. Fractions
containing PGHS-2 were pooled and ultrafiltered. The
concentrate was applied to and eluted from a Sephadex
G-200 column in 20 mM triethylamine-HCI buffer (pH 8.5)
plus 0.1% Tween 20. In subsequent trials, PGHS-2 was
solubilized instead with 1.3% (w/v, 450 mM) octylglucoside.
The soluble protein obtained after ultracentrifugation was
applied to a DEAE-Sepharose column in buffer B. The
column was washed with buffer B and eluted with a linear
gradient of NaCl to 0.3 M. Fractions containing PGHS-2
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were pooled and ultrafiltered. The concentrate was applied Scheme 1: Proposed Mechanism for Slow-Binding,
to and eluted from a Sephacryl S-300 column in buffer B. Noncompetitive Inhibition of PGHS-2 by Darbufelone

Fractions containing apoPGHS-2 were pooled and concen- Ky Ky
E+S=—ES— E+P

trated. All purified PGHS preparations were obtained as 5 ko4

heme-free apoenzymes and were stored &C4 Unless | | Kifk“/ka
otherwise noted, PGHS holoenzymes were reconstituted by [ P K = Kkl ko)l
incubating the apoenzyme with 1.5 equiv of heme im- El=L £ Esl =2 E*sl
mediately prior to use. ks k1o

Radiometric Cyclooxygenase Assay$e inhibition of
cyclooxygenase activity was assessed by monitoring the
PGHS-catalyzed conversion of [{€]arachidonate to polar
reaction products. Incubations were carried out at room
temperature (2223 °C) and contained 20 mM Tris-HCI
buffer (pH 7.4), 2 mM epinephrine, 04AM heme, 23uM

percent of control data using eq 1. ThesdCralues
determined in this colorimetric TMPD-linked assay agree
with those obtained using the radiometric substrate conver-
sion assay.

Steady-State Kinetics of Inhibition of PGHS-2 with Dar-

arachidonate, and inhibitor in 5% DMSO. Test compounds buf_el_one The effect of darbufelon_e on t_he cyclooxyg_enase
were diluted in buffer to two times the final concentration 2tV of PGHS-2 was determined in assays with no

(in 40 uL) before 20uL of PGHS were added (30 nM final enzyme-inhibitor preincubation. HoloPGHS-2 (30 nM final
concentration) and allowed to incubate for 15 min. One concentration) was added to reaction mixtures that contained

minute after 20uL of [1-'“Clarachidonate was added, the 20 mM Tris-HCl buffer'(pH. 7'4).’ 10Q:M TMPD, and
reaction was stopped by the addition of 140 of quench varying levels of arachidonic acid &0 xM) ar_wo_l dar-
solution [methanol:tetrahydrofuran:acetic acid (40:40:20), bufelone (6-30 “M)'.The cycl_oox_ygenase activity was
plus 0.5 mg/mL triphenylphosphine]. Polar reaction products mgasured.by monitoring the oxidation of TMPD at 610 nm
in 150uL of quenched reaction mixture were separated from using a microplate reader.

T . - Time Dependence of Inhibition of PGHS-2 with Dar-
substrate by reversed-phase HPLC with isocratic elution at AR -
1.1 mL/min using a 4.6< 50 mm, 300 A, 5im C;; Dynamax bufelone.The inhibition of PGHS-2 activity was assessed

i i . _using the spectrophotometric assay by varying the time of
S?(I)l;mgn('l\/?vzltzgczgg ;T:?(? ”é;gg?;of’éals) m: tgﬁ)rjglg Stgl;é preincubation of PGHS-2 with darbufelone before initiating

Series A-200 radio-chromatography detector (Packard) Wasreactions with 25M arachidonic acid and 10aM TMPD.

: . . : Incubation mixtures contained 20 mM Tris-HCI buffer (pH
sed to monitor and quantify eluted radioactive components. . .
. ' quantify elu 10aciive comp 7.4), 5% DMSO (without or with 0.00330 uM dar-

The blank conversion value was subtracted from each sampleb e .
o felone), and 20 nM holoPGHS-2. Seventy titrations using
h f | cycl e and. . .
and the percent of control cyclooxygenase activity was preincubation times of 151800 s were carried out in order

calculated using eq 1. to provide sufficient data to characterize the time course of
% control activity= (inhibited rate/control ratex 100 the potency shift. The mean d¢data plotted as a function
(1) of preincubation time were fit to a model for an exponential
decay to a finite value according to eq 3, wheregolG: and

ICso values were calculated using the KaleidaGraph software /Csoeq are the potency with no preincubation and at equi-
package (Synergy; Reading, PA) by fitting the percent of llorium, respectivelykosis the

control activity vs inhibitor concentration data to eq 2 that . =

describes a sigmoid inhibition pattern, where max is 1Cs0 = ICs0,ml€XP(—kKopd)] + 1Cs0,eq (3)

observed exponential decay rate constant, and the
preincubation time.

e . . . The kinetics of inhibition of PGHS-2 with darbufelone
the upper limit of the percent activity value, [I] is the inhibitor \;are also analyzed by varying the preincubation time and
concentration, 16y is the concentration of inhibitor where monitoring the remaining activity in the colorimetric cy-
the reaction rate is 50% inhibited relative to the control, and clooxygenase assay. At each inhibitor concentration, the

slope is the slope of the curve at its inflection point. percent of control activity data were plotted as a function of
Spectrophotometric Cyclooxygenase Ass@yslooxyge-  preincubation time and fit to eq 4 in order to estimate values
nase activity was also quantified by monitoring the oxidation ¢, kobs the pseudo-first

of the peroxidase cosubstrate TMPD at 610 nm during the

(rate limiting) oxidation of arachidonic acid34, 35). % control activity= 100[exp(k,,4)] + baseline (4)
HoloPGHS in 20 mM Tris-HCI buffer (pH 7.4) was

incubated for specified times at room temperature with order rate constant for the inhibition procedsijs the
inhibitor or DMSO vehicle. After the preincubation phase, preincubation time and baseline is the percent of control
enzymatic reactions were initiated by adding@8 arachi-  activity at equilibrium. Thekops values were plotted as a
donic acid and 10«M TMPD. Initial rates of product  function of darbufelone concentration and fit to eq 5

formation were monitored using a microplate reader ther- (assumingks = 0) wherekops maxis the rate constant for
mostated at 28C. This temperature, rather than 32, was

used to allow for more accurate measurement of initial Kobs = Kobs,makll/(K; +[1]) (5)
velocities with less interference from the turnover-dependent

inactivation of the cyclooxygenase activity. The initial rate the El — E*+| conversion (see Scheme K),is the inhibition

of TMPD oxidation over the first 30 s was converted to constant for darbufelone, and [l] is the inhibitor concentration

% control activity= max/[1+ ([I/IC 50"} (2)
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(15, 18, 21). The percent of control activity remaining at

equilibrium for each inhibitor concentration was plotted as
a function of inhibitor concentration and fit to eq 6 for a
decreasing hyperbolic function

% control activity at equilibrium= 100[1— ([I])/
(K + 1)1 (6)

where [l] is the darbufelone concentration aKd is the
overall dissociation constant for release of darbufelone from
the E*I complex.

Absorption Spectroscopy of Tween 20/Darbufelone Inter-
actions A Hewlett-Packard 8452A diode array spectropho-
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Table 1: TMPD Does Not Affect the Potency of Darbufelone with
PGHS-2

ICso of darbufelonegM)

preincubation using different assays
time (min) no TMPDY 0.1 mM TMPD

1 4.8 4.5

2 2.5 2.8

15 1.1 0.5

a|Cs values are the average of-20 determinations? Using the
[*C]Jarachidonic acid conversion radiometric assaysing the arachi-
donic acid TMPD-linked colorimetric assay.

tometer was used with the cuvette holder thermostated atequal at MOI values from 0.1 to 5 and was highest from 48

25°C (i.e., the temperature that was used in the inhibition
assays). Darbufelone (2 mM in methanol) was diluted to 10
uM in 20 mM potassium phosphate buffer (pH 7.4) and its

to 72 h postinfection, as assessed #iCJarachidonate
conversion assays of cell-free extracts of infecs&lcells.
Thus, a harvest time of 72 h and an MOI of 0.5 were used

initial absorption spectrum was recorded. The spectrum wasfor PGHS-1 expressions. For PGHS-2, a high level of activity

recorded 15 min after adding either 0.0001% (M Tween
20 or 0.0005% (1#M) octylglucoside from aqueous 0.1%
detergent solutions.

Static Fluorescence Quenching Binding Titrations.

was achieved over a broad range of time after infection and
an MOl range of 0.1+4. An MOI of 4 and a harvest time of

72 h were used for PGHS-2 expression. These parameters
are similar to those used previously for PGHES<39).

Perkin-Elmer LS-50B luminescence spectrometer equipped  pGHS.1 was poorly extracted from the membrane fraction

with a cuvette holder thermostated at 26 was used.

using Tween 20, dodecyl maltoside, octylglucoside, or

Fluorescence emission (10 nm slit) was recorded at 50 nm/cyaps. After detergent treatment of t8® cell lysate and

min upon excitation at 280 nm (2.5 nm slit). Ligands were
added directly into the fluorescence cuvette (path lengths:
ex, 4 mm; em, 10 mm) from DMSO stock solutions; the
final DMSO concentration was 1% (v/v). The fluorescence

at 325 nm data were fit to eq 7 for a hyperbolically
decreasing one-site binding isotherm

Fa25= AF325 matl — ([LV/(Kq + [LD)] + Faos finar (7)

whereAF;zs maxiS the total change in PGHS-2 fluorescence
at 325 nm at saturation, [L] is the total concentration of ligand
added,Kq is the dissociation constant of the ligand, and
F22s51inal IS the fluorescence of the enzyme at ligand saturation.

In competition binding experiments, apoPGHS-2 alone or
with 5 uM arachidonic acid and holoPGHS-2 with 401
arachidonic acid were titrated with darbufelone as was
holoPGHS-2 that was acetylated by incubation with acetyl
salicylate 80). The competitive potential of 1M ibuprofen,
which binds in the cyclooxygenase active site but does not
quench PGHS-2 fluorescenc&(f, was also tested. A
selective PGHS-2 inhibitor, SC-58125, and an analogue of
darbufelone, PD0167570, were also tested for their ability
to compete with darbufelone. The appar€pbf darbufelone

was determined at several fixed concentrations of these

ligands. TheKy appfor darbufelone was plotted vs the ligand
concentration and the data were fitted by linear regression
toeq 8

KdA,app: Kaa T KgalBl/ Kgg (8)

which describes the variation ity of ligand A (darbufelone)
caused by ligand B wheil€qa appis the apparent affinity of
darbufelone at the concentration [B] of ligand B (i.e.,
PD0167570 or SC-58125a is the affinity of darbufelone
in the absence of ligand B, ards is the affinity of ligand

B for PGHS-2 in the absence of ligand A.

RESULTS

Expression and Purification of Recombinant Human
PGHS-1 and -2The level of PGHS-1 activity expressed was

ultracentrifugation~90% of the PGHS-1 antibody-respon-
sive protein typically remained in the pellet. However,
because Tween 20 yielded the greatest amount of PGHS-1
activity, this detergent was used to initially extract PGHS-1
from the microsomal fraction but was replaced with octyl-
glucoside in subsequent steps. The PGHS-1 that remained
in the supernatant after detergent solubilization was only the
highest molecular weight (i.e., most highly glycosylated)
PGHS-1 detected in cell-free lysates (not shown). From 2.5
L of SB cell culture, we purified~1 mg of PGHS-1 to~80%
homogeneity as assessed by SIFRAGE (not shown).
Whereas pure PGHS-1 was not obtained in substantial
amounts, PGHS-2 was readily solubilized and purified to
~95% purity as judged by SDSPAGE (not shown) using
buffers containing Tween 20 or octylglucoside. We obtained
~8 mg of pure PGHS-2/L o8B cell culture. As reported

by others 86, 38, 39), PGHS-2 appeared as three glycoforms
on SDS-PAGE (not shown).

Inhibition of PGHS-1 and -2 with Darbufelon&€he effect
of darbufelone on the cyclooxygenase activity of PGHS-1
and -2 was first assessed after a 15-min preincubation of
enzyme with inhibitor. 1G, values were identical in both
the radiometric and spectrophotometric assays. Table 1
summarizes the 1§ values of darbufelone with PGHS-2 in
the radiometric substrate conversion assay (i.e., with no
TMPD) and in the TMPD-linked arachidonic acid conversion
assay after different preincubation times. It is evident that
TMPD does not change the potency of darbufelone.

In terms of isoform selectivity, darbufelone is a potent
PGHS-2 inhibitor (IGo = 0.19uM) but is much less effective
against PGHS-1 (1§ = 20 uM) (Figure 2) when the assay
buffer contains 0.0005% octylglucoside. At low levels,
darbufelone appears to stimulate the cyclooxygenase activity
of PGHS-1 (eq 2, max 125%) but not PGHS-2 (eq 2, max
= 100%). Interestingly, when the assay buffer contains
0.0001% (0.8(M) Tween 20, darbufelone appears inactive
with PGHS-2 (Figure 2, triangles).
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FIGURE 2: Inhibition of purified recombinant human PGHS-1 and 0.025
PGHS-2 with darbufelone and the adverse effect of Tween 20 on B

the potency of darbufelone with PGHS-2. The inhibition of PGHS-1
and PGHS-2 with darbufelone was assessed by radiom&dg [
arachidonate conversion assays or spectrophotometric TMPD
oxidation assays. Results using either assay were the same. In the
experiments shown, reactions were initiated with arachidonate after
a 15-min incubation of enzyme with inhibitor. Data are the mean
+ SD of two or three determinations. The assay buffer used with
PGHS-1 @) and PGHS-2@®) contained 0.0005% octylglucoside.

As derived from the fit of the data to eq 2, darbufelone inhibits 0.005
PGHS-2 with 1G, = 0.19uM and inhibits PGHS-1 with 16 =
20 uM. Darbufelone stimulates by 25% the activity of PGHS-1, 0 . . . . , .
but not PGHS-2. Interestingly, darbufelone is ineffective with 0 5 10 15 20 25 30 35
PGHS-2 when the assay buffer contains just 0.0001% 43 {Darbufelone] (uM)
Tween 20 4).
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2030 3]0 400 450 S0 S0 600 FIGURE 4: Steady-state kinetics of inhibition of PGHS-2 with

Wavelength (nm) darbufelone. (A) The cyclooxygenase activity of uninhibited

. . PGHS-2 is plotted as a function of the arachidonic acid concentra-

FiGure 3: Tween 20, but not octylglucoside, alters the absorption g, (®); Vinax = 0.025;Jmin andKy, = 3.6 + 1.2 uM. In the
spectrum of darbufelone. The absorption spectrum ofubd presence of 2QuM darbufelone ©), the Vma is decreased to
darbufelope in 20 mM potassium phosphate buffer (pH 7.4) is 0.014A¢1/min but Ky, is unchangedKm = 3.0 + 1.1 uM). (B)
shown €7); the spectrum is unchanged over 15 min. Likewise, 15 parpyfelone decreases thény for the initial cyclooxygenase
min after addition of 0.0005% octylglucoside, the spectrum of activity of PGHS-2 withK; = 10 + 5 M but has no effect on the
darbufelone remains unchanged (- --). However, 15 min after \ ot arachidonic acid (Figure 4C). Data shown are the avetage
adding 0.0001% Tween 20 to a darbufelone solutien—), the SD from three separate experiments.
absorption at 360 nm decreases dramatically while that at 405 nm
as well as the baseline at long wavelengths increases.

Steady-State Mechanism of Inhibition of PGHS-2 by

Absorption Spectroscopy of Detergefithibitor Interac- Darbufelone In these experiments that were carried out with
tions. To probe the basis for this unexpected and adverse N© Preincubation, darbufelone appears to be a noncompetitive
detergent effect, we assessed the stability of darbufelone ininhibitor of PGHS-2 (Figure 4A). Th&max for cyclooxy-

detergent solutions. We selected detergent concentrationgd€nase activity decreases hyperbolically with increasing
equal to those used in the inhibition assays shown in Figure€Vels of inhibitor i =10 + 5 uM darbufelone) (Figure

2 and a 15-min incubation to mimic the preincubation used. 4B) whereas th&, for arachidonic acid is unchangetl(
With either no detergent or 0.0005% (&M) octylglucoside = 2-9-4.0uM) by the presence of darbufelone (Figure 4C).
added, the absorption spectrum of AM darbufelone is Time Dependence of Inhibition of PGHS-2 with Dar-
stable for 15 min (Figure 3). However, after adding 0.0001% bufelone The following equilibria (see Scheme 1) occur
(0.8uM) Tween 20 the darbufelone spectrum is dramatically during preincubation: EB- | == E:| = E*+|. Reactions are
altered. After 15 min, the absorption of darbufelone had initiated by adding a saturating level of arachidonic acid.
decreased at 360 nm while the absorption at 405 nm andThe level of activity observed is influenced most by the
the baseline at long wavelengths increased (Figure 3). position of the El == E*-I equilibrium, which is slow relative
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Ficure 5: Effect of preincubation time on the 4gof darbufelone
with PGHS-2. The inhibition of PGHS-2 with 0.001 to 30M

darbufelone was assessed in cyclooxygenase inhibition assays

initiated with 254M arachidonic acid and 100M TMPD after a
0.25-30 min preincubation. 16 values (meant SD) from 70
titrations are plotted. The line drawn is a fit to eq 3 that describes
a single-exponential decay of thesfdo a minimum value.

to the E+ | == E-l equilibrium, and is fully achieved only

after long preincubation times. Because there is no substrate
present during the preincubation phase, no ES or ESI forms

and rate constantk;—k;o are not incorporated into these
analyses.

The time-dependent decrease in theli€ fit to a single-
exponential decay to a plateau value (Figure 5). Extrapolating
the data in Figure 5 back to zero preincubation time shows
that darbufelone inhibits PGHS-2 with ansfC= 14 + 1
uM. After a 30-min (1800 s) preincubation, the meandC
= 0.67 4 0.17 uM. Because equilibrium is achieved from
both directions and a plateau in thes@alue is observed,
kobs IN Figure 5 should approximatés(+ ks), the sum of
the rate constants of thelE= E*-I equilibrium. In this case,
kobs = 0.018+ 0.002 s

Slow-Binding Kinetics of Inhibition of PGHS-2 with
Darbufelone The time-dependent decay in cyclooxygenase
activity to a finite residual activity level at various concentra-
tions of darbufelone is shown in Figure 6A. The activity data
at each darbufelone concentration were fit to single-
exponential decay to a baseline activity in order to determine
the observed inhibition rate constakgy,s The plot ofkops
vs darbufelone concentration is hyperbolic (Figure 6B),
which indicates the presence of a slow rate-limiting step after
the inhibitor binding step. As derived from this plot, the
inhibition constant for darbufelon&; = 6.2+ 1.9uM. Since
ks = 0, the plateau of Figure 6B provides an estimatektor
= 0.030+ 0.004 s?, the rate constant for the:E— E*-I
isomerization.

Determination of K. The finding that PGHS-2 activity
plateaus at a finite level after long times of preincubation
with darbufelone (Figure 6A) indicates thatindeed has a
nonzero value and that the:IE== E*:I equilibrium is
reversible. Thus, a plot of the percent of control activity at
equilibrium vs inhibitor concentration (Figure 6C) provides
an estimate of the overall dissociation constdqt, for
release of darbufelone from the f£tomplex. A fit of data
from three experiments to eq 6 indicat€$ = 0.63+ 0.07
uM (Figure 6C), a value that is close to the s§Cfor
darbufelone that is attained at equilibrium (Figure 5).
Combining data for darbufelone obtained from several
different experimental approaches and the equatitn—
Kike/(ks 1+ ks) which was derived previously for slow-binding
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FiGUure 6: Slow-binding kinetics of inhibition of PGHS-2 with
darbufelone. (A) The percent of control cyclooxygenase activity
remaining after preincubation of PGHS-2 with darbufelone for
various times is plotted vs the preincubation time. The data at each
darbufelone concentration are fit to eq 4 that describes a single-
exponential decay to a plateau residual activity. The data shown
are from one experiment that has been repeated five times with
similar results each time. (B) Hyperbolic dependence of the
observed rate constank,,s for inhibition of PGHS-2 on the
darbufelone concentration. Thg,svalues derived from Figure 6A
are plotted as a function of darbufelone concentration. Error bars
represent the error iky,s derived from the fit of the inhibition data

to eq 4. The line drawn is the best fit to eq 5. (C) Determination of
Ki* from the plot of the equilibrium cyclooxygenase activity
remaining vs darbufelone concentration. The mga8D percent

of control cyclooxygenase activity remaining at equilibrium (after
900 s preincubation) from three experiments is plotted as a function
of darbufelone concentration. The line drawn is a fit of the data to
eq 6.

inhibitors @2, 23), we calculate the value fdt, the rate
constant for the EA — E:I isomerization (see Scheme 1)
to be on the order of 0.00345(Table 2).

K4 Values of Darbufelone and PD0167570 with PGHS-2.
The absorption of darbufelone (Figure 3) is maximal at 359
nm but is minimal at 280 nm. The fluorescence of dar-
bufelone is negligible from 300 to 500 nm{ = 280 nm,
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Ficure 7: Darbufelone quenches PGHS-2 fluorescence. (A) Using Figure 8: Saturable quenching of PGHS-2 fluorescence by
an excitation wavelength of 280 nm, holoPGHS-2 (M) in 20 PD0167570 but not by SC-58125. (A) The fluorescence emission
mM potassium phosphate buffer (pH 7.4) displays maximum of 0.1 M holoPGHS-2 was monitored at 325 nm upon excitation
fluorescence at 325 nm. Spectra are baseline-corrected for bufferof the sample at 280 nm. The fluorescence data for titration with
contribution. The fluorescence emission spectra of PGHS-2 obtainedpp167570 @) are fitted to eq 7 that describes a thermodynamic
after the addition of various levels of darbufelone are shown. The equilibrium binding isotherm with a decreasing function. For
wavelength of maximum emission of PGHS-2 is somewhat blue- pp0167570Ky = 0.25 + 0.03 M. Since SC-58125 does not
shifted to 318 nm in the presence of saturating levels of darbufelone. quench PGHS-2 fluorescence, the data obtained during titration with
(B) Isotherm for binding of darbufelone to PGHS-2. The PGHS-2 g5C.58125 @) were arbitrarily fit to a linear function. (B)
fluorescence at 325 nm shown in Figure 7A is plotted as a function competitive effect of PD0167570, but not SC-58125, on the binding
of darbufelone concentration. The data are fit to eq 7 that describesaffinity of darbufelone with PGHS-2. The apparei§ of dar-

a thermodynamic equilibrium binding isotherm with a decreasing pufelone with PGHS-2 was determined in fluorescence quenching

function. TheKy = 0.98+ 0.03uM darbufelone. titrations carried out in the presence of various levels of PD0167570
(O) or SC-58125 @). The apparenKy data were fitted by linear
Table 2: Kinetic and Thermodynamic Constants for Inhibition of regression to eq 8 for a competitive titration. The intercept on the
PGHS-2 with Darbufelone x-axis equals-Kq for the competitor, PD016757&§ = 0.23uM,
hod of d — | which is in agreement withKy = 0.25 uM determined for
parameter method of determination value PD0167570 in Figure 8A). On the other hand, SC-58125 at up to
ks + ks (1)  kops Figure 5 0.018t 0.002 40 times its G for inhibition of PGHS-2 (i.e., 0.kM) has no
ks (s7%) Kobs,max Figure 6B 0.03Gt 0.004 effect on the affinity of darbufelone.
ke (s™) = (ksK*)/(Ki — Ki¥), data of 0.0034
Figure 6 _ darbufelone is binding to a specific site on PGHS-2 is
ks (s7) = 'IstF—_ ke; "06bs- Figure 5 and 0.015 provided by the saturable decrease in PGHS-2 fluorescence
, Figure . o - .
K (uM) ICap At = 0, Figure 5 145 1 during the t|trat|c_)n (l_:lgure 7B). As derived from the data
Ki (uM) steady state kinetics, Figure 4B 105 for_darpufelone in Figure 7B, thKq = 0.98+ 0.03uM.
Ki (uM) from Figure 6B _ 6.2+ 1.9 ThisKg is close to théK;* value determined from the minimal
E* Eﬂ% iCSO aé_equﬂlgfclum, Figure 5 oo'e?i 8-(1); ICso value attained at equilibrium (Figure 5) and the kinetics
i*(u rom Figure . . il ; ; ;
Ky (M) fluorescence quenching; Figure 78 0.988.03 of inhibition (Figure 6C). Table 2 summarizes the determined

and calculated kinetic and thermodynamic constants associ-
not shown). As can be seen in Figure 7A, the fluorescenceated with inhibition of PGHS-2 by darbufelone.

of PGHS-2 is maximal at 325 nnid; = 280 nm) consistent In addition, Figure 8A shows the binding isotherm for
with previous reports30, 31). Thus, there is significant PD0167570, an experimental PGHS inhibitor that is structur-
overlap between the emission spectrum of the donor, PGHS-ally similar to darbufelone (see Figure 1) but which is a very
2, and the absorption spectrum of the acceptor, darbufeloneweak PGHS-2 inhibitor (Is = 15 uM with a 15-min

To determine the equilibrium dissociation constant for preincubation, unpublished data). PD0167570 has an absorp-
darbufelone, the effect of this inhibitor on the PGHS-2 tion spectrum similar to that of darbufelone (not shown).
protein fluorescence was monitored. Addition of darbufelone The binding isotherm for PD0167570 indicates that this
to PGHS-2 causes a concentration-dependent quenching oEompound binds PGHS-2 witky = 0.25+ 0.03uM (Figure

the enzyme’s fluorescence (Figure 7A). Evidence that 8A). In contrast, saturating levels of SC-58125 (Figure 1), a
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compound that inhibits PGHS-2 with 4= 0.10uM (17), cological nature of darbufelone, however, suggested that it
have no effect on the fluorescence of PGHS-2 (Figure 8A). might act at least in part as a PGHS-2 inhibitor in vivo. Since
This result is not altogether unexpected since the absorptionno mechanistic PGHS inhibition data have been reported for
spectrum of SC-58125 has no significant absorption at the ditert-butyl phenols, we thought it would be informative
wavelengths above 300 nm (data not shown) and there is nato carry out such studies with darbufelone.

significant spectral overlap to allow SC-58125 to quench  We have assessed inhibition with darbufelone of purified
PGHS-2 fluorescence. However, this observation indicates recombinant human PGHS enzymes that were isolated using
that SC-58125 and darbufelone bind to independent, distinctbuffers containing octylglucoside. In cyclooxygenase assays
sites on PGHS-2. initiated after a 15-min preincubation with enzyme, dar-

Competitbe Binding Experiments?GHS-2 was titrated ~ bufelone potently inhibits PGHS-2 but is much less effective
with darbufelone in the presence of potential competitor With PGHS-1. This PGHS-2 selectivity is consistent with
ligands. In the presence of varying levels (04LuM) of the nonulcerogenic nature of darbufelone. We observed a
the selective PGHS-2 inhibitor SC-58125, the appakent  surprising adverse effect of Tween 20 on the in vitro potency
of darbufelone is unchanged (Figure 8B). Saturating levels of darbufelone. Darbufelone is a very weak inhibitor of
(0.1—4 uM) of the related PGHS-2 inhibitor celecoxih?) PGHS-2 that was solubilized with, purified in, and assayed
also have no effect on the affinity of darbufelone (not shown). in buffers containing Tween 20. These assays contain
In a control experiment, PGHS-2 was titrated with dar- 0.0001% (0.§M) Tween 20, a level much lower than the
bufelone in the presence of PD0167570. In these titrations, reported critical micellar concentration of 8 for this
the apparent, for darbufelone increases linearly with detergent42). In light of the potent inhibition of cellular
increasing PD0167570 concentration (Figure 8B). Further- PGRq production that was observed previously with dar-
more, theKy for PD0167570 derived from this experiment bufelone 25), its lack of potency in assays with purified
(i.e., thex-intercept of Figure 8B) is 0.28M, in agreement ~ PGHS-2 @1) was unexpected. This ineffectiveness of
with that determined for this inhibitor in the fluorescence darbufelone in assays containing Tween 20 correlates with

quenching titrations with PGHS-2 alon&4= 0.25 uM, a time-dependent, detergent-induced alteration in the absorp-
Figure 8A). tion spectrum of darbufelone. This spectral change, however,

In the crystal structure determination of human PGHs-2 90€S not occur in the presence of 0.0005% (IM)
with R-57067, this inhibitor was bound deep in the cy- octylglucoside, a detergent with a reported critical micellar

clooxygenase active sitd@). When the affinity of PGHS-2 concentration of 22 mM43). It is possible that Tween 20
for R-57067 was assessed later by fluorescence quenchin and perhaps other detergents as vye]l) may similarly decregse
methods, the quenched PGHS-2 fluorescence caused by 1. he potency O_f_ other PGHS 'nh'b'torsi For example, in
«M R-57067 was completely reversed by adding ;8@ GHS-2 inhibition assays carried out in the presence of
arachidonic acid31). R-57067 and arachidonate apparently 0-0001% Twe((jan 20, we found the |nh|b|to|:js||ndomethacr|]n,
cannot bind simultaneously to PGHS-2, suggesting that thesesg"58125' ?jn' Ni'398 were 10- th 100—f00 ess plo:ent t _Sm
ligands occupy the same binding site. To probe darbufelone’sW"eN t(_este In the presence o .0'0005/0 octylglucoside
binding site, effects on darbufelone binding of compounds (UnPublished results). We emphasize that the buffers used

that are known to bind in the cyclooxygenase active site were with P_GHS'Z in all of 'ghe mechanistic studies reporte_d here
assessed. ApoPGHS-2 alone or in the presence 15 contained octylglucoside, not Tween 20. Further, during the

arachidonate, a ligand that has very minor effects on the three-column PGHS-1 purification, the initially Tween 20-
enzyme fluorescence3@), binds darbufelone with high solubilized enzyme was bound sequentially to two different
affinity (Kq = 0.73 and O’.S(,uM respectively). Likewise anion-exchange resins and the columns were washed ex-
holoPGHS-2 alone or in the presence ofidd arachidonate haustively with buffer containing octylglucoside but no
binds tightly to darbufeloneky = 0.98 and 0.91uM Tween 20. Thus, we believe our final PGHS-1 preparation,
respectively). These results contrast with the reported effect2"d the inhibition assays, likewise, contain no Tween 20.
of substrate on the binding of R-570631f. Darbufelone We speculate that Tween 20 may lower the apparent
also binds equally well to PGHS-R{ = 1.17xM) following critical micellar concentration of hydrophobic inhibitors,
acetylation of the enzyme by acetyl salicylat0) In causing them to interact with other inhibitor molecules rather

addition, when PGHS-2 is titrated with darbufelone in the than with PGHS or may induce inhibitor molecules to
presence of 1Q«M ibuprofen, a compound that inhibits 2d9regate together in a type of chain reaction mechanism.
PGHS-2 with a reporte&; = 0.2 uM but which has little The absorption spectrum of Tween 20-treated darbufelone

effect on the fluorescence of PGHS-20), the K4 of is well defined and do_es not _have a high absorption

darbufelone is 0.9%M. component in the ul_trawolet region (26300 n_m) as is
characteristic of turbidity. Thus, we do not believe Tween

DISCUSSION 20 causes darbufelone to simply precipitate out of solution.

In the small molecule crystal structure of darbufelone, its

Darbufelone was discovered as a dual inhibitor of cellular thiazolidinone and phenyl rings are twisted out-of-plane
PG and LT biosynthesi®4, 25). This ditert-butyl phenol relative to each other (unpublished data). Tween 20 may bind
is orally active in animal models of inflammatiog5) and to a darbufelone molecule and force its ring systems to be
is nonulcerogenic at very high doses (unpublished data).coplanar. The electron density in a planar darbufelone
However, data from initial in vitro tests with purified molecule would be delocalized throughout both the thiazo-
PGHS-2 enzyme that was isolated using buffers containing lidinone and phenyl rings and the absorption spectrum of
Tween 20 detergent indicated that darbufelone was a verysuch a planar inhibitor would be of lower energy. Indeed,
poor PGHS-2 inhibitor 41). The nonulcerogenic pharma- the Tween 20-induced spectral change in darbufelone shifts
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the maximum absorption band from 360 nm (higher energy) fen, SC-58125, and others that contain no redox-active
to 405 nm (lower energy), as might be expected from such functional groups have been shown to stimulate PGHS-1
electron delocalization. Once planar, the Tween 20-bound (31). Thus, stimulation of PGHS-1 activity does not neces-
darbufelone molecule could bind to and stack with a second sarily require any involvement of the inhibitor with the
darbufelone molecule and induce it to become coplanar. Thisperoxidase activity of PGHS-1. The finding that darbufelone
type of chain reaction could continue until all of the binds with equal affinity to both apoPGHS-2 and heme-
darbufelone molecules were involved in an aggregation bound holoPGHS-2 suggests that this inhibitor does not
complex that was initiated by the Tween 20 molecule. In interact with the heme cofactor to cause inhibition.

this type of chain reaction mechanism, one Tween 20  Compounds that are known to bind deep in the cyclooxy-
molecule could induce the aggregation of several darbufelonegenase active site (i.e., arachidonate, acetyl salicylate,
molecules. Although this chain reaction mechanism is jhuprofen, SC-58125, and celecoxib) do not alter the affinity
consistent with the data we have in hand, we emphasize thabf darbufelone. These data' a|0ng with the f|nd|ng that
at present it remains hypothetical. darbufelone is a noncompetitive inhibitor of PGHS-2, are
Other PGHS inhibitors that are highly aromatic or nearly consistent with the possibility that darbufelone may bind to
planar might be similarly affected by the presence of 3 novel region of the protein, perhaps in the “lobby” of the
detergents. Because the adverse interaction occurs betwee@nzyme 44). The lobby is located near the entrance to the
the inhibitor and the detergent, one would expect such arachidonic acid binding channel and near the membrane
interference not only with PGHS-2 but also with PGHS-1  pjinding helices of PGHS. It has been suggested that the initial
preparations that contain Tween 20. Thus, we caution thatpinding interactions of inhibitors with PGHS occur in this
in studies of the inhibition of PGHS the use of buffers that lobby (44). With time-dependent PGHS-2 inhibitors, the
contain Tween 20 may artificially mask the potency of certain g.| complex then undergoes a conformational transition such
cyclooxygenase inhibitors. In our experience, octylglucoside that the inhibitor becomes more tightly bound. For many
is an effective PGHS-2 solubilizing detergent that, at the selective PGHS-2 inhibitors, this transition may occur as the
levels used in our experiments, does not impair the mecha-jnhibitor moves from the lobby to its final binding site deep
nistic, kinetic, and binding studies with darbufelone. within the cyclooxygenase active-site channel. Indeed, the
Darbufelone is a time-dependent, slow-binding PGHS-2 recent report of a modeling study has identified a putative
inhibitor. With no preincubation, darbufelone is a very weak second binding site for inhibitors such as SC-58125 and
PGHS-2 inhibitor. After a 15-min preincubation, however, flurbiprofen in or near the lobby46). Initial weak binding
darbufelone is much more potent. In our inhibition kinetics in the |obby with weak |nh|b|tory activity is translated to
studies, darbufelone was further found to be a slow-binding potent inhibition by a time-dependent conformational change
PGHS-2 inhibitor. The slow-binding inhibition of PGHS-2  that is detected experimentally as slow-binding inhibition.
by darbufelone is thus expressed in the kinetics of the seconda|though PD0167570 competes strongly with darbufelone
step of the binding interaction (i.e., in the slowl E> E*:| for binding to PGHS-2, other factors (i.e., the slow E
equilibrium). Although we find that darbufelone is very weak Ex.| conformational equilibrium) must play a role in overall
PGHS-1 inhibitor, further mechanistic studies of the kinetics |nh|b|t0ry potency since PD0167570is a very weak PGHS-2
of inhibition of this isoform are warranted. inhibitor. The time-dependent inhibition of PGHS-2 with
Darbufelone quenches PGHS-2 fluorescence with high darbufelone (or other dert-butyl phenols) may be the result
affinity. In fact, theKq obtained in such titrations is similar  of utilization of a novel binding site with unique kinetic
to theK;* values we determined or calculated using various characteristics. Darbufelone may bind in the lobby of PGHS-
methods or rate constants (Table 2). Overall, Kaedata 2, which then undergoes a slow conformational change to
from fluorescence titrations, Kgestimates at equilibrium,  yield tightly bound inhibitor still within the lobby and
andK; andKi* values from inhibition kinetics experiments  manifesting itself as a noncompetitive inhibitor. Although
all provide similar estimates of the initial and equilibrium more detailed studies of the mechanism of noncompetitive
affinity of PGHS-2 for darbufelone. Further, the relative inhibition of PGHS-2 by darbufelone will be necessary to
magnitude of the rate constarksandk (i.e., ks > ks > 0) determine whether darbufelone binds to free enzyme and the
are consistent with a two-step, reversible slow-binding enzyme-substrate complex with similar or different affini-
mechanism 22, 23) of inhibition of PGHS-2 with dar-  ties, the results presented here support a novel mode of
bufelone. inhibition of PGHS-2 by darbufelone by a slowly reversible,
In the absence of crystal structure data, the location of two-step mechanism.
the darbufelone binding site on PGHS-2 is unknown. In
steady state kinetics experiments, we find that the inhibition ACKNOWLEDGMENT
of PGHS-2 by darbufelone is noncompetitive with arachi-
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