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monomethyl ether/water (16 g/84 g), with a Hewlett-Packard 
UV/VIS 8450A spectrophotometer. 

Biology. Measurement of MRb+ Efflux and Spontaneous 
Activity of Rat Portal Veins. Male Wistar rats were an­
esthetized with C02 and exsanguinated. The portal vein was 
exposed and attached at either end to a cotton thread. After 
removal of the surrounding connective tissue it was cut along the 
length axis. The lumen was washed free of blood, the vessel 
excised, and a tension of 600 mg was applied. The vein was then 
incubated for 30 min in a HEPES-buffered physiological salt 
solution (PSS) gassed with 95% Os/5% C02 at 32 °C, pH 7.4. 
The PSS contained NaCl (120 mM), KC1 (5 mM), NaHC03 (15 
mM), NaH2P04 (1.2 mM), MgCl2 (1.2 mM), CaCl2 (2.5 mM), 
glucose (11 mM), and HEPES (20 mM) and had pH 7.4 at 37 °C. 
For loading with 86Rb'*', the vein was incubated for an additional 
80 min in PSS to which 5 /tCi/mL "RbCl had been added. 

After loading with ̂ Rb^ the vein was shortly dipped into PSS 
to remove excess radioactivity and mounted in a thermostated 
perfusion chamber. A preload of 500 mg was applied and the 
chamber was perfused with PSS at 37 °C at a rate of 2.5 mL/min. 
The upper cotton thread was attached to an isometric force 
transducer (Gould cell, Statham) that was connected to a cus­
tom-built amplifier from which the signal was given to a recorder 
and to an integrator for quantitation of myogenic activity. 

For measurement of 86Rb+ efflux, the perfusate was collected 
at a sampling rate of 2 min and counted for radioactivity in the 

7-Oxabicycloheptylprostanoic Acids: Potent, 
Time-Dependent Cyclooxygenase Inhibitors That 
Induce a Conformational Change in the 
Prostaglandin Endoperoxide Synthase Protein 

Inhibition of the cyclooxygenase activity of prostaglan­
din endoperoxide (PGH) synthase is believed to be the 
basis for the pharmacological action of nonsteroidal an­
tiinflammatory agents.1,2 Understanding the structural 
basis of cyclooxygenase inhibition by diverse classes of 
inhibitors has taken on added significance with the recent 
discovery of a second cyclooxygenase gene that is expressed 
in response to mitogenic stimulation of cells.3"5 The 
protein coded by this gene is 60% similar to the consti-
tutively expressed cyclooxygenase protein but its substrate 
specificity, sensitivity to inhibitors, etc., is not known. 

The Squibb group recently described a novel series of 
7-oxabicycloheptylprostanoic acid derivatives that inhibit 
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Cerenkov mode at 50% efficiency. The radioactivity remaining 
in the portal vein at the end of the assay was determined by 
dissolving the vessel in 0.5 mL of Lumasolve (Lumac) at 50 °C 
overnight. The sample was then supplemented with 0.5 mL of 
1 M HC1 and 10 mL of Optifluor (Packard) and counted in the 
32P channel at 100% efficiency. 

The rate constant, k, of *Rb+ efflux, defined as the radioactivity 
released from the vessel per minute divided by the concurrent 
radioactivity of the vessel,62 was calculated as described.36 Drug 
effects on the efflux rate constant were calculated as the peak 
value of k obtained during drug application compared to the basal 
value of k averaged over 6-10 min before drug application and 
are expressed as a percentage scale (Ak%). Concentration-effect 
curves were fitted to the law of mass action or to the Hill equation 
by nonlinear least-squares analysis. 
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Figure 1. Time course of loss of cyclooxygenase activity following 
addition of 2. The assay mixture contained 0.20 nM protein 
(specific activity 17 ixmol 02 min"1 mg"1 protein), 1 iM. hematin, 
1 mM phenol, and 0.075 nM 2 in 1.25 mL Tris-HCl (100 mM, pH 
7.4). At varying times after addition of 2,97 jtM arachidonic acid 
was added and the rate of 02 uptake determined. The 02 uptake 
rate in the absence of 2 was 629 MM 02/min. 

arachidonic acid-induced platelet aggregation and ara­
chidonic acid oxygenation by platelet and bovine seminal 
vesicle microsomes.6-8 The most potent compound among 
a series of structural analogs is 1, which possesses bis-exo 
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(8) The Squibb numbers for compounds 1 and 2 are SQ 28,852 
and SQ 29,535, respectively.6 
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Figure 2. Protection of apoPGH synthase from cleavage by 
trypsin. Assays contained 9.4 iiM apoPGH synthase with a specific 
activity of 58 ^mol of 0 2 min"1 mg"1 protein. It was incubated 
at room temperature with 1.25 Mg of bovine pancreatic trypsin 
(Sigma Chemical lot 38F-8140). Hematin or 2 was added at a 
concentration of 9.4 nM. Incubations were stopped after 30 min 
by addition of 430 jig of soybean trypsin inhibitor (Sigma Chemical 
lot 126F-8190). Lane 1, apoPGH synthase + trypsin; lane 2, 
apoPGH synthase + hematin + trypsin; lane 3, apoPGH synthase 
+ 2 + trypsin; lane 4, molecular weight markers. 

substitution of the oxabicycloheptane ring. In addition 
to inhibiting cyclooxygenase activity in vitro, 1 prevents 
arachidonic acid-induced sudden death in the mouse and 
arachidonic acid-induced changes in lung mechanics in the 
guinea pig at doses significantly below those required for 
similar effects by indomethacin.7 Analog 2 exhibits the 
same activities as 1 but has a longer duration of action in 
vivo. 

C02H 

1 R = H 
2 R = CH3 

We find that compound 2 is a potent, time-dependent 
inhibitor of the cyclooxygenase activity of PGH synthase 
purified from ram seminal vesicles.9 At an enzyme con­
centration of 140 nM, 2 exhibited an 10^ of 80 nM and 
completely inhibited activity at 150 nM. At a ratio of 
arachidonic acid to 2 of 2000:1, minimal inhibition was 
observed when substrate and inhibitor were added si­
multaneously to the enzyme preparation. If 2 was added 
15-120 s before arachidonate, it displayed potent inhibitory 
activity (Figure 1). 

Halogenated aromatic compounds such as indomethacin 
are time-dependent inhibitors of PGH synthase.1011 In-

(9) PGH synthase was purified to apparent electrophoretic ho­
mogeneity from ram seminal vesicles. It exhibited a specific 
activity of 40 /jmol 02 min"1 mg"1 protein. The assay mixture 
contained 0.14 iiM protein, 1 pM hematin, 1 mM phenol, and 
96 MM arachidonic acid in 1.25 mL of Tris-HCl (100 mM, pH 
pH 7.4). 

domethacin has been demonstrated to bind directly to 
PGH synthase by virtue of its ability to protect apoprotein 
from tryptic cleavage at Arg277.1013 ApoPGH synthase (9.4 
MM) was incubated with 1 equiv of 2 for 5 min and then 
treated with 2.9 /xM trypsin for 30 min. Proteolysis was 
stopped by addition of a 20-fold excess of soybean trypsin 
inhibitor. For comparison, similar incubations were con­
ducted with apoprotein alone and apoprotein plus 1 equiv 
of hematin.16 Trypsin-treated apoPGH synthase dem­
onstrated major bands on SDS-PAGE at 33 and 38 kDa 
corresponding to the cleavage fragments in addition to the 
band of the uncleaved protein at 70 kDa (Figure 2). Under 
the conditions of the present experiment, 8 1 % of apo­
protein was cleaved on incubation with trypsin. In con­
trast, only 47% of the protein was cleaved in incubations 
of trypsin with PGH synthase and 2. Control experiments 
indicate that 2 did not directly inhibit the proteolytic 
activity of trypsin. Similar experiments conducted with 
apoPGH synthase and heme led to 3 1 % cleavage on 
treatment with trypsin. These experiments indicate that 
binding of 2 to apoPGH synthase induces a conformational 
change in the protein in the region of Arg277. Although 
binding of 2 or heme induce resistance to trypsin, the two 
agents do not appear to bind to the same site on the 
protein. Compound 2 inhibited the cyclooxygenase activity 
of fully reconstituted PGH synthase and did not inhibit 
heme binding to apoprotein. Furthermore, addition of 2 
to holoPGH synthase did not cause release of heme from 
the protein as judged by the intensity of the heme Soret 
absorbance. 

The present experiments demonstrate that 2 is a potent, 
time-dependent cyclooxygenase inhibitor that induces a 
conformational change in the PGH synthase protein. In 
fact, the potency of 2 in biochemical and pharmacological 
assays ranks it among the most potent cyclooxygenase 
inhibitors ever developed. Preliminary structure-activity 
studies of compounds related to 2 reveal considerable 
sensitivity to the stereochemistry of substitution on the 
oxabicycloheptane ring and to the position of oxygen 
substitution in the <o side chain.7 The ability to demon­
strate direct binding of these compounds to PGH synthase 
makes 7-oxabicycloheptylprostanoic acids powerful probes 
of the structural basis of protein-inhibitor association and 
attractive templates for the design of isozyme-specific in­
hibitors. 
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(.E)-l,3-Dialkyl-7-methyl-8-(3,4,5-trimethoxy-
styryl)xanthines: Potent and Selective Adenosine 
A2 Antagonists 

Adenosine receptors are localized virtually in all tissues, 
and modulate a wide range of physiological functions.1 

Adenosine receptors are divided into two major subtypes, 
designated as Ax and A2. The two receptor subtypes can 
be distinguished by the structure-activity relationships of 
adenosine agonists and have opposite effects on adenylate 
cyclase.2,3 

The methylxanthines theophylline (1, Figure 1) and 
caffeine (2) exhibit a variety of pharmacological actions 
primarily through blockade of adenosine receptors.4 

However, they are virtually nonselective antagonists and 
have weak affinity for Ax and A2 receptors. Efforts to 
develop more potent and highly selective antagonists5-17 
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have focused on the modification at the 1-, 3-, 7-, and 
8-position of xanthines. Introduction of the propyl group 
to the 1- and 3-position increases the affinity at A2 and A2 
receptors.7-10 The discovery8'10-15 that cycloalkyl substit­
uents at the 8-position markedly enhanced the affinity at 
the Ai receptor have resulted in potent and selective Ax 
antagonists such as 8-cyclopentyl-l,3-dipropylxanthine 
(4)16 and l,3-dipropyl-8-(3-noradamantyl)xanthine (5).r7b'c 
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