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Abstract

Objectives—Aspirin, a major anti-platelet and cancer preventing drug, irreversibly blocks the
cyclooxygenase activity of prostaglandin H synthase-1 (PGHS-1). Considerable differences in
aspirin effectiveness are observed between individuals, and some of this variability may be due to
PGHS-1 protein variants. Our overall aim is to determine which, if any, of the known variants in
the mature PGHS-1 protein lead to functional alterations in cyclooxygenase catalysis or inhibition
by aspirin. The present study targeted four PGHS-1 variants: R53H, R108Q, L237M and V48L1I.

Methods—Wildtype human PGHS-1 and the four polymorphic variants were expressed as
histidine-tagged, homodimeric proteins in insect cells using baculovirus vectors, solubilized with
detergent, and purified by affinity chromatography. The purified proteins were characterized in
vitro to evaluate cyclooxygenase and peroxidase catalytic parameters and the kinetics of
cyclooxygenase inhibition by aspirin and NS-398.

Results—Compared to wildtype, several variants exhibited a higher COX/POX ratio (up to 1.5-
fold, for R108Q), an elevated arachidonate Ky, (up to 1.9-fold, for R108Q), and/or a lower aspirin
reactivity (up to 60% less, for R108Q). The decreased aspirin reactivity in R108Q reflected both a
70% increase in the K; for aspirin and a 30% decrease in the rate constant for acetyl group transfer
to the protein. Computational modeling of the brief aspirin pulses experienced by PGHS-1 in
circulating platelets during daily aspirin dosing predicted that the 60% lower aspirin reactivity in
R108Q gives a 15-fold increase in surviving cyclooxygenase activity; smaller, ~2-fold increases in
surviving cyclooxygenase activity were predicted for L237M and V481l. NS-398 competitively
inhibited cyclooxygenase catalysis of the wildtype (K; = 6 tM) and inhibited cyclooxygenase
inactivation by 1.0 mM aspirin in both wildtype (IC5qg = 0.8 M) and R108Q (ICs5q = 2.1 puM).

Conclusions—Of the four PGHS-1 variants examined, R108Q has the largest functional effects,
with evidence for impaired interactions with cyclooxygenase substrate and inhibitors. As Arg108
is located on the protein surface and not in the active site, the effects of R108Q suggest a novel,
unsuspected mechanism for modulation of the PGHS-1 active site structure. The lower intrinsic
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aspirin reactivity of R108Q, V481l and L237M, combined with the rapid hydrolysis of aspirin in
the blood, suggests that these variants decrease the anti-platelet effectiveness of the drug. These
PGHS-1 variants are uncommon but aspirin is very widely used, so a considerable number of
individuals could b e affected. Further examination of these and other PGHS-1 variants will be
needed to determine whether PGHS-1 genotyping can be used to personalize anti-cyclooxygenase

prostaglandin H synthase-1; polymorphisms; cyclooxygenase; aspirin

INTRODUCTION

Prostanoids originating from arachidonate via the cyclooxygenase (COX) activity of
prostaglandin H synthase-1 (PGHS-1) have important pathophysiological functions [1].
COX-1 inhibitors, principally aspirin, are part of current therapy for ischemic stroke and
myocardial infarction; over one third of adults in the US take aspirin for prevention of
cardiovascular disease [2, 3]. In addition, aspirin is emerging as an effective cancer
prevention agent [4, 5]. PGHS-1 has very weak affinity for aspirin (K ~20 mM) [6, 7] but
the acetyl group of aspirin can transfer to Ser529 (human PGHS-1 numbering) in the COX
active site [8]. This covalent modification blocks access to the catalytic Tyr384 radical,
permanently inhibiting COX activity in affected platelets [9, 10].

A substantial fraction of patients do not respond to aspirin therapy for cardiovascular
disease, and some of this “aspirin resistance” has been attributed to genetic variation [11].
For example, our group has shown that individuals with genetic variants in P7TGSZ, the
human gene for PGHS-1, may benefit less from aspirin with respect to cancer prevention
[12]. A number of sequence variants, mostly single nucleotide polymorphisms (SNPs), have
been reported in the dbSNP database for P7TGSI [13]. Of particular interest are coding
region SNPs that lead to structural changes in the mature PGHS-1 protein (residues 24-599
[14]), as these may directly impact COX-1 catalysis or pharmacology. There are over thirty
such SNPs listed in dbSNP [13]. Of these, five have been characterized /n vitro as
recombinant proteins, but the possibility of altered aspirin inhibition Kinetics in the variants
was not examined [15]. COX inhibition by aspirin follows a two-step mechanism (Eq. 1; E,
PGHS-1), characterized by a dissociation constant (K;) for the first step and a first order rate
constant (ko) for the second step [6]:

K k
E+aspirin < E (aspirin) = E — Ac+salicylate (Eq. 1)

As a consequence, aspirin shows “time dependent” kinetics, with exponential decay of COX
activity over time when PGHS-1 is preincubated with the drug [16].

The covalent and essentially irreversible modification of PGHS-1 by aspirin is unique
among anti-COX drugs, compensating for weak aspirin binding; the 1Csq is 2 uM in blood
ex vivo[17]. Aspirin is particularly potent in anucleate platelets, which cannot replace
inactive, acetylated PGHS-1 [9].

To begin evaluation of the functional impact of PGHS-1 structural variants, we selected a
group of four variants that were among the most prevalent and/or were positioned in the
vicinity of structural and functional landmarks in crystallographic models: R53H, R108Q,
L237M and V4811. We expressed wildtype human PGHS-1 and these four variants in an
insect cell system and used the purified proteins to evaluate the effects of the structural
changes on COX catalysis and aspirin reactivity.
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Aspirin (ASA) and NS-398 were from Cayman Chemical Company (Ann Arbor, MI), fatty
acids were purchased from NuChek Preps (Elysian, MN) and Tween-20 (10% solution) was
obtained from Anatrace (Maumee, OH). Restriction enzymes and T4 DNA ligase were
purchased from New England BioLabs (Beverly, MA), oligonucleotides were from
Integrated DNA Technologies (Coralville, 1A), and reagents for DNA manipulation were
from Promega (Madison, WI). The plasmid transfer vector pAcSG2 and BaculoGold
linearized baculovirus DNA were from PharMingen (San Diego, CA). QuikChange site-
directed mutagenesis kit and £. colistrain XL-10 were from Stratagene (La Jolla, CA). Sf9
cells, E. coli strain DH5a., Grace’s supplemented medium, and fetal bovine serum were
from Invitrogen (Carlsbad, CA). Ni-NTA agarose was purchased from Qiagen (Valencia,
CA). All other reagents were obtained from Sigma (St. Louis, MO).

Construction of plasmid for recombinant wildtype and variant PGHS-1

Baculovirus

The cDNA we originally cloned as “wildtype” PGHS-1 [18] was later found to actually code
for the minor allele at position 237, i.e., L237M [19]. Consequently, introduction of codons
for a 6xHis tag sequence downstream of the signal peptide cleavage site near the amino
terminus [20] produced a plasmid with the coding sequence for the L237M variant. To
generate coding sequence for true PGHS-1 wildtype (i.e., carrying the major allele at all
targeted positions), the codon for methionine at position 237 was mutated to a codon for
leucine, using the QuikChange kit and the following primer pairs (base changes underlined):
M237L-f: 5'-CATTTATGGAGACAATCTGGAGCGTCAGTATC-3" M237L-r:5'-
GATACTGACGCTCCAGATTGTCTCCATAAATG-3" The resulting plasmid coding for
wildtype PGHS-1 was then used as the template for introducing point mutations
corresponding to the R53H, R108Q and V4811 variants of PGHS-1, using the primer pairs
below (base changes underlined), again with the QuikChange mutagenesis kit. R53H-f: 5~
CTTCGGCCTTGACCACTACCAGTGTGACTG-3" R53H-1: 5'-
CAGTCACACTGGTAGTGGTCAAGGCCGAAG-3" R108Q-f: 5'-
GCCACCTTCATCCAAGAGATGCTCATGCGC-3" R108Q-r: 5'-
GCGCATGAGCATCTCTTGGATGAAGGTGGC-3" V481I-f: 5'-
CCTTCCAGGAGCTCATAGGAGAGAAGGAG-3’ V48ll-r:5'-
CTCCTTCTCTCCTATGAGCTCCTGGAAGG-3" The integrity of each plasmid described
below was verified by restriction enzyme digestion and by DNA sequencing at the
Microbiology and Molecular Genetics Core Facility, UT Health Science Center at Houston.

generation and expression of recombinant proteins

Generation, amplification, and titer determination of recombinant baculovirus containing the
desired PGHS-1 cDNA, and expression of the recombinant proteins used previously
published techniques [20]. Solubilization of recombinant PGHS-1 with detergent (Tween
20) and purification by affinity chromatography on Ni-NTA agarose followed the
procedures described for recombinant PGHS-2 [21].

Protein characterization

Total protein concentrations were determined by a modified Lowry assay [22]. PGHS-1
variants were analyzed by polyacrylamide gel electrophoresis under denaturing conditions
[23], visualization with Coomassie staining, and densitometry using ImageJ [24] to
determine the fraction of total protein present as recombinant PGHS-1.
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Oxygen uptake was measured polarographically in standard assays at 30 or 37 °C in 3.0 ml
of 100 mM KPi, pH 7.2 with 1.0 mM phenol, 1.0 uM heme and 0.025% Tween-20, using a
“Standard” electrode membrane (YSI, Yellow Springs, OH) [25]. One unit of COX activity
gives a rate of 1 nmol O, consumed/min. Specific activities were calculated by dividing the
observed COX activity measured at 30 °C by the concentration of recombinant PGHS-1
present. COX kinetic parameters were determined at 37 °C by measuring the activity in the
reaction mixture described above, but with 2-100 uM arachidonate in the presence of 100
M HOOH (to ensure full COX activation); in some cases the Tween concentration was
raised to 0.165%. Arachidonate was suspended at 30 mM in 0.1 M Tris HCI, pH 8.5.
Following our earlier approach [26, 27], the velocities were normalized to those for the same
batch of enzyme with 100 M arachidonate without added peroxide, and then fitted to the
Michaelis-Menten equation using Kaleidagraph (Synergy Software) to estimate the Vmax
(Relative) and Ky, values.

COX inhibition

COX inhibition kinetics were assessed at 37 °C with a standard electrode membrane in the
standard reaction mixture. Inhibitors were dissolved in DMSO; the final DMSO
concentration was below 1% and did not affect activity. Two experimental designs were
used. The first was used for reversible PGHS-1 inhibitors, such as NS-398. Enzyme (~1078
M) was added last to start the reaction after equilibration of the reaction mixture with
arachidonate (2-100 wM) and a fixed level of inhibitor. Data for activity as a function of
arachidonate concentration at each inhibitor level were analyzed by a 1/v vs. 1/S plot to
determine the type of inhibition; these data were also fitted to the Michaelis-Menten
equation to estimate the apparent Vnax and Ky, values.

The second inhibitor assay focused on the progressive, irreversible inhibition by aspirin and
involved timed preincubation of enzyme (~10~8 M) with inhibitor before starting the COX
reaction by addition of 100 .M arachidonate. This assay measures the amount of surviving
COX activity, i.e., enzyme that has not progressed to tight inhibitor-protein complexes [28].
Data for surviving COX activity as a function of preincubation time at a fixed inhibitor level
were fitted to the equation: v = Vg (exp(—ky’t)), where t is the preincubation time, V is the
COX activity at t = 0 and ko’ is the apparent rate constant. The ko’ value is expected to be a
saturable function of inhibitor concentration for time-dependent inhibitors [6]: ko” = ko/(1 +
Ki/l). Note that if | << K;, this equation simplifies to ky” = ko(1)/K;. When NS-398 was
examined as an antagonist of time-dependent inhibition by 1 mM aspirin, an ICgq value for
NS-398 was estimated by fitting the k,’ vs. NS-398 data to a three-parameter logistic
function: ko” = Komax /(1 + (1/1Cs0)"), where Ko max” is the ky’ value without NS-398 and n is
the Hill slope. ICgq values were converted to K; values using the Cheng-Prusoff equation
[29].

The timed preincubation assay described above was modified to measure COX inhibition
kinetics at the higher aspirin levels needed to observe saturable behavior and thus to
quantify Kj and k; values individually. First, the reaction of aspirin with PGHS-1 was
slowed by decreasing the reaction temperature from 37 to 20°C. The second modification
was to use the potassium salt of aspirin instead of the acidic form. Aspirin was coverted to
the salt by treatment with potassium carbonate, adapting an old procedure [30]; the stable
aspirin salt was dried under vacuum and ground to a powder. The aspirin content in the salt
was determined from the increase in Ag3g after mixing with ferric chloride (with and without
prior hydrolysis by alkali) [31]. For the COX reactions, a portion of the aspirin salt was
weighed out and dissolved at the desired concentration in reaction buffer within 45 min of
use (thereby keeping aspirin hydrolysis below 2%). Even at 50 mM, the potassium salt of
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aspirin lowered the pH of the reaction buffer by only 0.03 units. Use of the potassium salt
thus greatly extended the practical upper limit of aspirin concentration.

Peroxidase (POX) activity

The stirred assay mixture contained 2.5 ml of 100 mM Tris HCI, pH 8.0 with 0.50 mM
guaiacol, 1.0 .M heme, and 0.40 mM HOOH at room temperature [32]. Reaction was
started by injection of enzyme and the initial velocity calculated from the rate of increase in
A3 due to oxidized guaiacol (e435 = 6.39 (MM oxidized guaiacol)™t cm™1). One unit of
POX activity gives a velocity of 1 nmol guaiacol oxidized/min.

Statistical analysis

The results of replicate experiments are presented as mean + standard deviation of the mean.
In most cases an unpaired, two-sided t test was used to assess statistical differences between
individual variants and wildtype PGHS-1 (GraphPad Software, La Jolla, CA). Differences
with a P-value below 0.05 were considered to be statistically significant.

Analysis of COX product profiles

Duplicate reactions at room temperature included purified recombinant PGHS-1 wildtype or
variant (1-9 pl, adjusted to consume ~10 nmol of arachidonate) in 0.30 ml of 25 mM KP;
pH 7.2 containing 1 mM phenol, 80 wM [1-14CJarachidonate, 0.2 mM SnCl,, and 1 uM
heme. The SnCl, stock solution (20 mM in 10 mM HCI) was prepared immediately before
use and kept on ice. Reactions were started by injection of enzyme and quenched after 90 s
by adding 0.60 ml of ice-cold toluene-ethyl acetate (1:1), 7 .l of 1.2 M HCI and 200 mg of
NaCl, followed by vigorous vortexing. After brief centrifugation, the organic phase was
transferred to a vial containing 0.1 g of anhydrous Na,SO,4 and the aqueous phase was
extracted again. The organic extracts were combined and stored at —20 °C until analyzed.
For chromatographic analysis, 300 .l of each extract was spiked with 50 g each of
unlabeled arachidonate and PGF,a (and other standards as desired) and the volume was
reduced to ~30 .l under vacuum before application to the preabsorbent zone of a Whatman
LK6D TLC plate. The plate was developed with the upper phase of a mixture of ethyl
acetate -2,2,4-trimethylpentane - acetic acid - water (110:50:20:100; v/v) [33]. Radioactive
bands were visualized by exposure to a storage phosphor sheet and analyzed quantitatively
on a Molecular Dynamics Storm model 860 imager. The positions of unlabeled standards
were visualized by exposure to iodine vapor.

Aspirin hydrolysis

The decomposition kinetics of aspirin were determined by monitoring the generation of SA
[31] when 5.33 mM ASA was incubated at 37 °C in the standard reaction mixture without
arachidonate (0.10 M KP;, pH 7.2 containing 1.0 mM phenol, 1.0 pM heme and 0.025%
Tween 20). Aliquots (200 pl) were withdrawn periodically and mixed with 1.0 mL of ferric
nitrate reagent (4.0 g of Fe(NO3)3-9H,0 dissolved in 12 ml of 1 M HCI and diluted with
water to 100 ml). SA levels were calculated from the Ag,g values using a standard curve
with 0 - 0.70 pmol of standard SA dissolved in 200 wl of the incubation buffer. The half-life
for ASA observed under these conditions was 18 hr, quite comparable to the value of 15.4 hr
reported at the same temperature for 0.1 M phosphate buffer, pH 7.4 [34]. As a consequence
of this long half-life for ASA and the relatively short incubations used in the present study
(< 7 min) it was not necessary to correct for ASA hydrolysis.

Computational modeling of COX-1 inhibition by pulsatile aspirin exposure

A computational model was devised to predict the impact of differences in aspirin reactivity
on COX inhibition kinetics during a transient pulse of the drug, such as that seen in the
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blood after oral ingestion of aspirin. The model, implemented in Berkeley Madonna X v.
8.3.22, consisted of the following reactions and rate constant values. E, enzyme (PGHS-1);
ASA, aspirin; SA, salicylate; AcOH, acetate.

1) E+ ASA & E(ASA) reversible binding of aspirin to PGHS-1
ki:1x105M stk 1 x 103572

2) E(ASA) = E-Ac + SA acetylation of Ser529 of PGHS-1, release of salicylic acid
ko: 0.33 s71 (wildtype); k,: 0.133 s1 (R108Q)

3) E+ SA < E(SA) reversible binding of salicylate to PGHS-1
Ky:1x10°M 151k 51 x 103571

4) ASA (in gut) = ASA (in blood)  diffusion of aspirin from gut into blood
ks 1x 1073571

5) ASA = SA + AcOH hydrolysis of aspirin (written as first order reaction)
ks: 7.7 x 104 s71

6) SA (in blood) = SA (in urine) transport of salicylate from blood to urine
Ke: 5% 1075571

Reactions 4-6 generate a rapid aspirin pulse and a slower pulse in salicylate. Reactions 1-3
predict how the aspirin and salicylate pulses affect COX activity, with reversible inhibition
by aspirin (Reaction 1) and salicylate (reaction 3) and irreversible inactivation by aspirin
(Reaction 2). Note that the very high K; values for aspirin and salicylate [6] mean that only a
negligibly small fraction of enzyme is reversibly inhibited at any time by these agents. Initial
concentrations were set at zero, except for E (1 x 1078 M) and ASA (in gut; 1 x 1074 M).
The model was run for 200 minutes to simulate the effects of a single aspirin pulse. To
simulate the effects of a second aspirin pulse, the concentrations of all enzyme intermediates
were decreased by 15% and the resulting level of free enzyme was supplemented with 15%
of its initial value (reflecting daily replacement of 15% of existing platelets), ASA and SA in
blood were set to zero (reflecting complete clearance after 24 hours), ASA in the gut was set
to its initial value (relecting fresh oral aspirin ingestion), and the model run for another 200
minutes. This process was repeated to predict the effects of further cycles of daily aspirin
ingestion.

The wildtype and each of the four PGHS-1 variants were expressed in catalytically active
form. Purification of the recombinant proteins removed host cell lipids, small molecule
reductants and endogenous proteins, avoiding potential sources of interference for reliable
characterization of COX and peroxidase (POX) catalytic activities. The COX specific
activities of the purified proteins ranged from 16 to 34 k units/mg PGHS protein,
comparable to previous reports for recombinant PGHS-1 and -2 [35]. We analyzed the
COX/POX ratio in the purified proteins to control for specific activity differences due to
variations in expression and purification [27]. The COX/POX ratio for the V4811 variant
was indistinguishable from the wildtype value, but the ratio was significantly elevated in the
other three variants (13-53%; p < 0.05; Table 1). This indicates that the structural changes in
R108Q, L237M, and perhaps R53H increase the efficiency of COX catalysis relative to
POX catalysis.
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A saturable response of COX to arachidonate level was observed with each of the purified
recombinant proteins (data from one experiment for wildtype and for the R108Q variant are
shown in Fig. 1). The calculated K, values for the variants were indistinguishable from the
wildtype value, except for R108Q, where the Ky, was almost doubled (Table 1). This
difference in K, value between R108Q and wildtype was small in absolute terms, so the
substrate dependence for wildtype and R108Q was also examined in reactions at a higher
Tween 20 level (0.165%), which is known to increase the apparent Ky, value [36]. Saturable
behavior was also seen at the higher detergent level (Fig. 1), and the resulting K., value for
R108Q was 50% above the wildtype value (Table 1), confirming the elevated K, value
observed under standard assay conditions. Thus, the interaction with arachidonate was
considerably more difficult to saturate in R108Q than in wildtype PGHS-1.

COX product profiles

Each of the purified recombinant proteins was reacted with radiolabeled arachidonate and
the products analyzed by thin layer chromatography (Fig. 2). The wildtype enzyme
produced PGH> and several secondary prostanoids derived from it (PGD,, PGE, and
PGF,a), 12-HHT from decomposition of PGH5, and some non-cyclized COX side products
(11- and 15-HETES). Each of the PGHS-1 variants had a product profile quite similar to that
of the wildtype enzyme (Fig. 2). Although there were differences in the relative proportions
of individual products, there was no indication that any of the variants produced a novel
arachidonate metabolite. Inclusion of 1 mM glutathione in the buffer for reactions with
wildtype PGHS-1 and the R108Q variant resulted in a decreased amount of PGH, and a
comparable increase in the 12-HHT (data not shown); this effect of GSH was reported
earlier for the wildtype enzyme [37].

Inhibition of COX activity by aspirin

The response of the PGHS-1 variants to aspirin was first examined by monitoring the loss in
COX activity during timed preincubation with 1.0 mM aspirin (Fig. 3A). Loss of COX
activity followed first order kinetics for wildtype PGHS-1 and all variants. The decay rates
in the R53H, L237M and V4811 variants were comparable to that for wildtype, but COX
decay was markedly slower in the R108Q variant. The COX activities decayed at similar,
very slow rates (0.02-0.03 min~1) in the controls without aspirin (data not shown).

For more detailed comparison of acetylation kinetics, the individual COX decay rate
constants determined from preincubation experiments at 0.4-5.3 mM aspirin, similar to those
in Fig. 3A, were plotted as a function of the aspirin level during preincubation (Fig. 3B). For
each protein the decay rate was a linear function of the aspirin concentration, indicating that
the aspirin levels tested were well below the K; value. This is consistent with the reported K;
of 14-20 mM for ovine PGHS-1 [6, 7]. The time- and concentration-dependence of COX
activity loss for wildtype PGHS-1 and for the variants (Fig. 3) is consistent with the
mechanism in Eq. 1.

The linear relationship between the observed COX decay rate and aspirin level (Fig. 3B)
was exploited to obtain a single parameter characterizing aspirin reactivity for each
experiment at a given level of aspirin, calculated as ky’/[aspirin]; averages of these aspirin
reactivity values are shown in Table 2. The aspirin reactivity for wildtype human PGHS-1
was 1.04 mM~1 min~1, in reasonable accord with the value of 0.3 mM~1 min~1 determined
for ovine PGHS-1 at a lower temperature of 30°C [6]. The aspirin reactivity values for the
variants were 40-91% of the wildtype value, with the differences being statistically
significant (Table 1). Thus, the structural changes in each variant decreased the reactivity
toward aspirin, with the difference most marked in the R108Q variant.
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Analysis of Kj and k; values for aspirin

We used the potassium salt of aspirin and reduced temperature to analyze COX inhibition
kinetics of wildtype PGHS-1 and the R108Q variant over a greatly expanded range of
aspirin levels (Fig. 4). Clearly saturable and very reproducible behavior was evident for both
enzymes. The fitted values of K;j and k, from triplicate experiments are shown in Fig. 4.
R108Q has a 70% higher K;j and a 30% lower ko, with both differences being statistically
significant. These results indicate that both the aspirin binding and the acetyl transfer steps
are adversely affected in R108Q, as might be expected if the structure of the aspirin binding
site is perturbed in the variant. Note that the value of ky’/aspirin (* ky/K;) determined at
37°C (Fig. 3 and Table 2) for R108Q is 40% of the wildtype value, while the value of ky/K;
determined at 20 °C (Fig. 4) for R108Q is 42% that for wildtype. This agreement between
measurements at the two temperatures confirms that the temperature change affects wildtype
and R108Q similarly, validating the use of low temperature for detailed aspirin kinetic
analysis.

Effects of NS-398 on COX-1 inhibition by aspirin

We analyzed wildtype PGHS-1 and the R108Q variant for the actions of a coxib, NS-398,
on the kinetics of COX inhibition with 1.0 mM aspirin. As shown in Fig. 5, adding NS-398
to the preincubation with aspirin slowed the rate of acetylation of both wildtype and the
R108Q variant. The attenuating effect on acetylation rates appeared to increase as a
saturable function of the NS-398 concentration. Accordingly, the data were fitted to a three
parameter logistic equation to estimate 1Csq values, which were 0.8 LM NS-398 for
wildtype PGHS-1 and 2.1 M NS-398 for the R108Q variant (Fig. 5). The aspirin
concentration used in these experiments, 1.0 mM, is far below aspirin’s K;j value for both
enzymes. As a result, the dissociation constants for the NS-398 complexes that compete with
aspirin binding (i.e., the K; values for NS-398) will be only slightly lower than the
corresponding I1Csq values for NS-398. Thus, NS-398 has a weaker affinity as an aspirin
antagonist for R108Q than wildtype PGHS-1.

Effects of NS-398 on COX-1 activity

The observation that NS-398 slowed the rate of acetylation in PGHS-1 (Fig. 5) suggested
that NS-398 is a competing ligand at the COX active site. This possibility was tested directly
by measuring the substrate dependence of wildtype PGHS-1 COX activity at 0, 8 and 20 pM
NS-398. The results are presented as a double reciprocal plot in Fig. 6. The observed pattern
of intersecting lines on the 1/V axis indicates that NS-398 increases the apparent K, value
while leaving the Vo Value largely unchanged. This is the behavior expected for a simple
competitive inhibitor. Further, a plot of the apparent K, value as a function of the NS-398
level (inset to Fig. 6) exhibits the linear relationship expected for a competitive inhibitor.
Fitting the inset data to the equation Ky,” = Kpy, (1 + I/K) gives a Ky, value of 1.8 uM
arachidonate and a K; value of 6.7 .M NS-398. Results from a second, similar experiment
indicated a K, value of 1.7 M arachidonate and a K value of 5.1 uM NS-398 (data not
shown). The average K; value of ~6 .M for NS-398 as arachidonate antagonist is
considerably higher than the K;j of ~1 .M NS-398 as aspirin antagonist (see above). This
substantial difference between the dissociation constants for the coxib suggests that two
distinct modes of NS398 binding are involved in antagonism of PGHS-1 interactions with
aspirin and with arachidonate.
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DISCUSSION

Variants and catalytic activity

COX activity has now been examined for a number of PGHS-1 variants using endogenous
proteins in human platelets [38] as well as recombinant proteins in detergent extracts [15]
and in purified form (present study) (Table 3). As expected, variants in the cleaved signal
peptide (R8W and P17L) had little effect on COX activity. Except for V4811, each of the
seven variants in the mature PGHS-1 protein was found to have a COX specific activity
consistently lower than that of wildtype PGHS-1. This may reflect an intrinsically slower
COX catalysis in these variants. However, there may be other contributions to the lower
COX specific activity, such as batch-to-batch differences during expression, solubilization
or purification of the proteins. In this study, we evaluated the COX/POX ratio as a way to
control for such expression/purification variables.

An altered COX/POX ratio was seen in R108Q, L237M and perhaps R53H (Table 1).
Alterations in relative velocity of the two PGHS-1 catalytic reactions are of particular
interest because of the mechanistic linkage between the POX and COX catalytic cycles [39].
Thuresson et al. [40] conducted a systematic mutagenic analysis of ~20 residues in the
PGHS-1 COX site and found that many substitutions in these residues decreased the COX/
POX ratio. There were only two active site residues where substitutions consistently
increased the COX/POX ratio by more than 10% above the wildtype value: Phe517 and
Met521 (human PGHS-1 numbering). Interestingly, the F517A, F517M, F517Y, M521A
and M521L mutants had relative COX/POX ratios of 1.3-1.6 [40], in the range we found for
the L237M and R108Q variants (Table 1). Both Phe517 and Met521 are some distance from
the residues studied here [10], so the significance of this overlap in COX/POX ratios
remains to be seen. COX and POX catalysis each involve multiple reaction steps [39], and
further studies will be needed to identify the particular step(s) affected in the PGHS-1
variants that have an elevated COX/POX ratio.

Variants and COX K, value

Thuresson et al. [40] used arachidonate Ky, values to probe the effects of COX active site
mutations in PGHS-1. For approximately a third of the ~20 residues targeted in that study,
mutations that retained > 10% of wildtype COX activity exhibited increases of over 50% in
the arachidonate K, value. Some K, measurements have been made for PGHS-1 mutations
outside the COX site, including histidine-tagged PGHS-1 [41], serine substitutions at
Cys313, Cys512, and Cys540 [42], and Y504F [20]. In each of these mutants, the K, for
arachidonate was found to be the same or less than the wildtype value. Thus, the increased
K observed with R108Q at high and low detergent levels (Table 1) groups this variant
among PGHS-1 mutants with specific structural modifications in the COX active site. The
86% increase in Ky, value in R108Q (under standard conditions) is comparable to the
70-100% increases seen in the Y355L, F518Y, and M522L mutants, but much smaller than
the many-fold increases seen in other COX site mutants [40]. It seems reasonable to
conclude that the R108Q substitution leads to an altered active site interaction with
arachidonate, though not sufficient to cause a major change in product profile, such as
observed with site-directed mutations at Val349, Trp387, or Leu534 [40].

Variants and inhibition by aspirin

Some of the PGHS-1 variants tested are clearly less reactive toward aspirin than the
wildtype protein (Table 2). A key question is how much such lower aspirin reactivity would
affect COX inhibition in platelets exposed to the drug. Aspirin is rather stable in the buffer
used in our COX assays, with a ty, of ~18 hours (Methods). In blood, however, the drug is
rapidly hydrolyzed by the platelet-activating factor acetylhydrolase in red cells [43], giving a
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t1/o of only ~15 min [44]. Aspirin’s hydrolysis product is salicylic acid, which is a negligible
COX-1 inhibitor [6]. Ingestion of 500-650 mg aspirin results in a brief drug pulse in the
plasma, peaking at 30-80 M after ~30 min [45, 46]. Conceptually, a slower rate of PGHS-1
reaction with aspirin (as in the R108Q variant) should increase the fraction of platelet COX
activity surviving such an aspirin pulse. However, the quantitative relationship between
differences in aspirin reactivity and in surviving COX is not obvious, particularly if one
considers the cumulative effect of repeated aspirin pulses, as would be encountered with a
daily aspirin regimen.

To examine this in more detail, we developed a computational model (see Methods) to
predict how much of an increase in surviving platelet COX might be expected from the 60%
lower aspirin reactivity seen in the R108Q variant. Homodimeric structure was assumed for
wildtype and variant PGHS-1. We modeled the lower aspirin reactivity in R108Q by a
proportionately smaller rate constant for the acetyl transfer step (k in Reaction 2): 0.33 s71
(20 min~1) for wildtype PGHS-1 and 0.13 s™1 (8 min~1) for R108Q. The model produces a
peak blood aspirin level of ~40 M at 25 min (Fig. 7A), a reasonable simulation of
circulating aspirin levels after one or two standard (325 mg) aspirin tablets [45, 46]. Fig. 7A
also shows the predicted declines in COX activity for PGHS-1 wildtype and R108Q variant
during an aspirin pulse. In each case, surviving COX activity declines quickly during the
aspirin pulse, but levels off after 120 min, when most aspirin has been hydrolyzed. A key
prediction is that R108Q retains over 18% of its COX activity after the first aspirin pulse, vs.
only 1.4% for wildtype PGHS-1. Simulations in which the lower aspirin reactivity of R108Q
was modeled by decreasing the value of k; rather than that of k, predicted almost exactly the
same outcome (data not shown). Thus, a 60% decrease in aspirin reactivity predicts a 12-
fold increase in the fraction of COX-1 activity surviving one cycle of aspirin exposure.

Additional aspirin pulses were simulated in the model to predict the cumulative effects of
repeated aspirin exposure, as experienced by circulating platelets in an individual taking
aspirin daily. Platelets have an average lifespan of ~7 days, and their replacement by new
platelets with new PGHS-1 was mimicked in the model by replacing 15% of all enzyme
intermediates between simulated aspirin cycles. The prediction, shown in Fig. 7B, is that the
surviving COX activities decline to a “steady-state” level after 3-5 aspirin cycles, with 3.2%
of the original COX activity surviving in R108Q and 0.22% in wildtype PGHS-1. The
predicted ratio of R108Q to wildtype COX activities transiently peaks after the second cycle
and then levels off at ~15 (Fig. 7B). Thus, the 60% decrease in aspirin reactivity in the
R108Q variant is predicted to retain some 15-fold more COX activity after repeated aspirin
exposure, compared to the PGHS-1 wildtype.

The other PGHS-1 variants showed smaller decreases in aspirin reactivity (Table 2). To
predict the response to repeated aspirin dosing in these variants (and in hypothetical variants
over a wider range of aspirin reactivity), further computation simulation of COX surviving
repeated aspirin was performed, with ko values set at 0.2-1.25 times the wildtype value. The
resulting predictions (Fig. 8) show the expected inverse relationship between the relative k»
value and the relative surviving COX activity. Using the data in Fig. 8 as a standard curve,
the aspirin reactivities in Table 2 predict that compared to wildtype, R53H, L237M and
V4811 would have 1.5-, 1.8-, and 2.1-fold more COX activity surviving repeated aspirin
treatment. These predicted increases in surviving COX activity are much smaller than those
for the R108Q variant. However, even modest levels of residual thromboxane production in
patients taking aspirin can be associated with increased risk of thrombotic events [47]. It will
be of interest to test the effects of the PGHS-1 variants, especially R108Q, on aspirin
effectiveness against COX-1 in human platelets.
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Although the best-studied pathological roles of COX-1 involve the cardiovascular system,
there is considerable evidence for participation of COX-1 in other pathologies, such as pain
and cancer [48]. Chemopreventive actions are well established for aspirin in the case of
colorectal cancer, and possible mechanisms for this beneficial effect of aspirin include
inhibition of COX-1 in colonic mucosa and/or platelets [49]. The decreased aspirin
reactivity observed here for the R108Q variant of COX-1 suggests that individuals with this
variant may have less chemopreventive benefit from aspirin, at least at the lower doses used
for cardioprotection.

Other effects of non-synonymous PTGS1 polymorphisms

Halushka et al. [38] reported that COX activity in platelets from individuals heterozygous
for P17L (along with a completely linked polymorphism in the promoter) was more fully
inhibited by aspirin than COX in platelets from individuals homozygous for the common
haplotype. The P17L variant is in the cleaved N-terminal signal peptide, not in the mature
PGHS-1 protein, so the increased aspirin effectiveness does not reflect a direct structural
effect. Significant gene-NSAID interactions were reported for the P17L polymorphism with
respect to risk of colorectal polyps [12]. Whereas there was no appreciable difference in
adenoma or hyperplastic polyp risk associated with R8W, P17L, or L237M, a >3-fold
increased risk was observed for individuals heterozygous for the rare L15-L16del
polymorphism. In 2009 Agundez et al. [50] reviewed allele frequencies and published
functional effects data and identified the likely candidates for variable platelet response to
aspirin as P17L and L237M among Europeans and R53H and K185T in African
populations. A later case-cohort study found no indication of association between P17L,
R53H or L237M polymorphisms and risk of coronary heart disease or stroke [51]. However,
individuals heterozygous for the L237M PGHS-1 variant recently were found to have a 42%
reduction in hemodynamic response to visual stimulation [52]; this effect was interpreted in
terms of the decreased COX activity reported earlier for this variant by Lee et al. (2007). We
also found a decreased COX specific activity in the L237M variant, though smaller than that
reported by Lee et al. (Table 3).

Variants and coxib actions

Several reports have noted that PGHS-1 exhibits lower I1Csq values for coxibs as antagonists
of time-dependent inactivation by aspirin and other agents than for the same coxibs as
inhibitors of COX-1 activity [53-55]. An extreme example is NS-398, which was reported to
be a potent antagonist of PGHS-1 inactivation by aspirin but to lack effect on COX catalysis
even at low arachidonate levels [56]. This apparent ability of coxibs to interfere with time-
dependent COX inhibitors without direct COX inhibition led to the recent proposal of an
allosteric mechanism [56]. In this mechanism, coxib binding to the COX site in one
monomer of the PGHS-1 dimer alters the COX site conformation in the other monomer to
prevent the action of aspirin and similar agents but still allows normal COX catalysis.
However, our analysis of NS-398 effects over a wide range of arachidonate levels showed
that this coxib is actually a reversible, competitive inhibitor of COX-1 catalysis (Fig. 6).
This behavior supports an earlier proposal that coxibs have a competitive relationship with
both arachidonate and aspirin [55]. Nevertheless, we did find that the K; for NS-398 as an
aspirin competitor was some seven-fold lower than its K; as an arachidonate competitor.
This difference suggests that NS-398 has two modes for PGHS-1 binding as a COX site
competitor, but it remains to be seen whether the competition involves one or both
monomers in the PGHS-1 dimer.

Arg108 as a novel structural determinant of COX function

Mutagenic studies have identified several COX active site residues that influence the
interactions of PGHS-1 with substrates or inhibitors [39]. The changes in arachidonate K,
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aspirin Kj and ky, and NS-398 antagonism vs. aspirin observed with the R108Q variant
indicate that the sidechain structure at position 108 affects binding interactions within the
COX site. However, the Arg108 sidechain is not in the COX active site, but rather on the
surface of the protein (Fig. 9). Our results with the R108Q variant thus identify Arg108 as a
novel, indirect determinant of COX site function. The crystallographic data show an
interaction between Arg108 and GIn357, which is in a loop comprising residues 353-361
(Fig. 9). Another residue in this loop, Tyr354, is a prominent feature of the COX active site,
and its sidechain makes contacts with substrates and inhibitors. A shift in the positions of
GIn357 and Tyr354 in R108Q might explain COX site effects from a structural change on
the protein surface.

We have characterized the purified recombinant PGHS-1 wildtype and variants as
homodimers, and the computational model is set up for PGHS-1 homodimers. However, the
low prevalence of the variants means that almost all individuals carrying a variant allele are
heterozygotes, so their PGHS-1 protein should be a 1:2:1 mixture of wildtype homodimers,
wildtype/variant heterodimers, and variant homodimers. The properties of both types of
homodimers were determined in the present studies. PGHS-1 and -2 dimers show half-of-
sites behavior, raising the possibility of dominant negative or dominant positive effects in
heterodimers. Thus, further studies will be needed to characterize COX catalysis and
inhibition in heterodimers to predict the in vivo functional impact for individual with
PGHS-1 variants such as R108Q.

Concluding summary

The present results have shown that the R108Q variant of human PGHS-1 has altered COX
kinetic properties and decreased reactivity with aspirin, identifying Arg108 as a novel,
external structural determinant of COX site interactions. The slower action of aspirin in
R108Q predicts markedly less effective COX inhibition of this variant in platelets or other
tissues exposed to the transient pulses of circulating aspirin produced by daily dosing with
the drug. Although the prevalence of R108Q is low, aspirin is taken by much of the
population in many countries, so that a large number of individuals are likely to carry this
PGHS-1 variant. Further studies will be needed to determine if these individuals derive less
cardioprotective and chemopreventative benefit from current aspirin dosing regimens, and
whether these individuals would benefit from higher aspirin doses. We found at least mildly
decreased aspirin reactivity in each of the four PGHS-1 variants studied. However, even
small decreases in aspirin reactivity are predicted to substantially increase COX activity
surviving exposure to repeated pulses of aspirin and it will be of interest to examine aspirin
inhibition kinetics in the other human PGHS-1 variants.
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Fig. 1.

Substrate dependence of COX activity in wildtype PGHS-1 and the R108Q variant. COX
activity was determined by oxygen electrode measurements at 37 °C with the indicated fatty
acid concentrations and 0.025 or 0.165% Tween 20. The lines represent least-squares fits to
the Michaelis-Menten equation. Data shown are for one of three similar experiments.
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Fig. 2.

Thin layer chromatographic analysis of arachidonate reaction products from PGHS-1
wildtype (WT) and variants. The positions of standards are indicated. Details are described

in Methods.
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Fig. 3.

Kinetics of COX inhibition by aspirin in wildtype PGHS-1 and variants. A) Decay of COX
activity during preincubation with 1.0 mM aspirin. Lines represent fits for single exponential
decay. B) Effect of aspirin level on COX decay rate during preincubation. Each data point
represents the fitted decay rate for a separate experiment with the indicated aspirin level and
at least five different lengths of preincubation. Rate constants were corrected for control
COX decay rates in absence of aspirin. Lines represent linear fits.
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Analysis of Kj and k; values for aspirin in wildtype PGHS-1 (WT) and the R108Q variant.
Apparent COX decay rates during preincubation (ko’ values) were determined at 20 °C at
each of the aspirin (potassium salt) levels indicated. Each point and error bars represent the
average = SD at a given aspirin level in three separate ko’ vs. [aspirin] experiments. The
parameters shown are the averages + SD for k; and K;j values from fits to the Michaelis-
Menten equation in the three individual experiments. The lines shown are the fits of the

pooled data from all three experiments to the Michaelis-Menten equation. Details are
described in Methods.
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Fig. 5.

Effect of NS398 on kinetics of COX inactivation by aspirin in PGHS-1 wildtype (WT) and
R108Q variant. Each enzyme was preincubated with 1.0 mM aspirin and the indicated levels
of NS-398 for varying lengths of time to determine apparent rate constants (k,") for loss of
COX activity. The ko’ vs. [NS-398] data from each experiment were analyzed to estimate
1C5q values as described in Methods. The 1Cgq values shown are averages + SD from 3-4

experiments.
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Fig. 6.

Analysis of COX inhibition type for NS-398 in wildtype PGHS-1. The lines are transformed
from the non-linear least squares fits of data at each NS-398 level to the Michaelis-Menten
equation. Inset: apparent K, values for arachidonate (AA) calculated from data in the main
figure are shown as function of the NS-398 level. A linear fit to the data is shown. Details
are described in Methods.
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Predicted effects of aspirin reactivity on COX inhibition by pulsatile aspirin exposure. A)
Simulation of blood aspirin pulse after single oral dosing and prediction of consequent COX

Details are described in Methods.
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activity loss in wildtype PGHS-1 (WT) and R108Q variant. Inset: mechanistic scheme used
for model. B) Prediction of surviving COX activity after repeated cycles of aspirin exposure.
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Fig. 8.
Predicted effect of relative aspirin reactivity of PGHS-1 variant on relative level of COX
activity surviving repeated aspirin treatment cycles. Details are described in Methods.
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Fig. 9.

Crystallographic structure for PGHS-1 acylated by treatment with bromo-aspirin [10]. The
COX active site contains Tyr384, acylated Ser529, salicylate, and Tyr354. Heme is in the
POX site. Arg108 is shown interacting with GIn357 on the 353-361 loop (gold color). The
membrane anchor helices are shown in yellow.
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Table 1

Kinetic parametersa for wildtype (WT) and variant PGHS-1 proteins

PGHS1 | Ycox/Veox COX Kp,
construct (Rel)? (1M arachidonate)

0.025% 0.165%
Tween 20 | Tween 20

wT 1.00£007 | 15404 | 19.8+37
R53H lblf 5%4(;3 19£02 me?s?:tred
o | 2388 | 3258 | i
L237M 1;321 0.9 [ 18x0s | MO
V48l | 107014 | 18+02 | egls%tred

aAverages + SD for n = 3 unless indicated otherwise; p-value for difference with wildtype shown if < 0.05.
bRatio of COX rate to POX rate, normalized to wildtype value.

DObserved rate of COX decay (k’) in a preincubation experiment divided by the fixed aspirin level.
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Table 2

Aspirin reactivity of wildtype (WT) and variant PGHS-1 proteins

PGHS-1 Aspirin reac’(ivitya

construct (relative)
WT 1.00+0.10(n=9)
0.91+0.07 (1=9)

R53H 0 =0.042
0.40 £ 0.05 (N =7)

R108Q b = 0.0001
0.86 +0.05 (N =9)

L237M 0 =0.001
0.82+0.10 (n = 9)

V4811 0 =0.001

aAverage + SD of k2’/[aspirin], normalized to wildtype value (1.04 mm~1 min_l).
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Table 3

Comparison of COX specific activities in PGHS-1 variants.

COX activity (relative to wildtype)

PGHS-1variant | Heterozygosity® b . p
Present study Leeet al. (2007) Halushka et al. (2003)

Wildtype 1.00 1.00 +0.07 1.00 % 0.07
WaR® 0.091 ND 1.04+0.10 0.84+0.18
P17L 0.180 ND 1.13+£0.07 0.78 £0.10
R53H 0.004 0.46 0.35 + 005/7 ND
R78W np’ ND 0.36 +0.04 ND
R108Q (0.08)7 0.71 ND ND
K185T 0.018 ND 0.59 + 0.06h ND
G230S 0.005 ND 057+004" ND
L237TM 0.043 0.78 051 + 0.03h ND
V481l 0.015 0.53 1.21+£0.10 ND

aCurrent dbSNP value [13].

bNormaIized by Coomassie-stained protein density. Wildtype: 34 nmol O2/min/pug PGHS-1 protein.

cNormaIized by immunoreactive protein density [15]. Wildtype: 20 wM O2/min/mg total protein

dNormaIized to5 x 109 platelets [38]. Wildtype: 970 ng PGF2a/ml/30 s.

61Sometimes listed as R8W.

fNot determined.

IMinor allele frequency [57].

hP—vaIue < 0.05 compared to wildtype.
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