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Cyclooxygenase-2 (COX-2) oxygenates arachidonic acid (AA) and
its ester analog, 2-arachidonoylglycerol (2-AG), to prostaglandins
(PGs) and prostaglandin glyceryl esters (PG-Gs), respectively. Al-
though the efficiency of oxygenation of these substrates by COX-2
in vitro is similar, cellular biosynthesis of PGs far exceeds that of
PG-Gs. Evidence that the COX enzymes are functional hetero-
dimers suggests that competitive interaction of AA and 2-AG at
the allosteric site of COX-2 might result in differential regulation
of the oxygenation of the two substrates when both are present.
Modulation of AA levels in RAW264.7 macrophages uncovered an
inverse correlation between cellular AA levels and PG-G biosyn-
thesis. In vitro kinetic analysis using purified protein demonstrated
that the inhibition of 2-AG oxygenation by high concentrations
of AA far exceeded the inhibition of AA oxygenation by high
concentrations of 2-AG. An unbiased systems-based mechanistic
model of the kinetic data revealed that binding of AA or 2-AG at
the allosteric site of COX-2 results in a decreased catalytic efficiency
of the enzyme toward 2-AG, whereas 2-AG binding at the allosteric
site increases COX-2’s efficiency toward AA. The results suggest that
substrates interact with COX-2 via multiple potential complexes in-
volving binding to both the catalytic and allosteric sites. Competition
between AA and 2-AG for these sites, combined with differential
allosteric modulation, gives rise to a complex interplay between the
substrates, leading to preferential oxygenation of AA.

cyclooxygenase | endocannabinoids | allosteric regulation |
chemical kinetics | Bayesian inference

The cyclooxygenase (COX) enzymes catalyze the dioxygena-
tion and subsequent hydroperoxide reduction of arachidonic

acid (AA). These reactions comprise the first two steps in the
biosynthesis of prostaglandins (PGs), which play a role in a broad
range of physiological and pathophysiological processes (1, 2).
The COX enzymes are the primary targets of the pharmacologic
action of the widely used nonsteroidal antiinflammatory drugs
(e.g., aspirin, ibuprofen, and naproxen). There are two COX
isoforms, COX-1 and COX-2, which are structurally and kinet-
ically similar. COX-1 is constitutively expressed in most tissues,
whereas COX-2 is highly inducible in response to inflammatory
and mitogenic stimuli. Thus, it is generally accepted that the
primary factor that differentiates the two isoforms is their dis-
tinct patterns of expression (1).
Although gene expression clearly is a factor in COX-related

physiology, subtle structural differences between the two iso-
forms result in intrinsic functional distinctions. Specifically, the
active site of COX-2 is larger than that of COX-1, allowing
COX-2 to oxygenate bulkier amide and ester analogs of AA that
are poor COX-1 substrates. Among these COX-2–selective sub-
strates are the endocannabinoids 2-arachidonoylglycerol (2-AG)

and arachidonoylethanolamide (3–5). COX-2–dependent oxygen-
ation of these substrates leads to the biosynthesis of prostaglandin
glyceryl esters (PG-Gs) and prostaglandin ethanolamides (prosta-
mides), respectively (3, 4). In vitro, COX-2 uses 2-AG and AA with
similar kinetic efficiencies (3); however, PG-G production in intact
cells is much lower than would be expected based on the relative
amounts of cellular AA and 2-AG (6). This discrepancy is partially
due to the fact that COX-2 requires activation by hydroperoxides,
and higher concentrations of hydroperoxide are required to
maintain 2-AG oxygenation than AA oxygenation (7). In addition,
compartmentalization of the substrates within the cell might ex-
plain the poor utilization of 2-AG.
The homodimeric COX enzymes function as heterodimers,

with one subunit that contains the required heme cofactor acting
as a catalytic site and the second subunit, which lacks heme,
acting as an allosteric site (8, 9). Evidence for allosteric regula-
tion of COX is seen in the ability of various nonsubstrate fatty
acids to modulate the activity and inhibitor sensitivity of the
COXs, presumably through interaction with the allosteric site (8). A
particularly striking example is the ability of 13-methylarachidonic
acid to selectively and substantially increase the oxygenation of
2-AG while having no effect on the oxygenation of AA (10). Another
example of allosteric regulation is substrate-selective inhibition, the
ability of weak reversible inhibitors of AA oxygenation to strongly
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inhibit 2-AG oxygenation by COX-2 (11). These considerations led
us to hypothesize that differential interactions of AA and 2-AG at
the allosteric site of COX-2 might result in a complex interplay
between the substrates when both are present. Here, we demon-
strate that modulation of AA levels inversely affects cellular bio-
synthesis of PG-Gs. We go on to explore the interaction of the
substrates AA and 2-AG during oxygenation by COX-2 in vitro and
in silico. We build a mathematical model of COX-2 oxygenation
kinetics with multiple ligands that explicitly incorporates the dy-
namics of all of the chemical intermediates in the reaction network,
and we use a Bayesian parameter inference formalism to charac-
terize the multiple reaction pathways that exist between the two
substrates, the enzyme subunits, and their products. Our rigorous
model calibration approach allows us to determine probability
distributions, given our experimental data, for kinetic constants
rather than single best-fit values, providing a systems-level un-
derstanding of multiple competing interactions in the reaction
network and accurate confidence estimates for fitted values. The
presented methods are generalizable to other kinetic systems that,
like COX-2, can appear deceptively simple. Our findings support
the hypothesis that a combination of competition and allosteric
regulation controls the selective use of substrates by COX-2 and, to
our knowledge, provide the first evidence of the physiologic rele-
vance of this phenomenon in live cells.

Results
AA Enrichment Suppresses 2-AG Oxygenation in RAW264.7 Cells.
RAW264.7 murine macrophage-like cells exhibit COX-2–
dependent PG-G biosynthesis (3). Incubation of RAW264.7 cells
overnight with AA complexed to BSA increases their cellular
phospholipid AA content by ∼100% (12). We used this enrich-
ment to examine the impact of endogenously released AA on the
production of PGs and PG-Gs following zymosan stimulation.
AA enrichment resulted in a 4.2-fold (Fig. 1A) and 2.4-fold (Fig.
1B) increase in peak zymosan-stimulated AA and 2-AG release,
respectively. However, despite the substantial increase in avail-
able substrate, AA-enriched cells produced no more PGs (Fig.

1C) than unenriched cells in response to zymosan, and the quantity
of PG-Gs produced by the AA-enriched cells was reduced by ∼50%
(Fig. 1D). Thus, AA enrichment in stimulated RAW264.7 cells
results in increased release of both AA and 2-AG in response to
zymosan, but reduced production of PG-Gs.

Inhibition of Endogenous AA Release Results in Elevated PG-G Levels.
We next used a pharmacologic approach to manipulate the levels
of AA in RAW264.7 cells. The major route for the release of AA
for PG biosynthesis in macrophages is hydrolysis at the sn-2
position of AA-containing phospholipids by cytosolic phospho-
lipase A2 α (cPLA2α) (13–16). Consequently, we explored the
effects of giripladib, a selective inhibitor of cPLA2α (17), on AA
release and PG biosynthesis in ionomycin-stimulated RAW264.7
cells. As seen in Fig. 2 A and C, giripladib exposure led to an
89% and 93% decrease in AA release and PG biosynthesis, re-
spectively. Giripladib treatment also resulted in an ∼1.6-fold
increase in PG-G levels (Fig. 2D) with no change in the levels of
2-AG (Fig. 2B). When ionomycin-stimulated RAW264.7 cells
were incubated with 5 μM PGE2-G-d5 under the same conditions
as described in the legend to Fig. 2, there was no difference in
the recovery of the added PG-G between cells incubated in the
absence (92 ± 1%) or presence (89 ± 1%) of giripladib, in-
dicating that the observed increase in endogenously produced
PG-Gs was not due to an off-target suppression of PG-G hy-
drolysis by the inhibitor.

AA Suppresses 2-AG Oxygenation by COX-2 in Vitro. One possible
explanation for these cellular observations is that AA suppresses
COX-2–dependent 2-AG oxygenation when both substrates are
present. To examine this possibility, we characterized the kinetics
of oxygenation of AA and 2-AG by purified mouse COX-2 with
both substrates present in the reaction mixture. Kinetic analysis
of COX activity is complicated by the requirement for product
hydroperoxide activation, which results in an early lag phase, and
enzyme self-inactivation, which leads to premature termination
of the reaction. Consequently, the enzyme does not exhibit a true
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Fig. 1. AA enrichment leads to reduced PG-G levels in zymosan-stimulated
RAW264.7 cells. Cells (5 × 105) were enriched with AA, incubated with LPS
and IFN-γ to induce COX-2 expression, and then stimulated with zymosan to
trigger release of AA (A) and 2-AG (B) and biosynthesis of PGs (C) and PG-Gs
(D). Data are the mean ± SD of four independent experiments, each per-
formed in triplicate. Statistical significance was determined by Student’s
t test (*P < 0.05, **P < 0.01, ****P < 0.0001 compared with unenriched).
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Fig. 2. Inhibition of cPLA2α-dependent AA release by giripladib results in
increased PG-G biosynthesis in RAW264.7 cells. Cells (3 × 106) were pre-
incubated with LPS and IFN-γ and then stimulated with ionomycin in the
presence or absence of giripladib (1 μM). Data show AA (A) and 2-AG (B)
levels along with amounts of PGs (C) and PG-Gs (D) formed. Results are the
mean ± SD of six determinations. Statistical significance was determined
using Student’s t test (**P < 0.01, ****P < 0.0001 compared with vehicle).
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initial rate, and monitoring oxygen consumption using the max-
imal rate achieved at the end of the lag phase has been the ap-
proach used in most kinetic studies (18). Although multiple
previous investigations have yielded kinetic parameters for COX-2
using this approach, it cannot be used to explore the simulta-
neous metabolism of two COX-2 substrates because oxygen
consumption occurs with both. Hence, we used liquid chroma-
tography–tandem mass spectrometry (LC-MS/MS) to distinguish
the oxygenation products of AA and 2-AG, necessitating a fixed
time point assay. To approximate a true initial rate as closely as
possible, substrate–enzyme incubations were limited to 10 s, the
shortest time point that yielded reproducible data. The brief
incubation period minimized substrate consumption and COX-2
self-inactivation; however, it also increased the likelihood that
rates would be underestimated due to incomplete peroxide-
dependent activation. This potential problem was eliminated by
the inclusion of 5-phenyl-4E-pentenyl-1-hydroperoxide (PPHP)
in the substrate mixtures. At a concentration of 1 μM, PPHP
maximized COX-2–dependent oxygenation, particularly in the
case of 2-AG (Fig. S1).
Under the LC-MS/MS assay conditions, AA inhibited 2-AG

oxygenation by mCOX-2 in a concentration-dependent manner,
reaching >80% inhibition at the highest concentrations of AA
tested (Fig. 3A and Fig. S2A). The IC50 for inhibition of 2-AG
oxygenation was ∼0.5 μM AA, regardless of the concentration of
2-AG. 2-AG also suppressed AA oxygenation, but to a lesser
extent, never achieving >40% inhibition (Fig. 3B and Fig. S2B).

Classic Models of Enzyme Inhibition Fail to Explain the Interaction
Between AA and 2-AG. The data presented in Fig. 3 and Fig. S2
suggest that the interaction between the two substrates, which
have apparently similar catalytic efficiencies with mCOX-2 (Fig.
S3) (3), is inconsistent with simple competition between the
substrates for a single active site. We tested this hypothesis by
using KinTek Explorer software to simulate the results that
would be expected from the experiment depicted in Fig. 3 if the
two substrates compete with each other for the catalytic site with
affinities estimated by their respective experimental Km values
(Fig. S3). The model also incorporated substrate inhibition in the
case of 2-AG (Fig. S3B) (10). As shown in Fig. S4 A–F, experi-
mental levels of PGs far exceeded those predicted by substrate
competition alone. Conversely, experimental levels of PG-Gs
were much lower than expected based on the competitive model
(Fig. S4 G–L).
We next tested the hypothesis that the observed results might

be explained on the basis of classical models for uncompetitive,
noncompetitive, or mixed inhibition of 2-AG oxygenation re-
sulting from binding of AA to the allosteric site. These models
also assumed competition between the substrates at the active
site and substrate inhibition in the case of 2-AG. The best fit was
achieved with a model of uncompetitive inhibition of 2-AG ox-
ygenation by AA, which yielded a KI value of 0.52 μM for AA at
the allosteric site (R2 = 0.88). The classic uncompetitive model,
however, assumes that binding of AA at the allosteric site
completely inhibits 2-AG oxygenation, ultimately leading to total
blockade of PG-G formation at high AA concentrations. This is
inconsistent with the experimentally observed failure of AA to
completely suppress PG-G formation (Fig. S5). Furthermore,
similar efforts to model the modest inhibitory effects of 2-AG on
AA oxygenation were unsuccessful.

AA Allosterically Curbs 2-AG Oxygenation by COX-2. To better ex-
plain the effects of combining AA and 2-AG on the oxygenation
of each substrate, we hypothesized that both substrates can bind
to either the catalytic or the allosteric subunit or both, and that
the binding of a substrate in the allosteric subunit modulates, but
does not necessarily eliminate, the activity of the catalytic sub-
unit. To test this hypothesis, we created the COX-2 reaction
model (CORM), a rule-based ordinary differential equation
model encompassing all of the potential binding interactions of
each substrate at both the catalytic and allosteric sites of the

enzyme (Fig. 4). As some kinetic parameters in CORM are not
easily accessible for direct measurement, we used a Bayesian
statistics inference approach to determine whether CORM could
explain the experimental data and estimate parameter distribu-
tions within a probability framework. Bayesian approaches can
model systems with parametric uncertainty to interpret observed
behavior within constraints of existing knowledge (19). To re-
duce the number of values to be derived computationally, the
experimental Km for each substrate was used to approximate its
KD for binding to the catalytic site when no ligand is present in
the allosteric site, and the KD for binding of 2-AG to the allo-
steric site in the presence of 2-AG at the catalytic site was fixed
at the experimentally determined KI value for substrate in-
hibition (Fig. S3). The catalytic constants for product formation
when each substrate is bound only to the catalytic site were fixed
to the experimentally determined kcat values (Fig. 3), and the
catalytic constant for the enzyme with 2-AG in both sites was set
to zero, as assumed in the model for substrate inhibition. The
forward rate constants for formation of the remaining reversible
intermediate complexes were fixed at diffusion-limited values.
All remaining parameters were fitted to experimental data using
a BayesianMarkov Chain Monte Carlo walk, which samples possible
parameter values to probabilistically determine the combinations
that fit the experimental data (20). Equilibrium constants for in-
termediate complexes were then calculated from the relevant rate
constants. This approach generates both a parameter set of the most
probable values and a probability distribution (Fig. S6) for the value
of each parameter that indicates its level of constraint, given the
experimental data. The 95% credible intervals, which are calculated
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from the probability distributions, contain the true parameter with a
95% probability (Fig. S7).
As seen in Fig. S6, the coefficients of variation for the pa-

rameter distributions vary substantially across the model fit, so
that some distributions are quite narrow whereas others are
much broader. The presence of broad distributions reflects the
fact that our current knowledge of the system is insufficient to
result in a tight convergence of all values. Those parameters with
broad distributions are less likely to play a significant role in the
overall kinetics of the system, whereas those with a narrow dis-
tribution more strongly affect the observed kinetic behavior. These
considerations suggest that the most influential parameters of
those modeled computationally are the dissociation constants for
the binding of AA in the allosteric site after either AA or 2-AG
has bound in the catalytic site, and the rate constants for the

formation of PGs or PG-Gs, respectively, from those resulting
doubly bound complexes.
The most probable KD and kcat values obtained computa-

tionally are shown in Fig. 4 and Fig. S7. Fig. 5 and Fig. S8 pro-
vide a comparison of the experimental data with those predicted
by the model. Clearly, CORM provides a better fit to the ex-
perimental data than was observed for any of the classic kinetics
models tested, supporting the hypothesis that the COX-2 re-
action occurs through the formation of multiple complexes via a
variety of pathways. A more detailed analysis of CORM’s pa-
rameters suggests that binding of either substrate to the allosteric
site is favored only if a ligand is present in the catalytic site. When
AA is present alone, the doubly bound complex is favored over the
singly bound one at concentrations above ∼1.5 μM, whereas, for
2-AG, the singly bound complex predominates even at very high

Fig. 4. COX-2 reaction model (CORM) for the interaction of substrates AA and 2-AG with COX-2, a functional heterodimer comprising a catalytic subunit
(Left, green) and an allosteric subunit (Right, red). The model provides values for the equilibrium constants of all intermediate complexes and rate constants
for product-forming steps as indicated. Constants depicted in red were fixed to experimentally determined values. Specifically, Km values, which varied little
between experiments, were based on the data in Fig. S3. To optimize fitting to the data in Fig. 3, kcat values obtained from those data were used. Values
depicted in blue are the most probable values for those parameters, based upon computational results.

1 M AA

0 2 4 6 8 10 12 14 16
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22

[2-AG] ( M)

P
G

s 
(

M
)

A

Experimental
Simulated

1 M 2-AG

0 2 4 6 8 10 12 14 16
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

[AA] ( M)

P
G

-G
s 

(
M

)

C

8 M AA

0 2 4 6 8 10 12 14 16
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
0.22
0.24

[2-AG] ( M)

P
G

s 
(

M
)

B

8 M 2-AG

0 2 4 6 8 10 12 14 16
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

[AA] ( M)

P
G

-G
s 

(
M

)

D
Fig. 5. Computational modeling of both the catalytic and
allosteric sites of COX-2 enables data fitting. Graphed are
the actual data from the experiment described in the
legend to Fig. 3 versus those simulated using parameters
generated by CORM shown in Fig. 4. Data shown are PG
levels produced from low (1 μM) and high (8 μM) con-
centrations of AA in the presence of increasing concen-
trations of 2-AG (A and B) and PG-G levels produced from
low and high concentrations of 2-AG in the presence of
increasing concentrations of AA (C and D). For results from
the entire set of data, see Fig. S8.
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concentrations (Fig. S9 A and B). When both substrates are present
over a wide range of concentrations, complexes with two different
ligands are favored over those in which the same molecule is bound
to both sites (Fig. S9 C and D). Notably, CORM predicts that the
catalytic constant for conversion of 2-AG to PG-Gs when AA is
present in the allosteric site is reduced compared with the catalytic
constant associated with 2-AG turnover in the absence of a ligand
in the allosteric site; based on the kinetic rate distributions
returned by CORM, there is a 98% probability that the turnover
of 2-AG with no ligand in the allosteric site is greater than when
AA is present in the allosteric site. In contrast, the catalytic
constant for AA oxygenation by COX-2 is predicted to be higher
when 2-AG occupies the allosteric site than when AA or no li-
gand is present in that site; there is an 85% probability that the
2-AG–bound complex turns over AA more quickly than the
complex with no allosteric ligand. Thus, allosteric interactions
between substrates and COX-2, as revealed through kinetic mod-
eling, provide a rational explanation for the observed in vitro
experimental results.

Discussion
COX-2 as an Allosteric Enzyme. In 1997, Swinney et al. (21) reported
that COX-1 behaves as an allosteric enzyme with a Hill coefficient
of 1.3. Their interpretation of this apparent cooperativity was later
disputed by Chen et al. (22), who explained the phenomenon on
the basis of COX’s requirement for product hydroperoxide to
activate the enzyme’s active site. Since that time, researchers have
generally agreed that the COX isoforms do not behave as allo-
steric enzymes with regard to AA. However, recent evidence
strongly supports the concept that the enzymes are functional
heterodimers and that activity is modulated by binding of non-
substrate ligands to the allosteric subunit (8–10). Here, we report
that AA and 2-AG, despite similar catalytic efficiencies with COX-2
when measured individually in vitro, differ markedly in their rate
of oxygenation in the presence of the other substrate. Further-
more, we present data consistent with the hypothesis that this
modulation of COX-2 activity not only occurs with purified pro-
tein but also in intact cells.

CORM Explains the Complex Interplay of COX-2 Substrates. To ex-
plain our experimental observations, we hypothesized that AA
and 2-AG can bind to both the catalytic and allosteric sites of the
enzyme, and that binding in the allosteric site modulates the
activity of the catalytic site. This hypothesis is described by
CORM, which provides assessments of the affinity of each sub-
strate for COX-2’s catalytic and allosteric sites and the kcat values
associated with each catalytically competent complex. We used a
Bayesian statistical approach to characterize CORM within a
probabilistic framework that uses prior knowledge to constrain
plausible biochemical mechanisms of COX-2 reaction dynamics.
To the best of our knowledge, this is the first attempt to use this
conditional probability approach to infer mechanisms for small
biochemical model systems such as the COX-2 reaction network.
CORM suggests that the two substrates compete for the en-
zyme’s allosteric site. Binding of AA to that site likely results in a
decrease in the enzyme’s catalytic efficiency for oxygenation of
2-AG while having little effect on the oxygenation of AA. CORM
also suggests that binding of 2-AG to the allosteric site of COX-2
in the presence of AA in the catalytic site increases the enzyme’s
catalytic efficiency for oxygenation of AA. These results explain
why the suppression of 2-AG oxygenation by AA and the sup-
pression of AA oxygenation by 2-AG are greater and lesser, re-
spectively, than predicted based upon competition at the catalytic
site alone. Thus, our mechanistic model and parameter inferences
reveal a complex enzyme–substrate interaction that cannot be
construed from classical kinetic analyses.
It is important to note that a number of assumptions were

made when constructing CORM, including that the forward rate
constant for formation of all intermediate complexes is diffusion
limited, that the affinity of each substrate binding alone to the
catalytic site can be approximated by its experimental Km, that

the respective experimental kcat value should apply to product
formation specifically from this complex, and that the affinity of
2-AG at the allosteric site can be approximated by its experi-
mental KI. The latter assumptions are reasonable in the case of
2-AG oxygenation, as the experimental values obtained for that
substrate were derived from a substrate inhibition model that
accounts for binding of 2-AG in both the catalytic and allosteric
sites. Consequently, it is not surprising that CORM predicts
initial rate values for oxygenation of 2-AG in the absence of AA
that are indistinguishable from those predicted from the sub-
strate inhibition model using the same experimentally derived
parameters (Fig. S9E). In the case of AA oxygenation, however,
the Km and kcat values used to derive CORM were obtained from
the Michaelis–Menten model, which assumes only a single bind-
ing site for substrate. The presence of a catalytically active
complex containing AA in both the allosteric and catalytic
sites, as modeled in CORM, calls into question how well the
Michaelis–Menten model applies to this scenario. As seen in Fig.
S9F, initial velocities predicted by the most probable values
returned by CORM fit the Michaelis–Menten equation remark-
ably well. However, the resulting Km and kcat values are lower
and higher, respectively, than the corresponding experimental
parameters applied during the generation of CORM. These re-
sults indicate that an enzyme exhibiting the behavior predicted
by CORM will appear to follow Michaelis–Menten kinetics, as
COX-2 does experimentally; however, the Km and kcat values
returned will reflect the activity of all catalytically competent
complexes rather than any single one. Consequently, some error
has likely resulted from the use of experimental Km and kcat
values to estimate the affinity and activity of the complex
containing AA bound only to the catalytic site during the deri-
vation of CORM.

Structural Basis of Allostery. Previously reported data suggest that
the two sequence-identical subunits of COX-2 are distinguished
by the presence of heme in the catalytic site and its absence in
the allosteric site (8). This difference is not recapitulated in the
currently available crystal structures of the holoenzyme, which
show heme bound to both subunits. Nevertheless, crystal struc-
tures of complexes of the holoenzyme with either AA or 1-AG, a
more stable isomer of 2-AG, show different conformations for
the binding of the substrate in each subunit (23, 24). In both
cases, only one subunit contains a productively bound confor-
mation of the substrate. These observations suggest a functional
difference between the two subunits even when heme is bound in
both sites. They also confirm that both AA and 2-AG retain
affinity for the allosteric site, albeit in a different binding pose
than what is observed in the catalytic site. Thus, there is a
structural foundation for the allosteric regulation of COX-2 ac-
tivity by both substrates. Our kinetic model suggests that binding
of either AA or 2-AG in the allosteric site is inhibitory to 2-AG
oxygenation and mildly stimulatory to AA oxygenation, rein-
forcing literature reports that AA oxygenation is relatively un-
affected by the presence of many nonsubstrate modulators (both
inhibitory and stimulatory) at concentrations that markedly af-
fect 2-AG oxygenation (10, 11, 25). We currently do not know
the basis for these differences between the substrates, but crystal
structure data of 1-AG in the COX-2 active site reveal that
binding requires movement of the side chain of leucine-531 that
is not required for binding of AA (23). It is possible that the
flexibility required to accommodate 2-AG in the active site is
highly sensitive to the presence of ligands in the allosteric site.

Role of Allostery in Intact Cells.Our findings that AA inhibits 2-AG
oxygenation in vitro and that cellular AA and PG-G levels are
inversely correlated lead one to question the degree to which
allosteric control modulates PG-G synthesis in cells. Most stud-
ies of cellular PG-G production have used stimuli that trigger the
release of high concentrations of free AA, only a portion of
which is converted to PGs. In most cases, the ratio of AA to
2-AG in whole-cell lysates is at least 10:1, whereas the ratio of PGs
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to PG-Gs has been in the range of 500–1,000:1 (6, 26). In the ex-
periments reported here, the PG:PG-G ratio was from 20- to 100-
fold higher than the AA:2-AG ratio (Figs. 1 and 2). These findings
are consistent with our evidence that AA suppresses 2-AG oxy-
genation by COX-2. However, allosteric regulation is likely only
one of a number of factors contributing to the high PG:PG-G ratio
found in cells. Others include the kinetics of release of AA and
2-AG, the local concentrations of each substrate, and the hydro-
peroxide tone in the immediate vicinity of the enzyme.
Although the heterodimeric nature of COX enzyme function

has been described, the impact of substrate binding in the allo-
steric site on catalytic efficiency or inhibitor potency has not
been thoroughly explored. Our data demonstrate that binding of
AA or 2-AG in the allosteric site of COX-2 leads to changes in
the efficiency of oxygenation of both substrates in the catalytic
site, effects that are not easily appreciated through kinetic stud-
ies using individual substrates. Our findings also indicate that
both substrates are theoretically capable of competing with
inhibitors for either site. Clearly, future considerations of the
kinetic behavior of the COX enzymes must take into account the
potential for substrate and inhibitor binding, and the associated
functional consequences, in both subunits of the enzyme.

Methods
Cell Culture. For AA enrichment studies, RAW264.7 cells were incubated with
BSA-complexed AA and granulocyte–macrophage colony-stimulating factor
overnight. The cells were subsequently stimulated with lipopolysaccharide/
IFN-γ (LPS/IFN-γ) to induce COX-2 expression followed by zymosan to pro-
mote substrate release and PG and PG-G biosynthesis. For studies of the
effects of inhibition of AA release, RAW264.7 cells were treated with LPS/IFN-γ

to induce COX-2 expression, followed by treatment with giripladib to inhibit
cPLA2α. Ionomycin was then added to promote substrate release and PG and
PG-G biosynthesis. Further details can be found in SI Methods.

Kinetic Experiments. Various concentrations of substrate premixed with PPHP
were incubated with mCOX-2 as specified in the figure legends. Reactions
were quenched and products extracted with acidified ethyl acetate con-
taining internal standards for quantification via LC-MS/MS (see SI Methods
for details). Quantitation is based on the production of PGE2 and PGD2 or
PGE2-G and PGD2-G, which are the primary dioxygenated products from AA
or 2-AG, respectively. These species comprise a constant proportion of total
products under the reaction conditions used. The quantification does not
include monooxygenated products of either substrate or other breakdown
products of the PG endoperoxide intermediates. Consequently, reported
measurements of kcat are lower than previously reported values based on
total oxygen consumption that, for most products, occurs at a rate of two
molecules of oxygen per molecule of fatty acid substrate.

Kinetic Modeling. KinTek Explorer software was used to simulate competitive
inhibition. Modeling of uncompetitive, noncompetitive, and mixed inhibition
was carried out usingGraphPadPrism 6. The rule-basedmodel depicted in Fig. 4
was built in the PySB modeling framework, and parameter fitting was per-
formed with the DREAM(Z) module in PyMC (27–29). Details are in SI Methods.
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