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ABSTRACT: Saturation transfer difference NMR (STD-NMR) spectroscopy has
emerged as a powerful screening tool and a straightforward way to study the
binding epitopes of active compounds in early stage lead discovery in
pharmaceutical research. Here we report the application of STD-NMR to
characterize the binding of the anti-inflammatory drugs ibuprofen, diclofenac, and
ketorolac to COX-1 and COX-2. Using well-studied COX inhibitors and by
comparing STD signals with crystallographic structures, we show that there is a
relation between the orientations of ibuprofen and diclofenac in the COX-2 active
site and the relative STD responses detected in the NMR experiments. On the
basis of this analysis, we propose that ketorolac should bind to the COX-2 active
site in an orientation similar to that of diclofenac. We also show that the
combination of STD-NMR with competition experiments constitutes a valuable
tool to address the recently proposed behavior of COX-2 as functional
heterodimers and complements enzyme activity studies in the effort to rationalize
COX inhibition mechanisms.

1. INTRODUCTION
Nonsteroidal anti-inflammatory drugs (NSAIDs) are among
the most prescribed therapeutics for the treatment of arthritis,
pain, and inflammation. The evidence that the mechanism of
action of NSAIDs is the inhibition of prostaglandin synthesis
was the key to understanding both the therapeutic effect and
the gastrointestinal toxicity of these drugs. This inhibition
occurs via blockage of prostaglandin endoperoxide-H synthase-
1 and -2 (PGHSs) also known as cyclooxygenases (COX),1−3

by sterically hindering the entrance of the physiological
substrate − arachidonic acid (AA). The discovery of two
COX isoforms4−7 associated with different functions (COX-2,
inflammation; COX-1, homeostatic functions such as main-
taining normal gastric mucosa) demonstrated that the anti-
inflammatory and analgesic properties of traditional NSAIDs,
such as aspirin, ibuprofen, or flurbiprofen (Figure 1), are due to
COX-2 inhibition, whereas the ulcerogenic side effects are
associated with inhibition of COX-1. To overcome the side
effects associated with COX-1 inhibition, selective COX-2
inhibitors have been developed such as celecoxib and rofecoxib
(diarylheterocycle compounds known as “coxibs”). However,
the long-term use of both traditional NSAIDs and coxibs has
been reported to cause significant cardiovascular effects,
myocardial infarctions, and strokes. Indeed the removal of
rofecoxib from the market because of its cardiac toxicity limited
the usefulness of these otherwise efficacious drugs.8

The search for COX selective inhibitors is complicated by
the close structural similarities between COX-1 and COX-2.
COXs are homodimers of 70 kDa subunits composed of a
membrane-binding domain and two catalytic domains. These

domains catalyze two different reactions: a cyclooxygenase
(COX catalytic domain) reaction and a peroxidase (POX
catalytic domain) reaction. COX catalytic domains have very
similar active sites that differ in the presence of a side pocket
that is augmented in COX-2 when compared to COX-1. This
overall difference in the active site shape and size is due to the
presence of a valine (Val-523) in COX-2 instead of an
isoleucine (Ile-523) in COX-1.9−11 This variation enables a
tighter binding of the sulfonamide or sulfone group of the
coxibs (celecoxib or rofecoxib, respectively) in the side pocket
of COX-2.12

X-ray crystallography, kinetic studies, and molecular
modeling are among the most explored tools to understand
both the selectivity and the binding mode of nonselective and
selective inhibitors. Therefore, these approaches constitute the
primary source of information toward the rational drug design
of novel selective COX-2 inhibitors.9,13

A number of kinetic studies support a general model for
COX inhibition where multiple equilibriums between free
enzyme, inhibitor, and two or three enzyme−inhibitor
complexes are considered.9 There are examples of reversible
competitive inhibition characterized by a single-step mecha-
nism, usually associated with the kinetic profile of noncovalent
inhibitors, as well as more complex time dependent irreversible
inhibition mechanisms involving multiple steps and a time
dependent change in the enzyme/inhibitor complex.9 Most
COX-2 selective inhibitors initially bind in a competitive,
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reversible binding followed by a time-dependent intermediate
to a tightly bound complex (enzyme−inhibitor).
Recent studies point to the fact that only one subunit of the

COX homodimer is active at a time and exhibits activity with
AA and that many NSAIDs bind to a single subunit of a COX
dimer to inhibit the activity of the entire dimer.14 There is
evidence that the COX active site that has a catalytic function is
modulated by the nature of the ligand occupying the COX site
of the partner monomer.15 These studies show that COX
functions as allosteric/catalytic couples, having a catalytic
monomer (Ecat) and an allosteric monomer (Eallo). Therefore,
they behave as conformational heterodimers during catalysis
and inhibition, with Ecat being regulated by Eallo. Then COX
inhibition depends on whether the inhibitor binds Eallo or Ecat
or both. This mechanism of inhibition has been used to explain
the action of widely used NSAIDs.10 It was proposed that time-
independent competitive COX inhibitors, like ibuprofen, bind
to both COX sites, with inhibition of AA oxygenation only
being affected after binding to the second site. Dong et al.15

speculate also that the fact that the binding of one molecule of
diclofenac16 or indomethacin17 per COX-2 is responsible for
the complete inhibition of human COX may be due to the fact
that diclofenac and indomethacin bind to Ecat.
In spite of the kinetic data that support the various inhibition

models, the extensive data on the inhibitory effects of different
classes of compounds in COX activity, and the crystallographic
analysis of selective COX inhibitors, there is still a lack of
structural information to correlate with the various models and
studies.
Nuclear magnetic resonance spectroscopy is a unique tool to

study molecular interactions in solution and to obtain
information about the interactions of small ligands with
biologically relevant macromolecules. However, to the best of
our knowledge, NMR spectroscopy has not yet been reported
as a methodology to examine COXs inhibition. Thus, this work
represents the first report of the use of NMR to investigate
inhibition of COX enzymes by NSAIDs.
In this manuscript we report the application of the STD-

NMR experiment to screen for ligand−COX complexes and to

characterize the binding epitope of widely used NSAIDs. STD-
NMR is based on the nuclear Overhauser effect and on the
observation of the ligand resonance signals,18 and its ability to
detect binding of low molecular weight compounds to large
biomolecules is well documented.18−20 Our aim was to test the
applicability of the STD method as a tool to study NSAID
binding to COXs using well-studied COX inhibitors.
To study the applicability of the STD-NMR technique to

detect binding with COX-1 and COX-2 and to optimize the
methodology, we have used ibuprofen. This is a nonselective
COX inhibitor that displays a competitive and rapidly reversible
inhibition of the COX activity, characterized by a single-step
mechanism,9,21 with inhibition constant KI = 9 μM for COX-1
and COX-2.22 The binding of COX-2 with inhibitors
possessing different affinities and different proposed inhibition
mechanisms, diclofenac and ketorolac, was also investigated in
simple binding experiments and in competition binding
experiments with ibuprofen.23

2. EXPERIMENTAL SECTION
2.1. Materials. COX-1 from ram seminal vesicles and COX-2

from sheep placenta were purchased from Cayman Chemical (Ann
Arbor, MI, U.S.). The proteins are supplied in 80 mM Tris-HCl, pH
8.0, 0.1% Tween 20, and 300 μM diethyldithiocarbamate (DDC) and
were used as such. Ibuprofen and (±)-ketorolac thrometamin were
purchased from Sigma, and diclofenac was purchased from Merck and
used as such.

For the STD-NMR experiments, ibuprofen, ketorolac, and
diclofenac stock solutions (20 mM) were prepared in DMSO-d6.
From these, an amount of 15 μL was added to the COX solution
directly in the NMR tube. Then 80 mM Tris-HCl buffer at pH 8.0 was
used to adjust the volume to 200 μL. Final concentrations of COX and
ibuprofen were 3 and 300 μM, respectively. For the competition
binding experiments, the ratio of inhibitors/protein was kept to 100:1
and the solutions were prepared as above.
2.2. NMR Spectroscopy. All STD-NMR experiments were

acquired at 37 °C in a Bruker Avance III spectrometer operating at
600 MHz, with a 5 mm triple resonance cryogenic probe head. The
STD-NMR spectra were acquired with 1024 transients in a matrix with
32K data points in t2 in a spectral window of 12019.23 Hz centered at
2814.60 Hz. Excitation sculpting with gradients was employed to

Figure 1. Nonselective (A) and selective (B) COX-2 inhibitors.
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suppress the water proton signals. A spin lock filter (T1ρ) with a 2 kHz
field and a length of 20 ms was applied to suppress protein
background. Selective saturation of protein resonances (on resonance
spectrum) was performed by irradiating at −300 Hz using a series of
40 Eburp2.1000 shaped 90° pulses (50 ms, 1 ms delay between pulses)
for a total saturation time of 2.0 s. For the reference spectrum (off
resonance) the samples were irradiated at 20 000 Hz. Proper control
experiments were performed with the reference samples in order to
optimize the frequency for protein saturation (−0.5 ppm) and off-
resonance irradiation, to ensure that the ligand signals were not
affected.

The STD effect was calculated using (I0 − ISTD)/I0, in which (I0 −
ISTD) is the peak intensity in the STD spectrum and I0 is the peak
intensity in the off-resonance spectrum. The STD intensity of the
largest STD effect was set to 100% as a reference, and the relative
intensities were determined.20,24

3. RESULTS

3.1. STD-NMR of COX-1 and COX-2 with Ibuprofen.
Ibuprofen was chosen to test the applicability of STD-NMR to
detect ligand-COX binding. Previous to the STD-NMR study,
1H NMR spectra of COX-1 and COX-2 were acquired using
the commercial enzyme solutions at 37 °C. The spectra are
dominated by a strong signal at 3.8 ppm from the methylene
protons of the Tris buffer. Other signals originating from DDC
and Tween 20 can also be observed in the region between 0.5
and 3.5 ppm (Supporting Information). As the strong signals
from the buffer and the additives (Tween and DDC) are likely
to overlap with the ligand resonance peaks, these conditions are
not ideal for NMR. However, attempts to resuspend the
protein in different buffers resulted in precipitation and the
studies were conducted with the proteins as supplied.
In Figure 2 the STD-NMR spectra obtained for the mixtures

of COX-1/ibuprofen and COX-2/ibuprofen are presented (see
Supporting Information for additional spectra, Figures S1 and
S2).
Since the STD-NMR spectrum is obtained by subtracting a

spectrum in which the protein is saturated from one without
protein saturation, the difference spectra presented in Figure 2
contain only signals of the protons that received saturation

from the protein. Proper control experiments were performed
with the reference samples in order to optimize the frequency
for protein saturation (−0.5 ppm) and off-resonance
irradiation, to ensure that the ligand signals were not affected.
The aromatic resonances of ibuprofen, clearly visible in the two
STD spectra, are a clear indication that the drug binds
reversibly to both COX isoforms. In the spectral region
between 1 and 3 ppm some protons of the Tween 20 also
appear in the difference spectra, showing that the surfactant
also interacts with the proteins. This is not unexpected, since
the surfactant is added to help stabilize and solubilize the
protein and some degree of association and interaction between
the enzymes and the surfactant is expected to occur.
The signals originating from the Tween 20 partially mask the

ibuprofen proton resonances in the aliphatic region, since they
overlap with the alkyl region of ibuprofen. However, in spite of
this overlap, STD signals from the methylene protons (H10)
and from the methyl group (H8) close to the carboxylic acid
moiety are still detectable, reflecting a close contact of the
entire molecule with both enzyme isoforms. In the STD
spectrum with COX-2, we are even able to detect the chemical
shifts of protons from the methyl groups of the isobutyl group
(H12/13) that appear around 0.9 ppm.
Overall, the STD-NMR spectra obtained for COX-1 and

COX-2 are very similar. Because of the spectral overlap with the
Tween 20 resonances, complete epitope mapping of the
ibuprofen resonances is not possible. Nevertheless, it is still
possible to integrate the resonances of the resolved proton
signals and to determine relative STD effects for H2/6, H3/5,
and H10 for COX-1 and H2/6, H3/5, H8, and H10 for COX-2
(Figure 2). For both isoforms high STD percentages are found
for the aromatic protons. Significant differences are observed
for H10, 100% in COX-1 and 60% in COX-2, especially when
compared with the aromatic protons that are not that
significantly different for both isoforms. Also the difference in
STD intensity between protons H2/6 and H3/5 is more
significant in COX-2 (99% vs 90%) than in COX-1 (93% vs
95%). This might reflect a distinctive contact due to the

Figure 2. 1H STD-NMR spectra of ibuprofen in the presence of COX-1 and COX-2, at 600 MHz and 37 °C.
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differences in the relative shape and size of the binding pocket
of both isoforms.
3.2. STD-NMR Studies with COX-2. To investigate the

relationship of inhibitory activity to binding to COX-2, the
binding epitopes of ketorolac and diclofenac were examined
both alone and in the presence of ibuprofen, in competition
STD-NMR experiments.
Prior to the competition experiments, the drugs were

examined individually for binding to COX-2, and STD-NMR
spectra were obtained for ketorolac and diclofenac (Figure 3).
Strong STD responses were obtained for both compounds,
indicating reversible binding to the enzyme, just like for
ibuprofen. All the aromatic protons of ketorolac and diclofenac
received high degrees of saturation, revealing that in both cases
there is a close contact with the protein and that almost the
entire surface of the molecules interacts with the enzyme. Most
interesting is the fact that in both compounds no STD could be
detected with the aliphatic protons close to the carboxylic acid
moiety, H2′ in diclofenac and H1, H2, and H3 in ketorolac (see
full spectra in Supporting Information, Figure S3 and Figure
S4). Relative STD intensities were calculated for all the protons
that received saturation transfer and are above 90% with the
exception of protons H4′, H5′, and H7′ in diclofenac that show
STD intensities close to 80%.

According to reported IC50 values, diclofenac (IC50 of 60−
220 nM)22 is a more potent inhibitor of COX-2 than ibuprofen
(IC50 = 1.53 μM).25 For ketorolac substantially different IC50
values are reported depending on the experimental conditions
of the activity measurements; values as low as 0.12 μM 26 have
been reported if the COX-2 activity is measured after a period
of preincubation of the enzyme with the NSAID while higher
values such as 60.5 μM 27 were determined for the
instantaneous inhibition. This time-dependent inhibition is
well-known for some NSAIDs.28

STD-NMR experiments were performed using ibuprofen as
the STD spy molecule in the competition experiments.
Ibuprofen and diclofenac or ketorolac were used in equimolar
amounts, and the ligand/protein ratio was 100:1 for both
ligands. Since the STD-NMR experiment by itself does not
allow discrimination of the binding site, in order to determine if
the drugs compete for the same binding pocket, the
experiments were performed twice with reverse order of
ligands addition. In the first round of experiments ibuprofen
was added previously, followed by the addition of ketorolac or
diclofenac and acquisition of the STD spectra of the mixture. In
the second set of experiments ketorolac or diclofenac was
added previous to the ibuprofen, and STD-NMR spectra were
recorded after the addition of each compound. The results of

Figure 3. Expansion of the aromatic region of the 1H STD-NMR spectra of ketorolac (left) and diclofenac (right) in the presence of COX-2, at 600
MHz and 37 °C with the corresponding reference spectra.

Figure 4. Expansion of the aromatic region of the 1H STD-NMR spectra of ibuprofen/ketorolac (left) and ibuprofen/diclofenac (right) in the
presence of COX-2, at 600 MHz and 37 °C with the corresponding reference spectra.
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both experiments were identical. Figure 4 illustrates the STD
response obtained in the experiments with ibuprofen/
ketorolac-COX-2 and ibuprofen/diclofenac-COX-2.
In the STD competition experiment with ibuprofen and

ketorolac only residual STD signals, slightly above the noise
level, are detected for ketorolac in the presence of ibuprofen
(Figure 4, left). The result is independent of the order of
addition of the compounds, indicating that ibuprofen and
ketorolac compete for the same binding site and reflect the fact
that ibuprofen has a higher association constant than ketorolac
and binds preferably to COX-2. This result is in accordance
with the reported differences in IC50 if we consider the value
reported for ketorolac for the instantaneous inhibition assay.27

With the exception of proton H10 of ibuprofen, which seems
to receive relatively less saturation, the binding epitope of
ibuprofen in the presence of ketorolac is very similar to the one
obtained for ibuprofen alone (compare Figure 4 with Figure 2).
A lower saturation is transferred for the aromatic protons H2/6
when compared to H3/5, and the maximum STD is found for
proton H8 (see Supporting Information, Figure S5 and Figure
S6).
In the competition experiment with diclofenac and ibuprofen

the result is quite different. It was expected that diclofenac
would suppress almost completely the STD response from
ibuprofen because of its lower IC50. What can be observed in
Figure 4 (right) is a relatively lower response from ibuprofen
when compared to diclofenac, but still a considerable STD
effect is detected. Once more the results are independent of the
order of addition. Unfortunately, because of spectral overlap in
the aromatic region, it is difficult to separate the STD responses
from diclofenac and ibuprofen in order to compare with the
individual experiments. However, the well resolved H10 (29%
relative STD) signal from ibuprofen (see full spectra in
Supporting Information) allows one to approximately quantify
the ibuprofen STD response as 1/2 of that of diclofenac. The
binding epitope of diclofenac does not seem to be affected by
the competition with ibuprofen, and similar relative values are
obtained for the resolved resonances when compared with

diclofenac alone (100% vs 98% for H3/5, 78% vs 77% for H5′,
and 70% vs 80% for H7′).

4. DISCUSSION

The STD technique offers several advantages over other
methods to detect binding activity. First, inhibitor association/
dissociation is detected independently of monitoring enzyme
activity and the binding component can usually be directly
identified, even from a mixture (see Figure 4). Second, the
region of the ligand having the strongest contact to the protein
shows the most intense NMR signals, enabling epitope
mapping of the ligand interactions. And third, very important
for a NMR-based detection system, its high sensitivity allows
using as little as 1 nmol of protein with a molecular weight of
>10 kDa.18

One of the requirements for a successful STD-NMR
experiment is the occurrence of exchange between free and
bound inhibitor, allowing the use of this technique for
screening ligands with dissociation constants KD ranging from
about 10−8 to 10−3 M, i.e., reversible binding and a fast
exchange on the NMR time scale.
The STD results obtained for ibuprofen and COX-1 and

COX-2 are consistent with the competitive and rapidly
reversible mechanism accepted for COX inhibition.9 Since
the experiments with COX-1 and COX-2 were performed
under the same conditions, the fact that strong STD signals
could be observed for both isoforms reflects a similar rate of
access/exit to both enzyme active sites. This observation is in
accordance with the suggestion of an inhibition mechanism,
common to COX-1 and COX-2 and for the vast majority of
NSAIDs, involving first the binding of inhibitor to the enzyme
near the solvent-accessible opening of the hydrophobic channel
followed by a fast translocation of the inhibitor along the length
of the channel and association within the COX active site.21

Slight differences were observed for the STD intensities of
ibuprofen with COX-1 and COX-2, particularly in the relative
intensity of the saturation transferred for the aromatic protons
and the methylene protons. In the crystal structure of COX-1
with ibuprofen (PDB code 1EQG) the inhibitor binds in the

Figure 5. (A) Ibuprofen bound in the active site of ovine COX-1 with the carboxylate coordinated to Arg-120 and Tyr-355.29 (B) Diclofenac in the
active site of murine COX-2 with the carboxylate coordinated to Tyr-385 and Ser-530.30
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COX-1 active site with the carboxylate making an ion pair with
Arg-120 and a hydrogen bond with Tyr-355, with two of the
aromatic protons from one side of the ring very close to Ile-523
(Figure 5A).29

There is no available experimental structure for the
ibuprofen/COX-2 complex, but if one considers that the
orientation of the ligand is similar to that of COX-1 and that
the carboxylate makes the same type of contacts, then the
reduction of STD intensity for H10 might be explained by the
fact that in COX-2, Ile-523 is replaced by Val-523, augmenting
the space available in COX-2 and reducing slightly the
interaction with the methylene protons.
In the STD-NMR experiment the transfer of saturation

occurs from the protein to the bound inhibitor and the
detection is done after complex dissociation, being independent
of the location of binding site. Therefore, the possibility that
ibuprofen binds to both the COX and POX sites cannot be
ruled out only by these experiments.
The relative STD intensities obtained for diclofenac with

COX-2 (Figure 3, right) are very interesting to analyze in detail
because of the fact that diclofenac binds the active site of COX-
2 in an inverted binding mode when compared with most of
the crystal structures of COX enzymes with carboxylic acid
containing NSAIDs.30 Diclofenac binds to COX-2 with its
carboxylic acid moiety hydrogen-bonded to Ser-530 and Tyr-
385 (Figure 5B) instead of the usual coordination to Arg-120
found for most of the carboxylated NSAIDs.
The fact that no STD is detected for H2′ of diclofenac (see

full spectra in Supporting Information, Figure S3) contrasts
with the high STD found for H8 in ibuprofen (Figure 2) and by
itself could already constitute an indication of a different
orientation in the binding pocket. This is further supported by
the STD intensities of the phenylacetic acid ring, which with
the exception of proton H6′ receive considerably less saturation
transfer than the diclorophenyl group (Figure 3). According to
the superposition of the crystallographic structures (Figure 6),

this ring is exactly located in the same region of the isobutyl
group of ibuprofen that also receives less saturation transfer.
The dichlorophenyl group presents the highest STD intensity
and presents van der Waals contacts with Val-349, Ala-527, and
Leu-531,9 being located almost exactly in the same region as the
aromatic ring of ibuprofen.
As far as we know, there is no information available in the

literature concerning the structure of ketorolac bound to COX-
2. Nevertheless, the previous analysis seems to indicate that the
ligand moieties directed toward Arg-120 and Tyr-355 are
associated with higher STD intensities than the moieties
directed toward Ser-530 and Tyr-385. Following this reasoning
and considering the STD intensities obtained for ketorolac, we
can propose a binding orientation similar to that of diclofenac.
The absence of STD intensities for H1, H2, and H3 seems to
indicate that most probably the carboxylate adopts a
conformation that favors an interaction with Ser-530 and
Tyr-385 instead of Arg-120 and Tyr-355, just like the one
observed in diclofenac. The high STD intensities obtained for
the phenyl ring are also consistent with this arrangement and
with the positioning of the aromatic ring similar to that of the
phenyl ring of ibuprofen and the diclorophenyl group of
diclofenac.
Competition STD-NMR has been reported as a means to

overcome one of the major limitations of the STD technique.
For high-affinity ligands (koff rates in the range of 0.1−0.01 s−1)
the saturation cannot be transferred effectively to solution,
resulting in no observable STD effect.19 Therefore, if two
ligands compete for the same site, then the combination of
STD-NMR with competition binding experiments allows
detection of high affinity ligands by the disappearance or
reduction of the STD signal of a low affinity indicator ligand.31

In the STD-NMR competition experiments with ketorolac
and ibuprofen only residual STD signals could be detected for
ketorolac while the ibuprofen signals are clearly visible (Figure
4, left). This indicates a lower affinity of ketorolac when
compared to ibuprofen. The competition STD-NMR result
correlates well with the differences of IC50 for ibuprofen (1.35
μM)25 and that determined for the instantaneous inhibition
assay of ketorolac (60.5 μM),27 implying that the much lower
IC50 for ketorolac in the assays with preincubation cannot be
explained because of a higher binding affinity. If this were the
case we would have obtained exactly the opposite result in the
STD competition experiment, residual STD signals for
ibuprofen and strong STD signals for ketorolac. Moreover,
since the competition STD-NMR results were independent of
the order of the addition of the drugs, this suggests that the
time dependent inhibitory effect of ketorolac is more complex
than a simple blockage of the binding sites due to competition.
These results show that a relative rank of order of COX
inhibition by NSAIDs may be determined from the comparison
of IC50 values but that these values alone provide no indication
of the mechanism of enzyme inhibition and require careful
consideration especially when the inhibition is time dependent.
On the other hand the competition STD-NMR experiment
gives a direct report about the relative binding affinity of the
competing ligands (if the ligands have overlapping binding
sites) and can be a valuable tool to complement enzyme activity
studies.
The fact that a relatively high STD response was observed for

ibuprofen in the presence of diclofenac may be indicative that
diclofenac and ibuprofen are not competing for the same
binding site. While only qualitative, these results are in

Figure 6. Superposition of the crystallographic structures of ibuprofen
(light gray) in the active site of ovine COX-1 with diclofenac (dark
gray) in the active site of murine COX-2. The aromatic ring of
ibuprofen and the diclorophenyl ring of diclofenac occupy the same
region and give similar STD relative responses.
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accordance with the recent proposal of Dong et al.15 of a
conformational heterodimer behavior for human COX-2.
Accordingly, if we consider that ibuprofen binds to both sites,
designated as Eallo and Ecat, and that diclofenac binds to Ecat,
then a complete suppression of the ibuprofen signals by the
presence of diclofenac would not be possible. Even with
diclofenac having a much higher affinity for Ecat and competing
effectively with ibuprofen, there will always be ibuprofen
binding to Eallo.
One of the key issues addressed when concerning selective

COX-2 inhibition is the rates of association and dissociation of
an inhibitor from the enzyme. There seems to be a correlation
between the relative rates of dissociation and the selectivity of
the isoenzyme inhibition. For some selective inhibitors it was
observed that while the association with COX-1 and COX-2
occurs at similar rates, a slower dissociation from COX-2, due
to a more stable binding mode, explains the selectivity
observed. Our STD results obtained for the NSAIDs studied
are in accordance with these observations. STD is sensitive to
the koff rate, and for high-affinity ligands (koff rates in the range
of 0.1−0.01 s−1) the saturation cannot be transferred effectively
to solution, resulting in no observable STD effect. This has to
do with the fact that the ligand has to dissociate more quickly
than the magnetization relaxation rate; otherwise relaxation
occurs and the magnetization is lost. The STD-NMR results
obtained in this study for ibuprofen, ketorolac, and diclofenac
show that the binding of these compounds to the enzyme is
reversible and that a relatively fast dissociation rate is observed,
the dissociation must occur with koff rates above 0.1 s−1.

5. CONCLUSIONS

In this work we have shown for the first time the use of NMR
spectroscopy as a technique to characterize the binding epitope
of COX-1 and COX-2 inhibitors. STD-NMR was successfully
applied to study the binding of ibuprofen to COX-1/COX-2
and the binding of ketorolac and diclofenac to COX-2. The
results obtained are consistent with the accepted mechanism of
rapid and reversible inhibition.
The study of the binding epitopes of ibuprofen and

diclofenac with COX-2 and the comparison with the crystallo-
graphic structures seem to indicate that the ligand moieties
directed toward Arg-120 and Tyr-355 are associated with
higher STD intensities than the moieties directed toward Ser-
530 and Tyr-385. This fact allowed us to propose a binding
mode for ketorolac similar to that of diclofenac with COX-2.
Our STD-NMR results open a new window of research to

study the relation between multiple COX-2 binding sites,
concerning not only inhibitors but also other nonsubstrate
molecules, like fatty acids. It is envisaged that even conforma-
tional modifications of the Ecat site due to the binding to the
Eallo may be probed by the careful study of the binding epitopes
of known inhibitors in the presence of different nonsubstrate
molecules.
These exploratory studies show that NMR is a valuable tool

to complement enzyme activity studies in the effort to
rationalize COX inhibition mechanisms.
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