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ABSTRACT: High-resolution NMR spectroscopy was used to determine the docking of a substrate
(prostaglandin H2) mimic (U46619) to the engineered prostacyclin (PGI2) synthase (PGIS) in solution.
The binding of U46619 to the PGIS protein was demonstrated by 1D NMR titration, and the significant
perturbation of the chemical shifts of protons at C-11, H2C, and H20 of U46619 were observed upon
U46619 binding to the engineered PGIS in a concentration-dependent manner. The detailed conformational
change and 3D structure of the PGIS-bound U46619 were further demonstrated by 2D1H NMR experiments
using the transferred NOE technique. The distances between the protons H20 and H2, H18 and H2, and
H18 and H4 are shorter following their binding to the PGIS in solutionsdown to within 5 Å. These
shorter distances resulted in a widely open conformation, where the triangle shape of the unbound U46619
changed to a more compact conformation with an oval shape. The bound conformation of U46619 fits
the crystal structure of the PGIS substrate binding pocket considerably better than that of the unbound
U46619. The residues important to the substrate binding in the active site pocket of PGIS were also
predicted. For example, Trp282 could be one of the most important residues and is suspected to play a
role in the determination of specific catalytic function, which has been established by the docking studies
using the NMR structure of the PGIS-bound form of U46619 and the PGIS crystal structure. These studies
have provided the structural information for the interaction of the PGIS with its substrate mimic. The
noted conformational changes where the C-6 position is closer to the C-9 position of U46619 provided
the first experimental data for understanding the molecular mechanism of the catalytic function of PGIS
in the isomerization of PGH2 to prostacyclin.

The biosynthesis of the different prostanoids involves the
conversion of arachidonic acid (AA)1 to the unstable pros-
taglandin H2 (PGH2; Figure 1) by cyclooxygenase (COX)
isoform-1 (COX-1) or -2 (COX-2) and then the isomerization
of PGH2 to the biologically active prostaglandins (PGs) E2

(PGE2), PGD2, PGF2, and PGI2 and thromboxane A2 (TXA2)
by their corresponding COX-downstream synthases (1-10).
The synthesized prostanoids mediate diverse and opposite
pathophysiological processes within the vascular, nervous,
reproductive, and other systems as well as cancers. For
example, TXA2, synthesized by TXA2 synthase (TXAS), has
been implicated as a proaggregatory and vasoconstricting
mediator in various pathophysiological conditions such as
stroke and heart diseases (7, 8). In contrast, PGI2 synthesized

from PGI2 synthase reveals opposing characteristics when
compared to TXA2. Little structural information is available
for the molecular basis of the prostanoid biosynthesis
mediated by the COX-downstream synthases. This becomes
a major obstacle for further understanding the molecular
mechanisms of their specific catalytic functions. In the past,
some attempts have been made to understand the molecular
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FIGURE 1: Chemical structure of U46619 and PGH2.
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mechanism behind the different substrate recognition and
binding sites that adopt the different conformations of PGH2

for PGIS and TXAS. Different orientations of PGH2 in the
active site pockets of TXAS and PGI2 synthase (PGIS), with
respect to the heme iron position, have been proposed by
Hecker and Ullrich (11). Their spectroscopic studies, which
involve the stable PGH2 analogues U44069 and U46619
(Figure 1) with a modification of theendo-peroxide oxygen
atom at the C-9 or C-11 position of PGH2, have suggested
that the C-9endo-peroxide oxygen of PGH2 is likely to
interact with the heme ferric iron of the TXAS molecule. In
contrast, the C-11endo-peroxide oxygen of PGH2 interacts
with the heme ferric iron of PGIS. The current spectroscopic
studies, which involve the use of different ligands to probe
the substrate binding pockets, have indicated that PGIS has
a much narrower substrate binding pocket than TXAS (12).
These spectroscopic assays provided an important insight,
suggesting that PGH2 adopts different conformations while
in the substrate binding sites of the COX-downstream
synthases. The very recent crystal structure of the engineered
PGIS has confirmed the earlier observation, in which the
substrate binding pocket of PGIS is relatively smaller than
that of other P450’s (13). In addition, the binding of the PGH2
mimic U44069 to the engineered TXAS in solution has been
recently characterized by our laboratory using high-resolution
NMR spectroscopic studies (14). The studies successfully
revealed that the PGH2 mimic underwent a conformational
change when bound to the active TXAS protein in solution.
This conformational change was favorable to the ligand
docking into the pocket of the enzyme’s substrate binding
site. This bound form conformation of the ligand should
facilitate an illustration of the substrate pocket. However,
the lack of a crystal structure for TXAS has created a
challenge for further identifying the exact residues of the
synthase which are involved in the ligand docking, but since
the crystal structure of PGIS has been solved, we were able
to overcome this limitation for PGIS and further identify the
molecular mechanisms for the catalytic function of the
synthase using the solution structure of the substrate mimic.
In this paper we describe the first studies to characterize the
binding of the substrate mimic and PGIS in solution using
high-resolution NMR spectroscopy, reveal the molecular
basis of its catalytic function in the isomerization of PGH2

to PGI2, and attempt to find the possible key residues
involved in the determination of the specific catalytic
function. The residue Trp282 (nonconserved in TXAS) was
predicted as one of the key residues that might be involved
in the specific catalytic activity of PGIS. All of the studies
were carried out by docking of the NMR structure ligand to
the crystal structure of the PGIS protein.

EXPERIMENTAL PROCEDURES

Materials. D2O and ethanol-d6 were purchased from
Cambridge Isotope Laboratories (Andover, MA). U46619
(Figure 1), a stable analogue of PGH2, was obtained from
Cayman Chemical (Ann Arbor, MI). All other chemicals
were purchased from Sigma.

Preparation of Engineered Soluble PGIS. The protein of
the engineered soluble PGIS was a gift from Dr. Lee-Ho
Wang’s laboratory (University of Texas Health Science
Center, Houston, TX). The details for the preparation of the
engineered soluble PGIS have previously been published

(15). Briefly, a soluble form of PGIS was generated by
replacing the N-terminal membrane-anchoring domain of
PGIS with the N-terminal sequence P4502C5 MAKKTSS
and a four-histidine tag at the carboxyl terminus to facilitate
purification. The resultant chimeric protein [2C5/∆(1-17)-
PGIS, referred to as “PGIS” below] was expressed in bacteria
as a cytosolic and monomeric protein that could yield
approximately 8 mg of soluble PGIS/L of bacterial culture,
with a purity of more than 95% by electrophoresis (15).

NMR Experiments. For the NMR experiment of the free
form ligand, U46619 (final concentration of 5.2 mM) was
dissolved in 0.55 mL of 20 mM sodium phosphate buffer,
pH 7.5, containing 10% ethanol-d6 and D2O (to provide a
lock signal) and then used for determination of the 1D and
2D (DQF-COSY, TOCSY, and NOESY)1H spectra. For the
NMR titration experiment, soluble PGIS was dissolved in
0.5 mL of sodium phosphate buffer, pH 7.5, containing 150
mM NaCl and 10% D2O and the 1D1H spectra for PGIS
were acquired. Later, different amounts (5, 10, 20, and 50
µL) of U46619 in ethanol-d6 were added to the sample (1
mg/50µL) and incubated at 298 K for 20 min, and the 1D
spectra were acquired again. The 2D DQF-COSY, TOCSY,
and NOESY spectra for the final mixture of the titration (4.8
mM U46619 and 80µM PGIS, in 0.55 mL of 20 mM sodium
phosphate, pH 7.5, containing 9% ethanol-d6 and 9% D2O)
were then recorded. All NMR experiments were carried out
on a Bruker Avance 600 MHz NMR spectrometer with a 5
mm triple-resonance probe at 298 K. The water peak was
suppressed by the excitation sculpting method (16). All 1D
spectra contain 16K data points. NOESY and TOCSY spectra
contain 2048× 512 data points, and the DQF-COSY spectra
contain 4096× 512 data points. The NOESY spectra were
recorded with a mixing time of 150 and 300 ms. The TOCSY
spectra were carried out with an MLEV-17 spin-lock pulse
sequence with a total mixing time of 70 ms. Quadrature
detection was achieved in F1 by the states-TPPI method.
The NMR data were processed using the Felix 2000 program
(Accelrys, San Diego, CA). Shifted sine-bell window func-
tions of 0° (for DQF-COSY), 60° (for TOCSY), or 90° (for
NOESY) were used in both dimensions. Chemical shifts were
referenced to the internal standard DSS (contained in D2O),
which was set to 0 ppm.

Calculation of Structures and Docking of U46619 into the
PGIS ActiVe Site. The overall conformation of the free
U46619 or the PGIS-bound U46619 was determined through
the inter-proton distances derived from the NOESY cross-
peaks using a distance bound method (17). The NOE cross-
peaks were first assigned, and the volumes were measured
and converted into upper bounds of the inter-proton distance
constraints using the Felix 2000 program. The strong,
medium, and weak peaks were set to correspond to upper
bound distances of 2.7, 3.5, and 5.0 Å, respectively. Distance
constraints were input manually into the Discover program
within the Insight II package (Accelrys), and restrained
energy minimizations consisting of 1000 steps of conjugate
gradient algorithm were then carried out to generate the
structure of U46619. For the docking studies of U46619,
the PDB file of the PGIS (PDB ID 2IAG) was converted
into a file with hydrogen atoms using the Biopolymer module
of the Insight II program. U46619 was docked into the
substrate binding site of the crystal structure of PGIS with
the initial configuration, where the O-11 atom of U46619 is
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directed toward the ferric iron on the heme on the basis of
the previous paper (11). The energy minimization using the
Discover program with 1000 steps of steepest descent
algorithm was used to optimize the docking. The force field
used was the consistent value force field (CVFF) with
modified nonbond parameters for the heme (18, 19).

RESULTS

PGIS Substrate Mimic U46619.Two synthetic molecules,
U44069 (not shown) and U46619 (Figure 1), are widely used
as PGH2 mimics to study the binding of COX-downstream
synthases with their substrate. Both molecules have a
chemical structure identical to that of PGH2 (Figure 1), with
the exception of the replacement of the C-11 (for U44069,
data not shown) or C-9 (for U46619, Figure 1)endo-peroxide
by a carbon (17). With the single-atom modification, U44069
and U46619 became highly stable in comparison to PGH2,
which had a half-life of only a few minutes in solution. The
binding affinity of U46619 for PGIS is much higher than
for TXAS. In contrast, U44069 has a higher binding affinity
for TXAS than for PGIS (11). Therefore, U46619 is a very
useful analogue to probe the conformation of PGH2 bound
to PGIS.

Preparation of the Engineered Soluble Human PGIS. The
engineered human PGIS, containing an alternation of the
N-terminal membrane domain, was prepared as described
(15). After purification, the binding activity of the engineered
PGIS to its substrate analogue, U46619, was characterized
using absorption spectroscopy and MCD (magnetic circular
dichroism) methods (15). The binding activity of soluble,
engineered PGIS to U46619 had aKd of 36 µM, which is
close to that of the wild-type PGIS (30µM; 15).

Binding of the Substrate Analogue U46619 to the Engi-
neered PGIS Characterized by 1D1H NMR Titration
Experiments.In previous NMR structural studies for the
interaction of U44069 with TXAS, we have found that the
binding of U44069 to TXAS causes a conformational change
in which an open hairpin structure is converted to a more
compact oval-like structure (14). This was the first experi-
mental evidence to show the docking of PGH2 to one of the
COX-downstream synthases in solution and imply that PGH2,
when catalyzed by different COX-downstream synthases,
needs the correct conformation to fit the different active sites
of the synthases. It could be a key factor in determining the
specificities of the synthases’ catalytic functions in their
biosynthesis of the different prostanoids. PGIS is similar to
TXAS because they both belong to the microsomal P450’s
and share significant homologies in their backbone structures
and substrate binding sites (20). To see the docking of the
PGH2 to PGIS, 1D 1H NMR titration experiments were
performed to determine the binding of U46619 to PGIS in
solution, as described in the Experimental Procedures. Upon
binding of U46619 to the PGIS, the chemical shifts of the
proton resonance signals of both the ligand and protein were
affected. Since PGIS has a molecular mass of about 60 kDa
and its NMR signal is difficult to observe, we focus primarily
on the changes of the chemical shifts of U44069. Thus, the
1D 1H NMR titration experiments were designed to perform
the experiment in the presence of a large amount of U46619
and a very small amount of PGIS protein to exclude the
signals of the protein. The molar ratios of U46619 to PGIS

in experiments B, C, D, and E in Figure 2 were 57:1, 28.5:
1, 14.3:1, and 5.7:1, respectively. Significant perturbations
of the proton chemical shifts at H11, H2C, and H20 of
U46619 were observed following the addition of the
engineered PGIS in a concentration-dependent manner during
the titration experiments (Figures 2 and 3).

In contrast, shifts of the other U46619 protons (such as
H12) were not significantly changed. These results provide
evidence that U46619 was showing some interaction upon
binding to PGIS in solution and the U44069 protons H11,
H2C, and H20 were likely involved in the direct and/or
indirect contact with the active site residues of the PGIS
protein.

Detection and Characterization of the Substrate Analogue
U46619 Binding to the Engineered PGIS by the Transferred
NOE Effect.The exchange-transferred nuclear Overhauser
effect NMR spectroscopy (transferred NOE, trNOE, or
etNOE) has proven to be a useful technique for studying
the bound conformation of flexible ligands and to screen
mixtures of small molecules for binding activity.

When the free state and bound state of a ligand undergo
a fast exchange (normally requiresKd > 1 µM), the NMR
signal will be a single peak at the weighted-average position
over the free and bound signals. The free-state ligand is a
small molecule with a fast tumbling rate, which shows a
weak positive NOE that may build up slowly. Conversely,
the bound state of the ligand has a slow tumbling rate and
large negative NOEs that quickly build up, due to the large
molecular weight of the ligand-protein complex (21, 22).
In trNOE experiments, the NOESY spectrum of the ligand
is recorded in the presence of a very small amount of
proteins. The cross-peak intensities of the NOESY spectrum
could be predominantly determined by the bound-state NOEs.
Therefore, by measuring the intensities of the NOE cross-
peaks, the inter-proton distances in the bound state can be
estimated and used to calculate the bound-state conformation.
Also, the ligand binding to the protein may be indicated by
a change in the sign of NOE cross-peaks from negative (free
ligand, positive NOE) to positive (bound ligand, negative
NOE).

In these studies, 2D1H NMR spectra, NOESY, DQF-
COSY, and TOCSY, for U46619, in the presence and
absence of the engineered soluble PGIS, were recorded using
150 and 300 ms mixing times. For the 2D experiments, the
ratio of U46619 to PGIS protein was approximately 57:1,
which gave a strong signal for the U46619 and little
interference from the broad and weak protein peaks. The
proton resonance assignments for U46619 alone were ac-
complished on the basis of the proton chemical shifts and
the through-bond coupling detected by DQF-COSY and
TOCSY. Figure 4 shows an example of the 2D NMR
assignments for the U46619 2D spectra recorded using 300
ms mixing time.

The resonance assignments of U46619 in the presence of
PGIS were obtained by comparing the spectra of the mixture
with that of the free U46619. The binding of U46619 to the
engineered soluble PGIS protein was clearly established by
the identification of two major changes in the NOESY
spectra: (a) The intramolecular NOE cross-peaks of U46619
changed from the negative phase (Figure 5, top panel, small
molecule showing a negative phase) to the positive phase
(Figure 5, middle panel; U44069 bound to the active PGIS
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became a large complex with a positive phase). In contrast,
a nonphase change was observed in the presence of the
inactive PGIS protein (Figure 5, bottom panel). (b) New NOE
cross-peaks were observed in the NOESY spectrum of
U46619 with the active PGIS protein (Figure 6), which
accounted for the ligand’s interaction with PGIS. For
example, the NOE cross-peaks of H20/H2, H18/H2, and
H18/H4, identified in the NOESY spectrum of U46619 with
the engineered PGIS (Figure 6B), were not found in the
NOESY spectrum of the free U46619 (Figure 6A). This
indicates that the distances between H20 and H2, H18 and
H2, and H18 and H4 are closer upon binding to the PGIS,
down to within 5 Å.

3D Solution Structure of the PGIS-Bound U46619.The
complete assignments for the proton resonances of U46619
in the presence of the engineered PGIS allowed us to generate
32 NOE (for a 300 ms mixing time) constraints from the

NOESY spectrum (Table 1). The similar 31 NOE constraints
were also obtained with a 150 ms mixing time (data not
shown). Two refined 3D structures of the PGIS-bound
U46619 were obtained by structural calculations using the
experimental distance constraints (150 and 300 ms mixing
times, Figure 7A). The solution NMR structure of the free
U46619 (Figure 7B) was also generated by a similar
approach. To show the differences between the structures
of U46619 in the free and bound forms in solution, the free
form structure was superimposed with one of the bound form
structures (Figure 7C). It should also be indicated that all of
the structures generated from their NOE constraints were
satisfied by calculating the input restraints’ satisfaction using
the Insight II program. In the free form of U46619, the two
arms (R andω chains) were widely open with a distance of
approximately 8.9 Å. In contrast, the PGIS-bound form of
U46619 adopted a compact conformation with an oval shape,

FIGURE 2: 1D NMR titration of U46619 bound to the engineered PGIS. Free unbound U46619 is shown (A). The chemical shift signals
of U46619 were perturbed by the addition of PGIS protein at ratios of 57:1 (B), 28.5:1 (C), 14.3:1 (D), and 5.7:1 (E).
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in which the two arms became closer, generating a distance
of approximately 5.3 Å (Figure 7C). This distance change
between theR andω chains is similar to that of the U44069
bound to TXAS. However, some differences can be observed
in the ring region.

Docking of the PGIS-Bound U46619 Conformation with
the Substrate Binding Pocket of the Crystal Structure of the
Engineered Human PGIS.The crystal structure of the
engineered human PGIS was solved very recently and
showed that the PGIS active site is relatively small compared
with that of other P450’s. The docking module of Insight II
was used to monitor the intermolecular energy between
U46619 and PGIS (with a cutoff value of 20 Å). Docking
of the NMR- determined structure of the free form of PGH2

(with the R andω chains widely open) into the active site
of the PGIS crystal structure caused severe steric clashes

resulting from the unreasonable energy increase of the
overlapping atoms between the ligand and the side chains
of the protein. This information implies that conformational
changes are necessary when the substrate binds to PGIS,
which is consistent with our NMR experimental observation
in the determination of the bound form structure of U46619
(Figure 7). We then docked the well-defined conformation
of the bound form of U46619 into the PGIS active site to
see whether there was a better fit than that of the free form
U46619. The docking was carried out by the following
strategies: (a) The substrate binding site of PGIS was
identified by the crystal structure presentation (13). (b) The

FIGURE 3: Perturbations of the proton chemical shifts of U46619
in the presence of the engineered PGIS protein. The altered chemical
shifts of H11, H2C, and H20 resulting from the addition of the
engineered PGIS are plotted. The unchanged chemical shift of H12
was also plotted as an internal control.

FIGURE 4: TOCSY spectrum showing the resonance assignments
of the free U46619 in solution. The coupling network between
protons on adjacent carbons is indicated.

FIGURE 5: Contour plots of the NOESY spectra (300 ms mixing
time) of U46619 alone (top panel) and with the active (middle
panel) or inactive (bottom panel) PGIS protein. The cross-peaks in
(A) and (C) are negative (green color), corresponding to the positive
NOEs, whereas in (B) some of the cross-peaks are positive (blue
color), indicating the negative NOEs. The detailed cross-peaks
inside the dashed line frames in the top and middle panels are shown
in Figure 6.
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O-11 atom of the PGIS-bound form of U46619 was set in
the position in contact with the heme ferric iron on the basis
of the earlier spectroscopic analyses (11). (c) The overall
contact of U46619 with the residues of the substrate binding
followed our earlier mutagenesis studies (23). For example,
the Leu214 and Pro215 residues in the F/G loop, which are
known to be important residues involved in the substrate
binding (23), were set near the ends of theR andω chains
of U46619. (d) By fixing the positions of the head and the
end of U46619 in the pocket, the best fit of the U46619/
PGIS docking was obtained. (e) By using the Insight II
docking module, a position for U46619 with the lowest
intermolecular energy was determined. (f) Finally, the entire
U46619/PGIS complex was subject to energy minimization
using the Discover program for further refinement, with fixed

constraints applied to the allR carbons of PGIS and all the
heavy atoms of the heme molecule. Also, weak distance
constraints of the upper limit (4 Å) were applied to the
distance between the ferric iron and the O-11 atom of
U46619. The conformation of U46619, after the complex
energy minimization, had little difference when compared
with the original bound conformation calculated from the
NMR data. The intermolecular energy was-45 (kcal/mol)/
Å, which indicated that the binding of U46619 to PGIS
causes a decrease in intermolecular energy. This docking has
further improved the NMR structure of the bound form of
U46619 calculated from the semiqualitative NOE data and
proven that the bound conformation of U46619 actually fits
the PGIS substrate pocket (Figure 8). Some key residues
which are likely to be involved in the substrate binding, such
as Y99, L103, W282, and F483, are also highlighted in
Figure 8.

Docking Analysis of the Key Residue Trp282 in the
Substrate Binding Pocket Interacting with U46619. To test
whether the residues in contact with U46619 in the PGIS
substrate binding pocket (identified by the previous docking
studies) are involved in the regulation of the enzyme catalytic
function, a computational approach was used to replace the
Trp282 residue (one of the key residues listed in the above

FIGURE 6: Intramolecular NOEs of U44069 bound to the engineered
PGIS protein. The new intramolecular NOEs of U46619 appeared
after interaction with active PGIS (B) in comparison with its free
state (A). The new NOE cross-peaks were labeled with the
corresponding resonance assignments in the first and second
dimensions.

Table 1: NOE Constraints of the Bound Form of U46619 Used To
Generate the 3D Conformation

proton pair distance (Å) proton pair distance (Å)

H14/H18 5.0 H7-1/H2C-2 3.5
H13/H18 2.7 H7-2/H2C-2 3.5
H13/H12 3.5 H9/H2C-1 2.7
H14/H12 3.5 H12/H8 2.7
H5/H4 2.7 H20/H19 2.7
H7-2/H6 3.5 H2C-1/H10a 2.7
H9/H6 5.0 H2C-1/H10b 5.0
H14/H15 3.5 H9/H10a 5.0
H13/H15 3.5 H9/H10b 3.5
H14/H11 5.0 H9/H8 3.5
H13/H11 5.0 H4/H3 2.7
H15/H18 5.0 H2/H3 2.7
H11/H10a 5.0 H18/H17 2.7
H11/H10b 5.0 H18/H16-2 2.7
H12/H11 3.5 H18/H16-1 2.7
H2C-2/H12 5.0 H20/H2 5.0

FIGURE 7: NMR structures of U46619. (A) The structures of the
PGIS-bound form of U46619 generated from trNOE experiments
using 150 ms (red color (10 structures)) and 300 ms (blue color
(10 structures)) mixing times were superimposed. (B) Two of the
final averaged structures of the PGIS-bound U46619 generated with
150 ms (red color) and 300 ms (blue color) mixing times were
superimposed. (C) Free form of the NMR structure of U46619.
(D) Superimposed free form (green color) and bound from (blue
color, 300 ms) of U46619. The superimposed image (D) shows
the distances between C-6 and C-9 (red dotted lines) and between
the R andâ carbons (white dotted lines) of U46619.
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section) with a Phe residue (W282F), which has a similarly
sized side chain. Figure 9A shows that the W282 side chain
is very likely to play a role in constraining the docking
orientation of U46619 when it moves into the 3D pocket of
wild-type PGIS. In this case, U46619 can only have a “fixed”
orientation when accessing the active site. This could be a
factor in arranging the C-11endo-peroxide of PGH2 to
contact the heme iron for the specific isomerization of the
substrate to PGI2 (Figure 9A). However, in the W282F
mutant, the F282 residue in the binding pocket shows a loose
contact and perhaps lost the constraints with U46619, which
led to the U46619 binding to the pocket in an “unfixed”
orientation (Figure 9B). The conformation of the TXAS-
bound U44069 was superimposed with the PGIS-bound
U46619 in the active site pocket of PGIS (Figure 9C).
Although the PGIS-bound U46619 fit into the pocket
perfectly, the TXAS-bound U44069 could not fit the pocket
as well due to several impairments. The side chain confor-
mation of U44069 (Figure 9C) would not fit the Trp282
configuration as did the U46619 side chain (Figure 9A). The
endo-peroxide at the C9 position of U44069 was out of place
and contacting the Fe2+ atom of the heme. These results
further suggested that the Trp282 configuration (with the
bound form of U46619 observed in the NMR structure) is
involved in the control of the specificity and affinity of the
substrate-enzyme docking in PGIS.

DISCUSSION

Typically, the studies involving substrate binding to
enzymes are simply monitored by observing changes in the
products or substrates using spectroscopic and other assay
methods. These methods are relatively simple and useful for
the basic characterization of the enzyme activities. However,
they cannot provide detailed structural information regarding
the substrate’s actual binding to the enzymes. Cocrystalli-
zation of the substrate analogues with the enzymes has been
the classic method used to study the enzyme catalytic
mechanisms from a structural point of view. However, it is

time-consuming in getting the complex crystal, data collec-
tion, and interpretation. NMR spectroscopic techniques, such
as trNOE, saturation transferred difference (STD) NMR, and
SAR by NMR, have emerged as powerful methods for
understanding the binding processes at both the molecular
and atomic levels. Two types of NMR experimental ap-
proaches are generally used for studies of substrate-enzyme
interactions. One focuses on the changes of NMR signals
from the smaller substrate, such as trNOE and STD, whereas
the other observes the chemical shift changes of the targeted
protein (typically the amide1H-15N single bond correlations,
SAR by NMR) upon binding with its substrate. The trNOE
NMR technique is particularly useful in the identification
of a moderate, weak-binding ligand of a protein and
determination of the bound conformation of the ligand

FIGURE 8: Docking of U46619 into the putative substrate binding
pocket of the PGIS crystal structure. The molecules displayed are
heme (red), U46619 (yellow), the PGIS protein sequence (blue
lines), and the side chain of W282 (green). Other residues likely
involved in the ligand interaction are also labeled.

FIGURE 9: In silico mutation for PGIS Trp282 and the comparison
of the PGIS-bound form of U46619 and TXAS-bound form of
U44069 (14) docked into the active site of the PGIS crystal
structure. Bound form of the NMR structure of U46619 docked
into the active site of the wild type (A) or W282F mutant (B) of
PGIS. The TXAS-bound form of the NMR structure of U44069
replaced by the PGIS-bound form of U46619 in the active site
shown in panel A is also displayed (C).
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through quantitative analysis of the intramolecular trNOEs
(24-26). In the present studies the 1D and trNOE NMR
experiments have provided clear results for the identification
of the interaction between U46619 and the engineered active
PGIS. 3D structural determination of the PGIS-bound
U46619, including the NOEs’ changes from a strong negative
to positive and the intramolecular trNOEs of the bound
U46619, is important experimental evidence that supports
the idea that PGH2 must adopt a unique structure when bound
to a COX-downstream synthase; in this case it is PGIS.

In the current studies, to control the spin diffusion which
might affect the trNOEs resulting from the binding to the
protein, we have used the following strategies: (1) Using
less protein, since less protein appears to give less spin
diffusion as identified by previous investigators (27). Since
the bound ligand is very small, when a small amount of
protein is used, a relatively long mixing time (300 ms) can
be applied to the experiment to get the necessary intensity
of NOESY. In other words, the spin diffusion effects of
using a longer mixing time can be partially canceled by
using a lower concentration of protein. (2) Using different
mixing times for the NMR experiments. After comparison
of the bound structures of U46619 obtained with the 150
and 300 ms mixing times, no significant differences were
found, which indicated that little spin diffusion affects
the experiments even when using a 300 ms mixing time. In
fact, several experimental results have proven that the
intermolecular spin diffusion is not a general problem for
bound ligand determination in the designed trNOE experi-
ments (28).

The D-ring propionate group in the crystal structure is not
very well defined, but it is likely to point toward the distal
pocket of the heme, a characteristic very distinct from that
of other P450’s (13). Our docking study indicated that the
D-ring propionate group could form a hydrogen bond with
the hydroxyl group on C-15 of U46619, which provides a
possible explanation for its orientation. Our previous studies,
which involve the use of a synthetic peptide, NMR, and
mutagenesis techniques, have predicted that the L214 and
P215 residues in the F/G loop are involved in the substrate
docking (23, 28, 29). Furthermore, the current studies shown
in Figure 8 confirmed that the L214 residue could form a
part of the substrate binding pocket and P215 is located in
the substrate access channel, which could be involved in
regulating the substrate access to its active site.

The studies described above also provided important
information for addressing the reaction mechanisms for the
synthase. For example, one of the major conformational
changes of U46619 bound to PGIS is the distance between
C-6 and H2C, which directly relates to the reaction mech-
anism for the isomerization of PGH2 to PGI2. The distance
between C-6 and H2C of U46619 changed from 4.62 to 3.99
Å (Figure 7) upon interaction with PGIS. A similar confor-
mational change is expected in PGH2 bound to PGIS. In this
case, the change is favorable for the oxygen at C-9 to attack
C-6 and isomerize PGH2 to PGI2, which is consistent with
the proposed catalytic mechanism of PGIS from earlier
studies (11). The second point is the hydrophobic tail
between C-16 and C-20, which folded back and changed
from a linear conformation to a hooklike conformation
(Figure 8). The docking model of U46619 bound to PGIS
clearly indicates that this hooklike structure from C-16 to

C-20 is necessary for U46619 to fit into the relatively small
substrate binding pocket of PGIS and interact with Trp282,
which allows the substrate to sit in the pocket with a precise
orientation (Figure 8). The fact that the replacement of
Trp282 with a Phe residue could destroy the constraints that
determine the specific orientation of U46619 as it moves
into the active site (Figure 9) implies the importance of the
Trp residue in the determination of the specific orientation
of PGH2 when binding to the PGIS active site during the
biosynthesis of PGI2. Phe was chosen for the Trp282
mutation because it has a side chain similar in size to that
of Trp. However, it should be noted that this size may still
not be large enough to generate the constraints which contact
U46619 (Figure 9B), and therefore, it is possible for U46619
to become rotated to another undefined position. In addition,
Phe was chosen because it has not been observed in other
species in the corresponding residue of Trp282. This
information has further allowed us to speculate that the bulky
side chain of Trp (set in the substrate binding site) could be
a unique configuration for the PGH2 docking in the correct
position that would cause it to be catalyzed into PGI2, and
not TXA2.

To obtain a high-quality trNOE spectrum, it is crucial that
the free U46619 and bound U46619 have a fast exchange
rate, in which the signals of the PGIS-bound U44069 are
quickly transferred to the free U46619 in solution and the
line shape can still remain sharp. It is known that theKd for
the binding of U46619 to PGIS is in the lower micromolar
range. This range of binding allows for high-quality trNOE
spectra to be obtained. The method used in the present studies
is particularly useful for studying the substrate-enzyme
interactions for microsomal P450’s, which have substrate
binding properties similar to that of PGIS. However, one
way to further increase the resolution of the trNOE experi-
ments would be to use the deuterated protein.

PGH2 is a common substrate shared by the COX-
downstream synthases, including PGIS, TXAS, and PGE2,
PGD2, and PGF2 synthases. Understanding the molecular
basis of how this common substrate could be converted into
different prostanoids by their individual synthases has
remained a challenge (3, 9, 10). By comparing the conforma-
tions of PGH2 bound to the active sites of PGIS and TXAS
(14) in solution, we can hypothesize that certain unique
structural properties such as the nonconserved Trp282 in
contact with PGH2 and the shorter distance between the C-6
and C-9 positions of PGH2 are involved in the isomerization
of PGH2 to PGI2 by PGIS.
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