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Abstract
For decades, the binding of prostaglandin H2 (PGH2) to multiple target proteins of unrelated protein
structures which mediate diverse biological functions has remained a real mystery in the field of
eicosanoid biology. Here, we report that the structure of a PGH2 mimic, U46619, bound to the purified
human TP, was determined and compared with that of its conformation bound to the COX-
downstream synthases, prostacyclin synthase (PGIS) and thromboxane A2 synthase (TXAS). Active
human TP protein, glycosylated and in full length, was expressed in Sf-9 cells using a baculovirus
(BV) expression system and then purified to near homogeneity. The binding of U46619 to the purified
receptor in a nonionic detergent-mimicked lipid environment was characterized by high-resolution
NMR spectroscopy. The conformational change of U46619, upon binding to the active TP, was
evidenced by the significant perturbation of the chemical shifts of its protons at H3 and H4 in a
concentration-dependent manner. The detailed conformational changes and 3D structure of U46619
from the free form to the TP-bound form were further solved by 2D 1H NMR experiments using a
transferred NOE (trNOE) technique. The distances between the protons of H11 and H18, H11 and
H19, H15 and H18, and H15 and H19 in U46619 were shorter following their binding to the TP in
solution – down to within 5 Å, which were different than that of the U46619 bound to PGIS and
U44069 (another PGH2 mimic) bound to TXAS. These shorter distances led to further separation of
the U46619 α and ω chains, forming a unique “rectangular” shape. This enabled the molecule to fit
into the ligand-binding site pocket of a TP model, in which homology modeling was used for the
transmembrane (TM) domain, and NMR structures were used for the extramembrane loops. The
proton perturbations and 3D conformations in the TP-bound U46619 were different with that of the
PGH2 mimics bound to PGIS and TXAS. The studies indicated that PGH2 can adopt multiple
conformations in solution to satisfy the specific and unique shapes to fit the different binding pockets
in the TP receptor and COX-downstream enzymes. The results also provided sufficient information
for speculating the molecular basis of how PGH2 binds to multiple target proteins even though
unrelated in their protein sequences.
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INTRODUCTION
Prostaglandin H2 (PGH2)1 is an endogenous lipid molecule produced by cyclooxygenase from
arachidonic acid (AA). The unstable PGH2 is a potent ligand that activates the thromboxane
A2 (TXA2) receptor (TP) and therefore mediates the receptor signaling that causes thrombosis
and vasoconstriction, which can lead to strokes and heart attacks [1-2]. On the other hand,
PGH2 also serves as a common substrate and can be isomerized to the biologically active
prostaglandins (PG) E2 (PGE2), PGD2, PGF2, PGI2, and thromboxane A2 (TXA2) by their
corresponding COX-downstream synthases, PGE2 synthase (PGES), PGD2 synthase (PGDS),
PGF2 synthase (PGFS), PGI2 synthase (PGIS) and TXA2 synthase (TXAS) (Figure 1,
[1-10]). The synthesized prostanoids mediate diverse and opposite pathophysiological
processes within the vascular [1-2,11-14], nervous [15], and reproductive [16-18] systems as
well as cancers [19-20]. The primary structures of the TP receptor and the COX-downstream
synthases are unrelated. The TP is a G protein-coupling receptor located on the cell membrane
with seven transmembrane domains, while the COX-downstream synthases belong to P450
and glutathione-related proteins and other enzymes [15].

The molecular mechanisms of the PGH2 and its multiple protein-binding properties have been
addressed for decades. However, very little information had been made available until the very
recent successful purification of a large amount of recombinant TXAS [21] and PGIS [22].
Characterization of the PGH2 mimics’ interaction with the purified PGIS and TXAS in
solution, using high-resolution NMR spectroscopic techniques, has revealed that the PGH2
mimics’ (U44069 and U46619) structures are highly flexible in solution. The PGH2 mimics
underwent different conformational changes when bound to the active and purified TXAS and
PGIS proteins in solution [21-22]. The altered conformations were favorable for the docking
of PGH2 into the pockets of the enzymes’ substrate-binding sites with different configurations.
For example, the free form of PGH2 in solution adopts a relaxed conformation with wide open
α and ω chains. However, the conformation changes to a compact, oval shape with shorter
distances between the chains when bound to PGIS and TXAS [21-22]. These observations have
led us to hypothesize that PGH2 could adopt multiple conformations to specifically recognize
the different target proteins. The PGH2 conformation that was bound to the TP-ligand pocket
mediates signaling, which is different and specific in comparison to its binding with other
COX-downstream synthases.

However, there is minimal structural information available for the molecular basis of PGH2
bound to TP. One of the major obstacles is the lack of an approach for preparing a large amount
of the purified TP protein for structural characterization of the interaction between the receptor
and its ligand. Recently, we reported the characterization of a solution structure of a TP ligand
interacting with a constrained peptide that mimics the receptor-ligand recognition site by high-
resolution NMR spectroscopy using the trNOE technique. This revealed useful information
for understanding the molecular mechanism of the ligand-receptor interaction. In this paper,
an attempt has been made to obtain purified TP protein and allow it to interact with PGH2. The
conformation of PGH2, as a ligand bound to TP, was characterized by the binding of a PGH2
mimic, U46619, to the purified TP using a previously established trNOE technique. The
detailed solution structure of U46619 bound to TP was solved, then utilized to reveal the
specific conformation, and compared with the other PGH2 mimics bound to PGIS and TXAS.
Thus, the conformation-dependent activation of the different target proteins by PGH2 was
demonstrated.

1Abbreviations used: AA, arachidonic acid; TXA2, thromboxane A2; TXAS, TXA2 synthase; PGI2, prostacyclin or prostaglandin I2;
PGIS, PGI2 or prostacyclin synthase; PGH2, prostaglandin H2; TP, TXA2 receptor; ER, endoplasmic reticulum; NMR, nuclear magnetic
resonance; DQF-COSY, double-quantum-filtered correlation spectroscopy; NOE, nuclear Overhauser effect; NOESY, nuclear
Overhauser enhancement spectroscopy; TOCSY, total correlation spectroscopy; 1D, one dimensional; 2D, two dimensional; 3D, three
dimensional; DSS, sodium 2,2-dimethyl-2-silapentane-5-sulfonate.
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EXPERIMENTAL PROCEDURES
Materials

2H2O, ethanol-d6 and DSS, (sodium 2, 2-dimethyl-2-silapentane-5-sulfonate) were purchased
from Cambridge Isotope Laboratories (Andover, MA). U46619, a stable analog of PGH2, was
obtained from Cayman Chemicals (Ann Arbor, MI). The detergent, n-Dodecyl-β-d-Maltoside
(DM) was purchased from Calbiochem (San Diego, CA). All other chemicals were purchased
from Sigma (St. Louis MO).

Expression and Purification of the Human TP
The expression and purification of the recombinant human TP protein are described as follows.
Briefly, human TP cDNA was subcloned into the pVL1392 vector, which is suitable for the
Baculovirus (BV) expression. A 6His-tag DNA sequence was also added to the isolated TP
cDNA at the C-terminal position of the receptor protein to generate the pVL1392-TP-6His
construct using a PCR approach. The pVL1392-TP-6His was packed into BV with Orbigen
Sapphire DNA and the recombinant BV was then prepared and used for over-expressing the
full length TP protein in Sf-9 cells. The TP protein was extracted from the Sf-9 cells using 1%
DM, separated twice by ultracentrifugation for 1hr at 4°C and 250000 g, and purified by Fast
Protein Liquid Chromatography (FPLC) on a Superdex-75 column (1 × 45 cm) with a flow
rate of 0.2 mL/min using PBS with 0.2mM DM. The fractions containing the active TP protein
were identified by binding assays, polyacrylamide gel electrophoresis (PAGE) analysis, and
Western blot.

Electrophoresis, Western Blot and Ligand Binding Assay
The purified TP receptor was separated by 10% PAGE under denaturing conditions and then
stained by protein staining or transferred to a nitrocellulose membrane for Western blot, in
which a band recognized by anti-human TP receptor antibody was visualized by a second
antibody linked to horseradish peroxidase, as previously described [23]. The ligand binding
assay for the TP receptor was performed using a method described in Tai’s group [24-26]. The
protein sample in 25mM Tris-HCl buffer, pH 7.4, containing 5mM CaCl2, was incubated with
[3H]U46619 (Dupont/NEN) in a final reaction volume of 0.1 mL with vigorous shaking at
room temperature for 60 min. The reaction was then terminated by adding 1 mL of ice-cold
washing buffer (25mM Tris-HCl, pH 7.4). The unbound ligand was filtered through a Whatman
GF/B glass fiber filter presoaked in ice-cold washing buffer using a vacuum system. The
radioactivity of the TP -bound [3H]U46619 remaining on the filter was counted in 3 mL of
scintillation cocktail using a Beckman β-Counter. For the competitive inhibition assay,
unlabeled U46619 was added.

NMR Experiments
For the NMR experiment of the free form ligand, U46619 (final concentration 5.4 mM) was
dissolved in 0.55 mL of 20 mM sodium phosphate buffer, pH 6.0, containing 0.2mM and 10%
ethanol-d6 and 2H2O (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, the
FPLC-purified, active TP protein was dissolved in the same buffer, and the spectrum was
acquired. Later, different amounts (5, 10, 20 and 30μL) of U46619 in ethanol-d6 were added
into the NMR sample (1mg/30μL) and incubated at 298K 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 (5.4 mM U46619 and approximately 80μM TP) were then recorded. All NMR
experiments were carried out on a Bruker Avance 600MHz NMR spectrometer with a 5 mm
triple-resonance probe at 298K. The water peak was suppressed by the Excitation Sculpting
method [27]. All 1D spectra contain 16K data points. NOESY and TOCSY spectra contain
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2048 × 512 data points, and the DQF-COSY spectra contain 4096 × 512 data points. The
NOESY spectra were recorded with a mixing time of 200 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 the F1 by the states-TPPI method. The NMR data were processed
using the Felix program (Accelrys, San Diego, CA). Shifted Sine-bell window functions of
either 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
the 2H2O), which was set to 0 ppm.

NMR Structural Calculations
The overall conformation of the free U46619 or the TP-bound U46619 was determined through
the inter-proton distances derived from the NOESY cross-peaks using a distance bound method
[28]. 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 software
(Accelrys). The strong, medium, and weak peaks were set to correspond to the 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, San Diego, CA), and restrained
energy minimizations consisting of 1000 steps of conjugate gradient algorithm were then
carried out to generate the structures of U46619.

Docking of PGH2 Mimics Into the Putative Ligand-Binding Site of the TP Model
The 3D structures of the TM domain of the human TP were constructed by homology modeling
using the corresponding regions of the β2 adrenergic receptor’s X-ray structure (2RH1). The
solution NMR structures of the TP extra- [29] and intra- [30] cellular loop segments were used
to link the TM segments together to form a 3D TP model by using the Insight II protein
modeling software. The PGH2 mimics were docked into the ligand pocket that was previously
predicted by NMR spectroscopic and mutagenesis studies [29,31], and by taking into account
the ligand pocket in the β2 adrenergic receptor [32-33]. The docking study was performed by
a 3D-Quantitative Structure Activity [34] using SYBYL Surflex-Dock software (Tripos, St.
Louis, MO).

RESULTS
Multiple Binding of the PGH2 Mimic, U46619, to Purified TP, PGIS, and TXAS

The binding of the purified TP to PGH2 (Figure 1, panel IA) was inferred from an assay using
[3H]-U46619 (Figure 1, panel II) as a ligand, since the PGH2 is not sufficiently stable in solution
to be used for this assay. The glycosylated, full length human TP protein was expressed in Sf-9
cells using the BV expression system, and then purified by a high-yield purification procedure
consisting of optimized detergent extraction, ultracentrifugation, and FPLC-separation. The
purified TP showed roughly a single band in the protein staining (Figure 2A) and Western blot
analysis (Figure 2B). A titration experiment was performed, in which increasing amounts of
[3H]-U46619 were added to the purified TP in a DM detergent-mimicked lipid environment,
and the Kd value (approximately 20 nM (Figure 1, panel II)) for the ligand binding was
determined. On the other hand, it was previously reported that when the PGH2 served as
substrate for PGIS and TXAS, it had Km values of approximately 10–30 μM [21,35]. It was
clear that the PGH2 had a much stronger affinity for binding to the TP than that of PGIS and
TXAS. This information became very interesting for understanding the molecular basis behind
the multiple binding activities and biological functions of the endogenous PGH2 produced by
the COX.
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Identification of the Structural Changes of the PGH2 Mimic Upon Binding to the Purified TP,
Using 1D 1H NMR Titration Experiments

Based on previous NMR structural studies for the interaction of U44069 with TXAS [21], and
U46619 with PGIS [22], we discovered a conformational change in which an open hairpin
structure changed to a more compact oval-like structure [21-22]. In addition, the oval shape of
U46619 bound to PGIS was also different to that of U44069 bound to TXAS [22], which had
a round shape. The experiments implied that the structure of U46619 could also become altered
during its binding to the TP. To see the binding of the U46619 to the purified and active TP in
solution, 1D 1H NMR titration experiments were performed as described in the Experimental
Procedures. Upon binding of U46619 to TP, the chemical shifts of the proton resonance signals
of both the ligand and protein were affected. Since the TP has a molecular mass of about 51
kDa and its NMR signal has shown difficulty in being observed, we focused primarily on the
changes in the chemical shifts of U46619. Thus, the 1D 1H NMR titration experiments were
performed in the presence of a large amount of U46619 and a very small amount of TP protein
to adequately exclude the signals of the protein. The molar ratios of U46619 to TP protein in
experiments B, C, D, and E in Figure 3 were 67.4:1, 45.7:1, 23.3:1, and 11.8:1, respectively.
Significant perturbations of the proton chemical shifts at H3 and H4 of U46619 were observed
following the addition of the purified TP in a concentration-dependent manner during the
titration experiments (Figure 3). In contrast, shifts of the other U46619 protons (such as H12)
were not significantly changed. The perturbed protons of the U46619 bound to TP (Figure 4B)
are different in comparison to those from the U46619 bound to PGIS, and U44069 bound to
TXAS (Table 1). These results provided evidence that U46619 was undergoing conformational
changes following its binding to the TP in solution, and the U46619 protons, specifically H3
and H4, were likely involved in the direct and/or indirect contact with the active site residues
of the TP protein. The experiment also indicated that the conformational changes of U46619
induced by the binding to the TP were different with that of PGIS and TXAS.

Determination and Characterization of the PGH2 Mimic’s Binding to the Purified TP by High-
Resolution 2D 1H NMR, Using the Transferred NOE Effect Technique

In 2D NMR spectroscopy, the exchange-transferred nuclear Overhauser effect (transferred
NOE, tr-NOE or et-NOE) has proven to be a useful technique for studying the bound
conformation of ligands to proteins. Small U46619 molecules have a fast tumbling rate in their
free states and slowly build up to appear as negative peaks in the NOESY spectrum. In contrast,
the bound states of the U46619 have a slow tumbling rate and quickly build up to appear as
positive peaks in NOESY spectrum, due to the large molecular weight of the ligand–protein
complex [36-37]. In trNOE experiments, the NOESY spectra of U46619 were recorded in the
presence of a very small amount of the purified TP protein. The cross-peak intensities of the
NOESY spectra 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 for calculating the bound-state conformation. Also, the ligand’s
binding to the protein can be indicated by a change in the signal of the cross-peaks from a
negative (free ligand) to a positive (bound ligand) signal.

In these studies, the 2D 1H NMR spectra (NOESY, DQF-COSY and TOCSY) were recorded
for U46619 in the presence and absence of the purified, active TP, using 200 ms mixing time.
For the experiments, the ratio of the ligand to TP protein was approximately 67:1, which
showed a very strong signal for the ligand and only minimal interference from the broad and
weak protein peaks. The proton resonance assignments for the U46619 alone were completed
on the basis of the proton chemical shifts and the through-bond coupling detected by DQF-
COSY and TOCSY. The resonance assignments of U46619, in the presence of TP, were
obtained by comparing the spectra of the mixture with that of the free U46619. The binding of
the ligand to the active TP protein was clearly established by the identification of two major
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changes in the NOESY spectra: (a) The intramolecular cross-peaks of U46619 changed from
the negative phase (Figure 4A, small molecule showing a negative phase) to the positive phase
(Figure 4B; U46619 bound to the active TP became a large complex molecule with a positive
phase). (b) New cross-peaks were observed in the NOESY spectrum of U46619 with the active
TP protein (Figure 4B), which accounted for the conformational change upon interaction with
the TP. For example, the NOE cross-peaks of H11/H18, H11/H19, H15/H18, and H15/H19,
identified in the NOESY spectrum of U46619 with the TP protein (Figure 4B), were not found
in the NOESY spectrum of the free U46619 (Figure 4A). This indicates that the distances
between H11 and H18, H11 and H19, H15 and H18, and H15 and H19 became shorter upon
binding to the receptor – down to within 5 Å. In addition, the new NOEs of the U46619 that
resulted from its binding to the TP were different with those resulting from its binding to TXAS
[21] and to PGIS [22]. The data indicated that the conformation of U46619 bound to TP was
unique.

3D Solution Structure of the TP-Bound U46619
The complete assignments for the 2D spectra (NOESY (Figure 4B), and TOCSY (Figure 5))
with the proton resonances of U46619, in the presence of the TP receptor, provide information
that generated 44 NOE constraints from the NOESY spectra for U46619 (Table 2). Ten
structures of the TP-bound U46619 were obtained by initial structure calculations using the
experimental distance constraints (Figure 6A). A refined average solution structure, shown in
a rectangle shape, of the TP-bound U46619 is displayed in Figure 6B. The free U46619, shown
in a triangle shape (Figure 6C) was also generated by a similar approach. The rectangle
conformation of the TP-bound U46619 is clearly different with that of the PGIS-bound
U46619, which is better shown with a round shape (Figure 6D) and the TXAS-bound U44069,
which is illustrated with an oval shape (Figure 6E). These results first revealed that: (1) The
conformation of U46619 underwent changes upon binding to the purified active TP in the lipid
environment. (2) In the free form of U46619, the two arms (α and ω chains) were separated
with a distance of approximately 10 Å. In contrast, the two arms were further separated in the
TP-bound form of U46619, and formed a rectangle, which indicated that the topological
arrangement of the PGH2-binding pocket in TP is likely a rectangular shape. (3) The
conformation of the TP-bound form of U46619 is clearly different with the conformations of
the PGH2 mimics (U46619 and U44069) bound to PGIS and TXAS, in which the two arms
became closer forming an oval and round shape, respectively (Figure 6).

Docking of the TP-Bound U46619 With the Ligand-Binding Pocket of the TP Structural Model
A structural model of the human TP receptor, based on the extracellular loops’ structures
determined by NMR spectroscopy and the conserved TM domains generated from homology
modeling using bovine rhodopsin, has been characterized and reported [29]. Also, the crystal
structure of the human β2 adrenergic receptor, a member of the G protein-coupled receptor
(GPCR) family, was very recently reported [32-33]. This particular GPCR shares many
homology characteristics with that of TP, especially in the TM domains. A TP seven-TM
domain model (Figure 7, green colors) was generated by homology modeling using the x-ray
structure of the TM domains from the β2 adrenergic receptor as templates. The TP extracellular
loop structure was constructed by linking the NMR structures of the three loops to the
corresponding TM domains and then optimized by energy minimization as described [29]. The
TM ligand-binding site of the TP was localized by using previous mutagenesis information
[31], which includes the interaction of the TP extracellular loop with its ligand, and the ligand
pocket in the crystal structure of the β2 adrenergic receptor [32-33]. The NMR structure of the
TP-bound U46619 conformation (Figure 6B, rectangle shape) could fit into the putative ligand
pocket very well (Figure 7A). In contrast, docking of the free form of U46619 (Figure 6C,
triangle shape) into the putative active site of the TP model caused severe steric clashes that
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resulted from the unreasonable energy increases by the overlapping atoms (circled in Figure
7B) between the ligand and the side chains of the protein (Figure 7B).

DISCUSSION
For decades, the PGH2 molecule’s binding to multiple target proteins with unrelated protein
structures was a real mystery in the fields of protein chemistry and eicosanoid biology. One
former explanation is that all of the proteins that share the PGH2 molecule as their common
ligand might have similar ligand-binding pockets in their 3D conformations that fit PGH2.
With the successful molecular cloning for all of the PGH2-binding target proteins in the past
couple of decades, this hypothesis could possibly be applied for PGIS and TXAS because both
belong to the microsomal P450 enzymes. However, the hypothesis is not supported by the
structural information of the unrelated protein sequences between the TP (a GPCR) and PGES
and PGDS (glutathione related enzymes) in comparison to the P450 enzymes, PGIS and TXAS.
This has led us to hypothesize that the PGH2 has great flexibility and can adopt multiple
conformations to fit the diverse ligand pockets with different topological arrangements and
shapes, according to the different target proteins. To prove this concept, it is necessary to
determine the PGH2 mimic structures bound to the purified target proteins. Thus, it is essential
to have purified and active PGH2-target proteins available for structural studies, which were
a major challenge until recently, when PGIS [21], TXAS [22], and the TP protein were
successfully expressed in large-scale and purified.

Previously, by using the purified PGIS and TXAS proteins, we have successfully determined
the solution structures of the PGH2 mimics bound to the active enzymes and demonstrated that
the conformation of PGH2 bound to PGIS is significantly different with that of PGH2 bound
to TXAS [22, Figure 6], even though both enzymes are included in the P450 family. This
became more interesting in understanding the solution structure of PGH2 bound to the active
TP protein, since it represents an unrelated protein to the P450 enzymes – PGIS and TXAS,
in terms of protein sequences and biological functions.

High-resolution NMR spectroscopy is a very useful approach for determining the detailed
changes in the PGH2 mimic once interacted with its targeted proteins in solution. Two types
of NMR experimental approaches are generally used for studying the ligand and receptor
interactions. One type of NMR approach focuses on the changes in NMR signals from the
small ligand molecule produced upon binding to the receptor, in which the trNOE and
saturation transferred difference (STD) techniques are preferred. The other type observes the
chemical-shift changes in the targeted receptor protein (typically the amide 1H-15N single bond
correlations) produced upon binding with its ligand. This approach is called “SAR by NMR”
because structure-activity relationships (SAR) are obtained from NMR. The trNOE NMR
technique is particularly useful in the identification of a moderate, ligand-binding protein as
well as the determination of a bound conformation of the ligand through quantitative analysis
of the intramolecular trNOEs (U46619-PGIS, [38-40]). The current study is the first proven
experiment, which used advanced NMR techniques for the characterization of TP binding to
the PGH2 mimic (Figures 3-6), all of which has been made possible through the successful
large-scale expression and purification of the full length and active TP protein (Figure 2).

In these current studies, the 1D and 2D trNOE NMR experiments have provided clear results
for the identification of the interaction between U46619 and the purified TP (Figure 3-5). The
3D structural determination of the TP-bound U46619, where the cross-peaks changed from a
strong negative to positive in the NOESY spectrum and the intramolecular trNOEs of the bound
U46619 are shown (Figure 4), has become important experimental evidence that supports the
second hypothesis, in which PGH2 adopts a unique structure, when bound to the TP, that can
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be distinguished from that of its conformation bound to the COX-downstream synthases, PGIS
and TXAS (Figure 6).

To control the spin diffusion which might affect the trNOEs resulting from the binding of
U46619 to the TP protein, we have used the following strategies: (1) Using less TP protein.
Less protein gives less spin diffusion, as identified by previous investigators [41]. Since the
bound U46619 is a very small amount, when a small amount of TP protein is also used, a
relatively longer mixing time (300 ms) can be applied to the experiment to get the necessary
intensity in the NOESY spectrum. In other words, the spin diffusion effect of using a longer
mixing time is partially cancelled 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 200 and 300 ms mixing times, no significant differences were found, which
indicated that little spin diffusion affects the experiments even when using the 300 ms mixing
time. In addition, since we were using the distance-bound methods and the NOEs were only
converted to the upper-bound limit of the distance, instead of an accurate interproton distance,
the error introduced by spin-diffusion should be very minimal. 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 experiments [42].

It should also be noted that U46619 is not an endogenous compound, but it can perform similar
activities to those of PGH2 when serving as an agonist for TP, such as triggering signaling by
increasing intracellular calcium concentration through Gq protein coupling. In addition, the
chemical structure of U46619 is identical to that of PGH2 except for a single atom at the O-9
position, where a carbon atom replaces the oxygen atom of PGH2. Thus, understanding the
conformation of U46619’s binding to TP helps to characterize the endogenous PGH2 as it binds
to and activates TP. However, it should be noted that minor differences may be present in the
U46619’s binding compared to that of the endogenous PGH2.

In conclusion, the binding of a PGH2 mimic (U46619) to the purified TP adopts a unique
conformation that fits into the ligand-binding pocket of the TP, which is different in comparison
to that of U46619’s binding to PGIS and U44069’s binding to TXAS. The results have proven
that PGH2 could adopt multiple conformations in solution upon interaction with its different
targeted proteins.
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Figure 1.
Panel I. The multiple target proteins of PGH2 synthesized from arachidonic acid (AA) through
the COX pathway. The COX-1 and COX-2 enzymes convert AA to PGH2 (A), which serves
as a common substrate for COX-downstream synthases including PGDS, PGES, PGFS, PGIS
and TXAS, and also serves as an agonist for the TP. The chemical structures of the PGH2
mimics, U46619 (A), and U44069 (B) are also shown. Panel II. The specific ligand binding
activity of the purified TP from Sf9 cells. The purified TP protein (■) in PBS was incubated
with increasing amounts (0 to 60 nM) of the ligand, [3H]U46619. Unlabeled U46619 (1μM)
was added to the Sf9 cells as a negative control (●) before the radio-labeled ligand was added.
The results are representative data from three assays (n=3) and are shown as means ± the
standard error.
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Figure 2.
Purified TP protein analyzed by SDS-PAGE. The FPLC-purified TP protein (approximately
5 μg) was separated by 10% SDS-PAGE, and then stained with Coomacie blue (A) or
transferred to nitrocellulose membrane and analyzed by western blot using TP peptide antibody
(B). The bands of the TP protein with a molecular mass of approximately 51 kD are shown
with arrows.
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Figure 3.
1D NMR titration of U46619 bound to the purified TP. Free, unbound U46619 is shown (A).
The chemical shift signals of H3 and H4 or non-chemical shift signals (H12) from the U46619
are shown, following the addition of TP protein at ratios of 67.4:1 (B), 45.7:1 (C), 23.3:1 (D),
and 11.8:1 (E).
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Figure 4.
Intramolecular NOEs of U46619 bound to the TP protein. The new intramolecular NOEs of
U46619 appeared after interaction with active TP (B) in comparison to that of its free state (A).
The new NOE cross-peaks are boxed and labeled with the corresponding resonance
assignments in the first and second dimensions.
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Figure 5.
The TOCSY spectrum showing the resonance assignments of the TP-bound U46619 in
solution. The coupling network between protons on adjacent carbons is indicated.
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Figure 6.
Comparison of the solution structures of the PGH2 mimics determined by NMR spectroscopy.
The solution structures of the U46619 (bound to the purified TP) showing the 10 superimposed
NMR structures (A) and an average NMR structure in the rectangle shape (B). The U46619 is
also shown alone (C) in the triangle shape, and bound to the purified PGIS [22] (D, round
shape). The structure of the U44069 bound to the purified TXAS [21] (E, oval shape) is also
shown.
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Figure 7.
Comparison of the bound and free U46619 in the TP ligand pocket. A comparison of the
U46619 in bound (rectangle shape, A) and free (triangle shape, B) forms were docked into the
ligand pocket of the human TP model. The human TP model was constructed by linking the
NMR structures of the extracellular loops [29] to the corresponding helical structures of the
TM domains generated from homology modeling using the TM domain x-ray structures of the
β2 adrenergic receptor [32-33]. The region of the free form U46619 overlapped with the TM
domain in an unfit position to the pocket, as indicated with the circles in the panel B.
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Table 1
Comparison of the perturbed protons in PGH2 mimics bound to different targeted proteins

Target proteins PGH2 mimic Perturbed protons
TP U46619 H3, H4
PGIS U46619 H11, H2C-2, H20
TXAS U44069 H9, H13, H15
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Table 2
NOE constrains based on the upper limit distance of the bound form U46619 used to generate 3D conformation.

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