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ABSTRACT: Human thromboxane A, receptor (TP), a G protein-coupled receptor (GPCR), is one of the
most promising targets for developing the next generation of anti-thrombosis and hypertension drugs.
However, obtaining a sufficient amount of the full-sized and active membrane protein has been the major
obstacle for structural elucidation that reveals the molecular mechanisms of the receptor activation and
drug designs. Here we report an approach for the simple, quick, and high-yield preparation of the purified
and active full-sized TP in an amount suitable for structural studies. Glycosylated human TP was highly
expressed in Sf-9 cells using an optimized baculovirus (BV) expression system. The active receptor was
extracted and solubilized by different detergents for comparison and was finally purified to a nearly single
band with a ratio of 1:0.9 &£ 0.05 (ligand:receptor molecule) in ligand binding using a Ni column with a
relatively low yield. However, a high-yield purification (milligram quantity) of the TP protein, from a
modulate scale of transfected Sf-9 cell culture, has been achieved by quick and simple purification steps,
which include DNA digestion, dodecyl-maltoside detergent extraction, centrifugation, and FPLC
purification. The purity and quantity of the purified TP, using the high-yield approach, were suitable
for protein structural studies as evidenced by SDS—PAGE, Western blot analyses, ligand binding assays,
and a feasibility test using high-resolution one-dimensional and two-dimensional '"H NMR spectroscopic
analyses. These studies provide a basis for the high-yield expression and purification of the GPCR for the

Center for Experimental Therapeutics and Pharmacolnformatics, Department of Pharmacological and Pharmaceutical Sciences,

structural and functional characterization using biophysics approaches.

Because of its importance in mediating thrombosis (/, 2),
hypertension (3), and cancers (4), the elucidation of throm-
boxane A, (TXA,)! signaling through its receptor, the TXA,
receptor (TP), is one of the most attractive studies in
eicosanoid research. The human TP ¢cDNA, which was first
cloned from placenta in 1991, encodes a protein of 343 amino
acid residues (5). The cDNA for another TP receptor was
isolated from human endothelial cells, which has a different
C-terminal tail, resulting from alternative splicing (6). These
receptors are the same in regard to their signal transduction;
however, the endothelium expressed only the spliced form,
and the placenta expressed both types of the TP (6, 7). Like
other prostanoid receptors, including the prostaglandin D,
(8), E» (9-14), F, (15), and I, (16) receptors, TP belongs to
the G protein-coupled receptor (GPCR) family and is
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composed of three intracellular loops (iLPs) and three
extracellular loops (eLPs) connecting seven transmembrane
(TM) helices. So far, no solution or crystal structures of any
of the eight full-sized prostanoid receptors are available due
to the lack of the large amount of purified receptors required
(high-milligram range) for biophysics studies. The earlier
baculovirus (BV) expression systems for TP (17, 18) were
able to generate the receptor protein only within the
microgram range, which was only sufficient for Western blot,
binding assays (/9), and mass spectrometric analysis (20).

Recently, through a combination of the NMR spectroscopy
technique, site-directed mutagenesis, peptide mimicking, and
molecular modeling (2/-26), we have revealed the ligand
recognition site in the extracellular domains and found that
the second extracellular loop (22, 25, 26) plays a critical
role in forming the ligand recognition pocket (22, 24-26).
However, understanding the detailed molecular mechanisms
for the ligand recognition, binding, and signaling activation
of the native receptor remains critical. This will require
studies of the structure—function relationship using a purified,
active receptor at full size.

In this study, we focus on obtaining a large quantity of
the full-sized human TP in a purified and active form, suitable
for structural characterization using biophysics approaches,
by establishing a simple, quick, and high-yielding expression
and purification system. The studies have demonstrated that
the purified human TP, in its full size and active form, could
be produced at the high-milligram level from a modulate-
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scale of Sf-9 insect cell culture. The quality and quantity of
the purified receptor were suitable for characterization of the
receptor using high-resolution NMR spectroscopy and pro-
vided a basis for the elucidation of the more detailed
structure—function relationship of the receptor, which shall
be revealed in the near future.

EXPERIMENTAL PROCEDURES

Materials. D,O and DSS (2,2-dimethyl-2-silapentane-5-
sulfonic acid) were purchased from Cambridge Isotope
Laboratories (Andover, MA). COS-7 and HEK293 cell lines
were purchased from ATCC (Manassas, VA). The Sf-9 cell
line and all the media for culturing the cells were purchased
from Invitrogen (Carlsbad, CA). [*H]SQ29,548 was pur-
chased from Amersham Pharmacia Biotech (Piscataway, NJ).
Unlabeled SQ29,548, and rabbit anti-human TP receptor
antibody were purchased from Cayman Chemicals (Ann
Arbor, MI). DNase was purchased from Sigma (St. Louis,
MO).

Subcloning of the Full-Sized Human TP into the BV
Vector. The cDNA of the human TP (343 residues) was
isolated from a pcDNA3.1 vector, previously constructed and
used to express the active TP receptor in the mammalian
cells, HEK293 and COS-7 (23, 25). A six-His tag DNA
sequence was linked 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 correct insert and
sequence of the TP-6His cDNA were confirmed by restriction
enzyme cutting and DNA sequencing analysis (Figure 1).

Construction of the Recombinant BV for TP Expression.
The construction of the recombinant BV for TP expression
was conducted in the Baculovirus/Monoclonal Antibody
Facility at the Baylor College of Medicine (Houston, TX),
based on our experimental designs. Briefly, the cotransfection
of the cultured Sf-9 insect cells was performed using the
wild-type Autographa Californica nuclear polyhedrosis virus
(AcNPV), the pVL1392-TP-6His plasmid, and the isolated
recombinant BV that arose by homologous recombination.
The packed, recombinant BV in the culture supernatant of
the transfected cells was plaque-purified by an agarose
overlay assay. Individual recombinant viral plaques were
plucked from the agarose, extracted, and used to infect Sf-9
insect cells. The infected Sf-9 cells, using the different viral
plaques, were subjected to identification of the initial
expression of the receptor.

Optimization of the Expression of the Human TP Receptor.
Ten viral isolates of the Sf-9 cells infected with 10 different
viral plaques (A—J, Figure 2) were cultured in 5 mL of
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FIGURE 2: Screening of the TP expression in Sf-9 cells using
different recombinant BV plaques. (A) Western blot analysis for
the Sf-9 cells expressing TP. The Sf-9 cells (approximately 10 ug
of protein/lane) infected with the BV-containing TP ¢cDNA were
subjected to SDS—PAGE and transferred onto a nitrocellulose
membrane, which was probed with rabbit anti-TP peptide antibody.
The position of the TP receptor protein is indicated at the left. (B)
Binding of [*H]SQ29,548 to the Sf-9 cells expressing the TP protein.
The binding of the TP antagonist to the cells was assessed by
incubating the cells with 3.1 nM [?H]SQ29,548. The results are
representative data from three assays (n = 3) and are shown as
means = the standard error.

Grace’s insect medium. The cells were collected by cen-
trifugation, and the expression of the TP was examined by
ligand binding assays and Western blot analysis. One of the
viral isolates was also used for determining the highest
expression yield on different days following the infection.
Under these conditions, an optimized expression system with
the best viral plaque and optimized harvesting time was used
for expression of the TP in large-scale production.

Electrophoresis and Western Blot. Different amounts of
the TP protein (5—20 ug) were subjected to SDS—PAGE
on a 10% polyacrylamide gel and then stained by Coomassie
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 described previously (23).
For the deglycosylation experiment, TP was digested with
peptide:N-glycosidase F (PNGase F) (New England Biolabs)
according to the manufacturer’s protocol. The TP was
denatured with 5% SDS and 0.4 M DTT at 100 °C for 10
min. The reaction was initiated by adding 50 mM Na;PO4
buffer (pH 7.5), 1% NP-40, and 2 uL of PNGase F, and the
mixture was incubated at 37 °C for 1 h.
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Ligand Binding Assay. Ligand binding assays for the TP
were performed using the methods described previously
(17-19, 25). The protein sample was mixed with Tris-HCI
buffer (25 mM, pH 7.4) containing 5 mM CaCl, and
incubated with varying amounts of [*H]SQ29,548 in a 0.1
mL reaction volume with vigorous shaking at room temper-
ature for 60 min. The reaction was terminated by adding 1
mL of ice-cold washing buffer [25 mM Tris-HCI (pH 7.4)].
The unbound ligand was filtered through a Whatman GF/C
glass filter (presoaked in ice-cold washing buffer) using a
vacuum system. The radioactivity of the TP-bound
[*H]SQ29,548 remaining on the glass filter was counted in
4 mL of scintillation cocktail using a Beckman 5 counter.
For the competitive inhibition assay, unlabeled SQ29,548
was added.

Affinity Purification (high purity with low yield) of the
Active TP Protein from the Sf-9 Cells. A 300—500 mL
suspension culture of Sf-9 cells expressing the TP was
collected. The TP protein was extracted with 1% nonionic
detergent, octyl glucoside (OG), containing 1 mM PMSF
(phenylmethanesulfonyl fluoride) overnight at 4 °C. The
extracted TP protein was separated by ultracentrifugation
(250000g for 2 h at 4 °C). The supernatant was purified by
the FPLC system using a Superdex-75 column (1 cm x 45
cm) at 4 °C. The fractions containing the active TP, according
to the binding assays, were pooled and loaded onto a Ni
column (His-Select Affinity Gel). After 2 h, the Ni column
was washed using PBS with 0.5% OG and 10 mM imidazole
to remove any unbound protein, and the bound TP was finally
eluted with 250 mM imidazole in the same buffer. The
purified TP was analyzed by binding assay, SDS—PAGE
analysis, and Western blotting after the imidazole was
removed by dialysis.

Simple, Quick, and High-Yield Purification of the Full-
Sized and Active TP. A 500 mL suspension culture of the
Sf-9 cells highly expressing the TP was washed twice with
ice-cold PBS and collected by centrifugation. The Sf-9 cells
were resuspended in PBS containing the low-critical micelle
concentration detergent, n-dodecyl 5-p-maltoside (DM) (1%),
1 mM PMSF, and 40 ug/mL DNase, and solubilized
overnight at 4 °C on a rotating orbital shaker. The extracted
TP protein was separated twice by ultracentrifugation
(250000g for 2 h at 4 °C). The supernatant was purified by
the FPLC system at 4 °C using a Superdex-75 column (1
cm x 45 cm) with a flow rate of 0.2 mL/min using PBS
with 0.2 mM DM. The fractions containing the active TP
protein were identified by binding assays, SDS—PAGE
analysis, and Western blotting.

NMR Experiments. The purified TP (4 mg/0.5 mL) in 20
mM sodium phosphate buffer (pH 6.0) containing 150 mM
NaCl and 2 mM DM was used to collect the 1D 'H spectrum
for the receptor. Later, U46619 (100 uM) was added to the
sample, which was incubated at 298 K for 20 min, and the
ID and 2D 'H TOCSY spectra were recorded again. All
NMR experiments were carried out on a Bruker Avance 800
MHz NMR spectrometer with a 5 mm triple-resonance probe
at 298 K. The water peak was suppressed by the excitation
sculpting method (27). All 1D spectra contain 16K data
points. The 2D TOCSY spectra were recorded with an
MLEV-17 spin-lock pulse sequence with a total mixing time
of 70 ms. Quadrature detection was achieved in F; by the
States—TPPI method. The NMR data were processed using
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Felix (Accelrys, San Diego, CA). Shifted sine-bell window
functions of 60° for TOCSY were used in both dimensions.
Chemical shifts were referenced to the internal standard, DSS
(contained in the D,0), which was set to 0 ppm.

RESULTS

Designing and Subcloning of the Human TP ¢cDNA into
the BV Expression Vector. The full size of the human TP
cDNA, cloned from human placenta and subcloned into the
pcDNA3.1 vector (pcDNA3.1-TP), has been previously
reported (25). The TP protein, expressed in the COS-7 and
HEK?293 mammalian cells, using the constructed pcDNA3.1-
TP plasmid, demonstrated the production of a full-sized and
glycosylated TP, with high activity in ligand binding (25)
and signaling (23). It has been confirmed that the addition
of six His residues at the C-terminus of the receptor does
not affect the biological activity in the mammalian cell
expression system (data not shown). Thus, the cDNA
subcloned into the BV vector, pVL1392, from the pcDNA3.1-
TP plasmid (Figure 1), should also be able to express an
active, full-sized TP protein in Sf-9 cells.

Optimization of the Expression of the TP Receptor in Sf-9
Cells Using the BV System. The optimization of the expres-
sion of the TP receptor in Sf-9 cells was achieved by several
steps, including the use of high-quality Sf-9 cells, purification
of the recombinant BV plaque, screening of the different
cultures of the Sf-9 cells infected with the different recom-
binant BV plaques, and the time course investigation, as
described below. Since higher expression levels of the
recombinant protein were often observed by the use of
cultured Sf-9 cells with no more than 30 passages, this was
applied to the TP expression. In the initial expression studies,
10 individual cultures of the high-quality Sf-9 cells were
infected with 10 individually purified recombinant BV
plaques, which contained the TP cDNA. The different
cultures of the Sf-9 cells were able to express the glycosy-
lated TP receptor with different expression yields, as
demonstrated by the Western blot (Figure 2A) and corre-
sponding ligand binding assays (Figure 2B). Culture C of
the Sf-9 cells exhibited a good expression yield and the
highest ligand binding activity (Figure 2); thus, it was
selected for further small-scale expression to determine the
better harvesting time, where the expressed TP receptor was
once again compared by Western blot and ligand binding
assays. The studies revealed that the expression yield of the
TP receptor reached a maximum at 64 h and had no
significant changes up to 72 h (data not shown). The
expression yield of the receptor, in Sf-9 cells, at 64 h is
approximately 100-fold higher than the expression yield in
COS-7 cells using the pcDNA3.1 vector, as evidenced by
Western blot analysis (Figure 3A) and the ligand binding
activity (Figure 3B). These data strongly suggest that even
though a large amount of the recombinant TP protein was
produced in the Sf-9 cells, most of the receptor protein has
protein folding similar to that of the TP protein expressed
in COS-7 cells, where it retains native ligand binding activity.

Purification of the TP Receptor. The TP expressed in the
St-9 cells was extracted by different detergents, including
Triton X-100 (data not shown), Tween 20 (data not shown),
OG, and DM. All of the detergents could extract the TP
protein from the cell membrane and maintain the receptor—
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FIGURE 3: Comparison of the expression levels of the human TP in
COS-7 and Sf-9 cells. (A) Western blot analysis of the recombinant
TP expressed in COS-7 cells and Sf-9 cells. (B). Binding of Sf-9
cells (1) and COS-7 cells (2) expressing TP protein to [*H]SQ29,548
in the absence (white bars) and presence (black bars) of 1.0 uM
unlabeled SQ29,548. The experimental conditions are described in
the legend of Figure 2.
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FIGURE 4: Purification of the TP using n-octyl 3-D-glucopyranoside
(OG). The purified TP was subjected to SDS—PAGE on a 10%
polyacrylamide gel and then analyzed by protein staining (A—C)
and Western blotting (D—G). (A and D) Solubilized TP from the
Sf-9 cells using 1% OG. (B and E) FPLC-purified TP. (C and F)
Ni column-purified TP. (G) Deglycosylated TP digested with
peptide:N-glycosidase F (PNGase F). The deglycosylated TP is
indicated with an asterisk.

ligand binding activity. The detergent OG, which had
successfully been used in the purification of many membrane
proteins for structural studies (28-30), was selected for the
TP purification first. Figure 4 shows the different purity levels
of the TP protein purified after OG extraction and removal
of the insoluble membrane proteins using ultracentrifugation
(Figure 4A,D), further FPLC purification with the Superdex
column (Figure 4B,E), and the final Ni column affinity
purification (Figure 4C,F). The purified receptor retained high
ligand binding activity as confirmed by [*H]SQ29,548
binding assays at each step of the purification. At the final
elution from the Ni column, approximately 0.2 mg of the
purified TP with a specific ligand binding ratio of 1:0.9 £
0.05 ([’H]SQ29,548:TP molecule) was obtained from the
original 500 mL of Sf-9 cells with high-yield expression of
the TP.

Post-Translational Modification of the Receptor. The
overexpressed TP in the transfected mammalian cells, such
as HEK293 and COS-7 cells, showing different degrees of
glycosylation has been previously reported (/7, 20, 31). The
molecular mass of the TP polypeptide without post-
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FIGURE 5: Yield comparison of the solubilized receptor from the
membrane fraction using OG and DM. The TP that was purified
using OG (A and C) and DM (B and D) after ultracentrifugation
(A and B) and FPLC purification (C and D) underwent SDS—PAGE
analysis, and their protein stainings were compared. The Western
blot for the purified TP using DM is shown in lane E. The amount
for lanes A and C is approximately 20 ug, and it is approximately
10 ug of TP protein for lanes B, D, and E.

translational modification is expected to be 35—37 kDa (32).
However, in human platelets, the active TP receptor with
full post-translational modification has a molecular mass of
approximately 50—51 kDa (37). The overexpressed TP
receptor in the Sf-9 cells exhibited a single band at
approximately 51 kDa (Figures 3 and 4), which strongly
suggested that the receptor has a post-translational modifica-
tion similar to that of the native platelet TP. The single band
at the 51 kDa position also indicated that most of the
overexpressed receptor molecules are glycosylated. The
glycosylation of the expressed TP was further confirmed by
a deglycosylation experiment using Western blot analysis
(Figure 4G). These results provide evidence that the purified
TP, from the Sf-9 cell expression, is suitable for the
characterization of the full-sized TP with glycosylation.

A Simple, Quick, and High-Yield Purification of the TP
Receptor. As mentioned above, no solution or crystal
structures have been made available for the full-sized
prostanoid receptors so far. These studies address the question
of how to prepare a sufficient amount of TP protein for
structural studies, especially for the solution structure de-
termination using high-resolution NMR spectroscopy. One
of the major problems in generating membrane proteins for
the NMR studies is the difficulty in obtaining a large amount
of active receptor with ’'N and '3C labeling because the
isotope labeling medium is too expensive to be used for Sf-9
cell expression if the purification yield is not high enough.
Thus, increasing the purification yield and decreasing the
use of isotope labeling medium could advance the studies.
Therefore, we began to focus on the development of a simple,
quick, and high-yield purification approach for the TP by
optimizing the aforementioned purification conditions. First,
the detergent (OG) that was used for the purification was
replaced with the DM detergent to more effectively extract
the TP protein from the cells. Surprisingly, the purity of the
DM-extracted TP reached approximately 20% of the total
protein (Figure 5B) following the removal of insoluble
membrane proteins by ultracentrifugation, which was sig-
nificantly higher than that of the OG-extracted TP (Figure
5A). However, the DM-extracted TP protein was contami-
nated with DNA as evidenced by UV and CD spectroscopic
analyses (data not shown). To minimize the DNA contami-
nation, DNase was simply used to break down the DNA into
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FIGURE 6: Comparison of the specific ligand binding activity
between the purified TP from the Sf9 cells and the wild-type TP
expressed in COS-7 cells. The purified TP [approximately 20 pg/
tube (A)] derived from Sf9 cells or the original COS-7 cells
expressing TP protein [400 ug/tube ()] in PBS were incubated
with increasing amounts of the ligand ([*H]SQ29,548) from 0 to
13 nM. The unlabeled SQ29,548 (1 uM) was added to the COS-7
cells as a negative control (@) before the labeled ligand was added.
The results are representative data from three assays (n = 3) and
are shown as means =+ the standard error.

small pieces. We found that the optimized FPLC purification,
using the Superdex-75 column with a slow flow rate, was
very effective in further separating the DM-solubilized TP
protein from other membrane proteins as well as the broken-
down DNA fragments. The resultant purified TP protein from
these simple and quick procedures exhibited a nearly single
major band in SDS—PAGE (Figure 5D) and Western blot
analyses (Figure SE), with a specific ligand binding ratio of
1:0.8 & 0.05 ([*H]SQ29,548:TP molecule). The final yield
of the purified TP protein was approximately 4 mg from the
original 500 mL of Sf-9 cells. The purification yield was
increased by 20-fold in comparison to that of the affinity
purification described in Figure 3 using the Ni column, which
suggests that its purity was only slightly decreased (from
1:0.9 £ 0.05 to 1:0.8 £ 0.05) in terms of the molecular ratios
of the bound ligand to the purified protein.

Comparison of the Ligand Binding Affinity between
Purified TP and the Wild-Type TP Expressed in COS-7 Cells.
The TP protein, purified by the high-yield purification
method, was further investigated for its binding affinity in
comparison to that of the wild-type TP expressed in COS-7
cells using [*H]SQ29,548. Two concentration-dependent
curves displaying the results from this comparison are shown
in Figure 6. The binding of the purified TP has a K4 value
(approximately 6 nM) which is very similar to that of the
wild-type TP expressed in COS-7 cells (Figure 6). The results
indicated the ligand binding affinity of the TP was not
significantly reduced by the nonionic detergent (DM) extrac-
tion and the purification processes. Furthermore, the results
suggest that the protein folding and conformation of the
purified TP are similar to those of the wild-type TP expressed
in COS-7 cells.

Feasibility of the Purified Protein for Structural Studies
Using NMR Spectroscopy. NMR spectroscopic signals for
the purified and active prostanoid receptors have never been
attempted because the milligram range of the purified
receptors was never available in the past. With 4 mg of the
purified TP prepared from 500 mL of the Sf-9 cell culture,
we have been able to test whether the proton ('H) signals of
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FIGURE 7: Expanded regions for the 1D 'H NMR analysis of the
purified TP protein. The 1D spectrum of the purified TP protein (4
mg/0.5 mL) was recorded by the 800 MHz NMR instrument in the
presence of U46619 (100 uM) in the buffer (pH 6.0) containing 2
mM DM as described in Experimental Procedures. The expanded
1D NMR spectra for the regions of the amide protons (A), side
chain protons (B), and Trp indole ring protons (C) of the U46619-
bound and purified TP are displayed.

the receptor protein in DM can be observed. This information
can be very useful in determining the next experiment, which
consists of the preparation of N- and '3C-labeled TP. We
have found that the proton signals of the purified TP could
be enhanced by the addition of ligand to the protein in the
initial 1D test (data not shown). The 1D 'H signals were
successfully observed for the purified TP at a concentration
of 4 mg/0.5 mL in the presence of 100 uM U46619 using
an 800 MHz high-resolution NMR instrument (Figure 7).
The main chain amide protons within the 6.5—8.7 ppm range
(Figure 7A) and side chain protons within the 0.9—6 ppm
range (Figure 7B) have strong signals even though they are
overlapped. Surprisingly, even the weak indole ring protons
within the 9.8—10.5 ppm range (Figure 7C) were also able
to appear in the spectrum. The general spin system distribu-
tion of the TP amino acid residues was further observed in
the 2D TOCSY spectrum (Figure 8). The proton cross-peaks
of the NH/aH region (Figure 8A) and the side chain protons
(Figure 8B) were clearly visible. Several residue types of
the active TP protein were easily identified in the 2D TOCSY
spectrum (Figure 8). For example, as described above, a
group of proton peaks in the 1D spectrum within the
9.8—10.5 ppm range, belonging to the nine Trp residues,
were observed (Figure 7C). In addition, a group of proton
cross-peaks of the NH/BH region of Ser residues were also
identified (Figure 8A). Also, it should be pointed out that
there were no other significant contaminating signals ob-
served in the 2D spectrum. Further testing was performed
on the purified receptor to determine its stability under the
2D NMR experimental conditions. Following 3 days of
completed 2D NMR experiments, the ligand binding activity
of the TP was compared with that of the freshly prepared
TP from day 1. Interestingly, the receptor retained ap-
proximately 80% of the original activity observed on day 1.
The initial spectrum for the purified TP has provided the
following important clues for further solution structural
determination of the receptor. (1) The quality (in terms of
purity) and the quantity of the TP prepared by the simple,
quick, and high-yield approach are suitable for high-
resolution NMR studies for determining the receptor solution
structure. (2) The unlabeled DM (2 mM) did not cause high
background levels for the 2D 'H spectrum, which suggests
that it is suitable for membrane protein NMR analysis. (3)
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FIGURE 8: Expanded regions of the 2D 'H TOCSY spectrum for the purified TP protein in DM micelles. The spectrum was recorded at 298
K on an 800 MHz NMR spectrometer as described in the legend of Figure 7. The assigned spin systems for the cross-peaks of NH/oH (A)
and the side chains (B) of the TP amino acid residues are displayed. The cross-peaks, which were mainly those of the NH/SH region of all
the Ser residues in the TP protein, are circled. (C) The purified TP (20 ug/tube) on day 1 (before NMR experiments) and day 4 (after NMR
experiments) in PBS was incubated with [*H]SQ29,548 (5 nM). The binding assay was performed as described in the legend of Figure 6.
The results are representative data from three assays (n = 3) and are shown as means =+ the standard error.

The protein concentration used (4 mg/0.5 mL) is most likely
the minimum for obtaining clear proton signals in NMR
spectroscopy. (4) The proton NMR experiment suggested
that preparation of the isotope-labeled TP protein for solution
structural studies can be accomplished with as little as 500
mL of ®N- and 3C-labeled Sf-9 cell culture, which is very
practical and feasible.

DISCUSSION

Similar to other GPCR family members, the structural
characterization of the full-sized TP has been limited by the
lack of high-yield expression and purification systems. In
the past, BV expression systems for the TP have been used
by different groups (17, 18, 33), but the low expression and
purification yields were major obstacles keeping the protein
from reaching sufficient levels of the pure protein required
for structural studies using biophysics approaches. The
current studies aim to solve the fundamental problems in
the structural studies of the receptor by increasing the
expression and purification yields. Our high-yield expression
of the full-sized and active TP in Sf-9 cells, using the
optimized BV system, can serve as an example of the
preparation of large amounts of other full-sized and active
prostanoid receptors, such as the DP, IP, and EP receptors.
The optimization of the expression of the TP receptor
described in the Results, including the purification of the
recombinant BV plaques, the use of healthy Sf-9 cells,
screening the expression of the different cultures of the Sf-9
cells, and the time course observation are particularly useful
for developing a high-yield expression system for the TP.
In addition, we have also found that by using these optimized
conditions, the high-yield expression system for the TP was
highly reproducible. Similar expression yields have been
obtained for three trials using the originally selected BV for
the Sf-9 cells. The expression levels were also stable at

different production scales from 5 to 500 mL of the Sf-9
cell culture.

Here, it was first reported that the full-sized TP receptor,
purified via the simple, quick, and high-yield purification,
has reached the purity level of nearly a single band in
SDS—PAGE and Western blot analysis, with specific ligand
binding ratio of 1:0.8 & 0.05. This high-yield purification
was the result of the optimization of the purification
conditions via simplification of the purification procedures
without significant loss of protein purity. The DM detergent
could more effectively extract the TP receptor from the Sf-9
cell membrane and eliminate additional contaminating
membrane proteins when compared against other detergents,
such as Triton X-100, Tween 20, and OG. The very low
critical micelle concentration (CMC, 0.16 mM) and modulate
micellar size [approximately 51 kDa (based on 98 aggrega-
tion numbers) (34)] of DM have made it possible to generate
TP protein micelles with significant differences in size and
protein concentration. The DM-derived TP protein micelles
are suitable for the FPLC purification and NMR spectro-
scopic analyses in comparison to the TP micelles that were
produced by the other commonly used nonionic detergents,
which have a high CMC and/or larger micelles. This
approach could be suitable for the purification of larger
amounts of other human GPCRs for NMR experiments,
especially for other prostanoids’ receptors, which share
significant homologies with the TP receptor. The fact that
contaminating DNA, in the initial preparation, could be easily
removed by DNase digestion is also an important achieve-
ment from this high-yield purification since this could replace
other approaches, such as the preparation of the cell
membrane, by density gradient centrifugation (to remove the
DNA), which could potentially reduce the purification yield.

On the basis of the PAGE and Western blot analysis, the
extraction yield of the TP from the Sf-9 cell membrane by
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DM is higher than that of OG. Of course, we could not
exclude the possibility that the high yield of the DM-
solubilized TP may be due to the better stability versus that
of OG and less protein degradation versus that of OG. The
ligand-to-receptor ratio of 1:0.8 &+ 0.05 does not mean that
20% of the protein is inactive. Here are several factors that
can be attributed to this ratio. (1) The specific activity of
the isotope-labeled ligand is not always 100%. (2) The assay
does not always guarantee that 100% binding will be
achieved. (3) Handling the purified protein at room temper-
ature and/or the freeze—thaw process may also affect the
binding activity. From the original 500 mL of Sf-9 cell
infection to the 2D 'H NMR spectrum for the TP described
here, this was an initial trial showing the feasibility for the
structural determination of the TP receptor using biophysics
approaches. It was not an attempt to determine the TP
solution structure using the unlabeled TP purified protein
because aside from the needs of an advanced NMR instru-
ment and a high-milligram range of purified proteins, NMR
structural determination of the membrane proteins also
requires '*N and/or 13C labeling of the entire protein as well
as a low background from the detergent micelles. The 'H
spectra exhibiting peaks around 10 ppm represent the indole
side chains of the Trp residues in the TP protein. The signals
of the protons in the spectra could be further improved by
increasing the protein concentration and "N or *C labeling
of the Trp residues, which are both priorities on our list of
future works that aim to improve our understanding of the
solution conformation of the receptor by using the developed
purification approach.

Obtaining NMR spectra in the past, with uniform labeling
of a glycosylated GPCR, was likely to require large volumes
(approximately 3—6 L) of special cell culture medium
containing the N- and '3C-labeled amino acids or com-
pounds that can be converted into amino acids. This can be
unreasonably costly, especially using the Sf-9 cell culture.
This study makes a great impact in solving the fundamental
issues regarding the structural characterization of the TP. The
fact that proton NMR spectra for the TP could be determined,
using the purified membrane protein from the Sf-9 cell
culture, strongly suggested that the GPCR could be uniformly
labeled with the initial use of as little as 500 mL of Sf-9
cell culture, which is 6—12-fold smaller than the volume of
the labeling medium that would be required for the Sf-9 cell
expression systems of the previously reported methods.
Therefore, this has made the labeling option more feasible
in the preparation of the membrane protein for the solution
structural determination. It shall be indicated that the high-
yield expression of the TP, using serum-free Sf-9 cell culture
medium containing N- and/or 3C-labeled amino acids, was
recently initiated and is still being optimized and remains a
high-cost experiment at this stage. Thus, the 3D NMR
experiment could not be included in this study. However,
the milligram range of the purified TP protein that was
obtained has established not only an opportunity for the NMR
experiments but also the likelihood for an initial attempt at
crystallization of the receptor using unlabeled TP protein.

Recently, the NMR spectroscopic technique has been
recognized as one of the most powerful tools for character-
izing the structural and functional relationship of GPCRs in
solution (35-39). For example, a detergent-solubilized
rhodopsin protein that is suitable for solution NMR spec-
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troscopy has been reported (38, 39). The differential dynam-
ics of the rhodopsin protein in solution were revealed by
solution NMR (39). In addition, solid-state NMR spectros-
copy has become another powerful tool for characterizing
intact GPCR structures and their interaction with ligands
(40—44). 1t has been well documented that a majority of solid-
state NMR methods prefer to have receptors at the milligram
level. Thus, obtaining a milligram amount of the full-length
TP has provided a basis for exploring solid-state NMR
spectroscopy for further characterization of the receptor
structure and function. For example, the purified TP receptor
could be reconstituted into lipid vesicles for the solid-state
NMR studies. As a conclusion, this study provides the
necessary insight for paving the way toward obtaining
structural information about the prostanoid receptors using
the NMR spectroscopic technique.
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